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ABSTRACT

Schiffs base 2-acetonyl-2-methyl benzothiazoline (AMBT) is prepared by the condensation of
acetyl acetone with 2-aminothiophenol. The compound has been characterised by IR, 'H NMR spectra.
HyperChem 7.5 software is used to study the structural features of AMBT and theoretical data so
obtained is compared with experimental spectral data. Quantum mechanical calculations were done
by HyperChem 7.5 software. Ab Initio method is used for geometry optimization. Quantum calculation
of molecular electronic structure and variables for Quantitative structure-activity relationships (QSAR)
of AMBT were determined by applying Austin Model 1, or AM1 a semi-empirical method. Computation
of HOMO and LUMO frontier orbital energies is also performed. The relationship between the
structure and energy gap is studied. pH-metry studies confirm that in AMBT Molecule there exists

only one proton which is dissociable.

Keywords: AMBT, Energy gap, Quantitative structure-activity relationships.

INTRODUCTION

As benzothiazolines contain two different
hetero atoms linked by carbon in the ring many studies
were made. It is reported that Benzothiazolines
possess biological activities'* and preparation
of benzothiazolines is done by condensation of
2-aminothiophenol with aldehyde and ketones®.
Derivatives of Benzothiazolines form an predominant
group of ligands which can be bidentate as well as
multidentate®®.

In natural medicines there is wide
application of carbon-nitrogen bonds and in various

natural bioactive products and pharmaceuticals. the
structure of heterocycles is studied This is in view of
their significant analgesics, antidiabetic, antiallergic,
anticonvulsant, antidepressant, antimicrobials
and antifungal properties. N-C-S group of
benzothiazolines is known for pharmacological
activity and is of appreciable chemotherapeutic
interest. In order to understand the physiological
activity of such compound a study is made on its
capacity of chelation with traces of metal ions®".
The acidity of 2-acetonyl-2-methyl benzothiazoline
(AMBT), is estimated by determining its pKa value.
In the present paper the structural properties of
AMBT Fig.1 are described and a detailed discussion
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of experimental data and theoretical data obtained
by applying Hyperchem 7.5 Software'? is done.

Fig. 1. Structure of 2-acetonyl-2-methyl benzothiazoline

EXPERIMENTAL

Synthesis of 2-acetonyl-2-methyl benzothiazoline

Synthesis of AMBT is done using the
following procedure. Acetyl acetone 0.05 mole was
melted in 15 mL methanol and cooled in an ice
bath. The precooled 2-amino thio phenol (0.05 mole)
dissolved in 10 mL methanol is added to the acetyl
acetone solution. This solution is stirred briefly and
was allowed to stand overnight. at -5°C to -10°C.
The prismatic crystals so formed were collected
by filtration and washed with chilled methanol and
further recrystallised from warm methanol, m.p.85°C
-86°C (lit. 85°C -86°C).

Physical measurements

Employing Perkin elmer model no 435
infrared spectrometer, IR spectrum of 2-acetonyl-
2-methyl benzothiazoline (AMBT) was documented
in KBr phase. Using Bruker WH-270 MHz FT-NMR
spectrometer 1H spectra of AMBT was analysed in
CDCl, and DMSO-d6 using tetra methylsilane (TMS)
as standard. Micro Mass spectrometer of V.G70-70H
type administering at 70ev using direct inlet system
is used for recording Mass spectra of AMBT.

Potentiometric method using pH-metric
titration technique as adopted by Irving-Rossotti
is employed to determine proton dissociation
constant(pKa) of AMBT. Measurement of pH is done
employing Digital pH meter. Digisun model: DI-707.,
by making use of combination or pH electrode. With
the application of Hyperchem tools the molecule
AMBT is constructed', and then by exercising
Ab Initio optimized method of single point AM1.
semi-empirical calculation the geometry optimization
is executed.

RESULTS AND DISCUSSIONS

As per potentiometric titration data itis clear
that in ligand 2-acetonyl-2-methyl benzothiazoline

(AMBT) only one dissociable proton is present.
Calculations indicated that the pKa value of AMBT
is 8.79 for titration carried out in Methanol : Water
(50:50)% (v/v) medium at temperature of 303 K and
at ionic strength of 0.1 M KNO,

The acidified ligand titration curve runs
below the acid curve indicating non protonation of ligand.
From the calculation of n-, values it is evident that there
is one dissociable proton. (Table 1, Figure 2).

Table 1: Data for obtaining Proton-Ligand stability
constants of AMBT in Methanol: Water (50:50)%

(v/v) medium at temperature of 303 K and at ionic
strength of 0.1 M KNO,

Ligand/Medium pH n, log1-n,/n,
AMBT 8.4 0.74 -0.43
50%v/vmethanol-water medium 8.5 0.68 -0.32

8.6 0.62 -0.21

8.7 0.56 -0.1

8.8 0.49 0.02

8.9 0.44 0.13

9 0.37 0.23

9.1 0.3 0.34

Fig. 2. Plots of log 1-n-, / n-, Vs pH of AMBT in Methanol:
Water (50:50)% (v/v) medium at temperature of 303 K
and at ionic strength of 0.1 M KNO,

As the base is added enolisation of the
ligand readily takes place and proton is dissociated
from enol form in the pH region of 8 to 9. The
dissociation constant value is comparable with the
dissociation constant of acetyl acetone.

From the above titration data any ring
cleavage or oxidative ring expansion are not evident.
The proton from SH group in open ring Schiff base
dissociates indicating release of one more proton,
if ring cleavage occur to form tautomer of open ring
type. There is no proof for such process for AMBT
in solution under given experimental condition and
hence the formation of open ring tautomer even at
high pH is ruled out.
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Formation of Binary metal chelates in solution

In the present study evidence for the
interaction of various metal ions with AMBT has been
obtained from the data of pH metric titrations of the
AMBT ligand solution in presence and absence of
metal ions.

The interaction of various bivalent metal
ions Co(ll) and Ni(ll) ions with AMBT have been
carried out by following Irving Rosotti pH titration
technique in Methanol : Water (50:50)% (v/v) medium
at temperature of 303 K and at ionic strength of 0.1
M KNO,. The following observations indicate the
complex formation (Figures 3 & 4, Tables 2 & 3).

1. On addition of metal ion solution to AMBT
ligand solution, a decrease in pH is observed
thereby suggesting the release of proton on
coordination.

2. M(I1)-AMBT titration curves lie below the AMBT
ligand titration curve indicating complexation.

3. -n values gradually increase and equilibrium
is attained during titration.

The M(I)-AMBT stability constants indicate
the extent of interaction between the metal ion and
the compound AMBT.

Table 2: Data for obtaining formation curves of
Co (II)-AMBT in Methanol:Water (50:50)% (v/v)
medium at temperature of 303 K and at ionic
strength of 0.1 M KNO,

Co (II)-AMBT

-n log 1-n/n pL
0.78 -0.55 806
0.65 -0.27 8.3
0.59 -0.16 85
0.45 0.08 861
0.34 0.29 881
0.26 0.41 8R

Fig. 3. Plots of pL Vs log 1--n/'n of Co (II)-AMBT in
Methanol : Water (50:50)% (v/v) medium at temperature
of 303 K and at ionic strength of 0.1 M KNO,

Table 3: Data for obtaining formation
curves of Ni(ll)-AMBT in Methanol:Water
(50:50)% (v/v) medium at temperature of
303 K and at ionic strength of 0.1 M KNO,

Ni (I)-AMBT
-n log 1--n/n pL
0.72 -0.41 8.32
0.67 -0.31 8.38
0.54 -0.07 8.52
0.36 0.25 8.71
0.27 0.43 8.81
0.15 0.75 9.01

Fig. 4. Plots of pL Vs log 1--n/n of Ni (ll)-AMBT in Methanol
: Water (50:50)% (v/v) medium at temperature of 303 K and
at ionic strength of 0.1 M KNO,

With the help of Hyperchem tools the
molecule 2-acetonyl-2-methyl benzothiazoline was
built and then by implementing Ab Initio method
geometry optimization was done (Figs. 1 to 3).
with the application of single point AM1 method
approximation the spectral data is generated.

Certain input parameters like molecular
geometry value, bond lengths values and values
of columbic, resonance influence the calculations
performed to some extent. Prospective view
and active conformation of 2-acetonyl-2-methyl
benzothiazoline (AMBT) as given by Hyperchem is
shown in Figure 5 & 6.

Fig. 5. Prospective view of 2-acetonyl-2-methyl
benzothiazoline (AMBT)



LAXML., Orient. J. Chem., Vol. 40(3), 744-752 (2024) 747

(i) ball & cylinder display structure

(ii) tubes display structure
Fig. 6. Active conformations of 2-acetonyl-2-methyl
benzothiazoline

Hyperchem data of 2-acetonyl-2-methyl
benzothiazoline (AMBT) indicates that Single
point energy as per Austin Model 1, or AM1
optimization is -2801.26 with Gradient of 1.618
and symmetry of C1.

IR spectrum of 2-acetonyl-2-methyl benzothiazoline

A comparative study is done for
experimentally obtained IR spectral data of
AMBT with the theoretical spectral IR data of
AMBT as obtained by applying Ab Initio method
of optimization of Austin Model 1, or AM1 a
semi-empirical method.

IR spectrum of AMBT shows peaks at
3277 cm™ which is assigned to —NH stretching
vibration. In addition to these the aromatic C-H
stretching frequencies and C-H (-CH,) stretching
frequencies are observed at 3148 cm™ and
2936 cm™' respectively. The band observed at
1797 cm™ is assigned to C=0. Aromatic stretching
vibrations are observed at 1569-1498 cm.

IR spectrum of AMBT generated by semi
empirical single point AM1 (Fig. 7) method 11-17
indicates that —NH stretching vibration is obtained
at3417.5 cm™'. Aromatic C-H stretching frequencies
are observed at 3206-3185 cm™ and C-H(-CH,)
stretching frequencies at 3031 cm™.

A good acceptance of experimental IR
spectral data with theoretical IR data is perceived
(Table 4)

THNMR spectrum of 2-acetonyl-2-methyl
benzothiazoline

Comparision of experimental '"HNMR
spectral data of AMBT with the theoretical NMR
spectral data obtained by Austin Model 1, or AM1 a
semi-empirical method is made.

Fig. 7. IR spectrum of 2-acetonyl-2-methyl
benzothiazoline-experimental

Fig. 8. 'HNMR spectrum of 2-acetonyl-2-methyl
benzothiazoline (AMBT) as given by Austin Model 1,
or AM1 a semi-empirical method

Table 4: IR Spectral data of AMBT (Experimental)*/AMBT (semiempirical AM1)

Compound Oy Vgparo

vC-H(-CH,) v._,(-CO-CH,) vC=,

v, bending g Vg

AMBT* Experimental 3277 cm”! 3148 cm”’

2936 cm™’
AMBT (semiempirical AM1) 3417.5 cm™ 3206-3185 cm™ 3031 cm™

1943 cm™
2059 cm™!

1797 cm™ 1606, 1590 cm™ 1345, 1283 cm"
1794 cm™ 1568, 1521 cm™ 1336, 1279 cm’"

433



LAXML., Orient. J. Chem., Vol. 40(3), 744-752 (2024) 748

Table 5: Shielding data of 2-acetonyl-2-methyl benzothiazoline (AMBT) as given by Austin Model 1,
or AM1 a semi-empirical method

Index  1-10(H) 1-11(H) 1-12(H) 1-13(H) 1-14(H) 1-18(H) 1-19(H) 1-21(H) 1-22(H) 1-23(H) 1-25(H) 1-26(H) 1-27(H)

Shielding 16.271 16.271 16.271 16.271 18.368 20.476 20.476 21.118 21.118 21.118 21.898 21.898 21.898
Shift 7.68 7.68 7.68 7.68 5583 3.475 3475 2833 2.833 2833 2.053 2.053 2.053
Tau 2.32 2.32 2.32 2.32 4.417 6.525 6525 7.167 7.167 7.167 7.947  7.947 7.947

Table 6: Coupling data of AMBT as given by Austin Model 1, or AM1 a semi-empirical method

Coupling 1-10(H) 1-11(H) 1-12(H) 1-13(H) 1-14(H) 1-18(H) 1-19(H) 1-21(H) 1-22(H) 1-23(H) 1-25(H) 1-26(H) 1-27(H)

1-10(H) 0 5.042 5.042 5.042 0.116 0.016 0.016 0 0 0 0.014 0.014 0.014
1-11(H) 5.042 0 5.042 5.042 0.116 0.016 0.016 0 0 0 0.014  0.014 0.014
1-12(H) 5.042 5.042 0 5.042 0.116 0.016 0.016 0 0 0 0.014  0.014 0.014
1-13(H) 5.042 5.042 5.042 0 0.116  0.016 0.016 0 0 0 0.014 0.014 0.014
1-14(H) 0.116 0.116 0.116  0.116 0 -0.397 -0.397 -0.042 -0.042 -0.042 -0.233 -0.233 -0.233
1-18(H) 0.016 0.016 0.016 0.016 -0.397 0 4396 -0.602 -0.602 -0.602 -0.076 -0.076 -0.076
1-19(H) 0.016 0.016 0.016  0.016 -0.397 4.396 0 -0.602 -0.602 -0.602 -0.076 -0.076 -0.076
1-21(H) 0 0 0 0 -0.042 -0.602 -0.602 0 0.302 0.302 0.004 0.004 0.004
1-22(H) 0 0 0 0 -0.042 -0.602 -0.602 0.302 0 0.302 0.004 0.004 0.004
1-23(H) 0 0 0 0 -0.042 -0.602 -0.602 0.302 0.302 0 0.004  0.004 0.004
1-25(H) 0.014 0.014 0.014 0.014 -0.233 -0.076 -0.076 0.004 0.004 0.004 0 2.158 2.158
1-26(H) 0.014 0.014 0.014 0.014 -0.233 -0.076 -0.076 0.004 0.004 0.004 2.158 0 2.158
1-27(H) 0.014 0.014 0.014 0.014 -0.233 -0.076 -0.076 0.004 0.004 0.004 2.158 2.158 0

The experimental '"HNMR spectral data
of the AMBT in CDCI, recorded signal at 2.15 ppm
(63H,s,CH,),2.9ppm (6 3H, s, CH,), 3.2 ppm (62H, q,
CH,) and a peak at 5.4 ppmiis attributable to NH. The
multiplet recorded at 6.55—7.18 ppm corresponds to
aromatic protons. This experimental data is in good
concurrence with the data of theoretical method as
obtained by semiempirical AM1 method, as given
the following table '"HNMR spectral data of the AMBT
as recorded by semiempirical AM1 method'""”
(Fig. 8, Tables 5 & 6) shows a peak at 2.833 ppm
which is attributed to three protons of -CH, i.e

1-21(H), 1-22(H), 1-23(H) and a peak at 2.053 ppm
due to three protons of one more -CH, i.e "#5(H),
1-26(H), 1-27(H). Apart from this peak observed at
5.58 ppm is due to NH and 7.68 ppm multiplet is due
to protons aromatic ring.

From the above comparative study
(Table 7) it is clear that for 2-acetonyl-2-methyl
benzothiazoline (AMBT) there is good agreement
between experimentally obtained 'H NMR spectral
data and spectral data obtained by semiempirical
single point AM1 method.

Table 7: '"H NMR Spectral data of AMBT (Experimental)*/AMBT (semiempirical AM1)

Compound 84H,m, aromCH &-1H,s,NH 32H,q,CH, &3H,s, CH, &3H,s, CH,
AMBT (Experimental)* 6.55-7.18 ppm 5.4 ppm 3.2 ppm 2.9 ppm 2.15 ppm
AMBT (semiempiricalAM1) 7.68 ppm
1-10(H) 5.58 ppm 3.475 ppm  2.833 ppm 2.053 ppm
1-11(H) 1-14(H) 1-18(H) 1-21(H) 1-25(H)
1-12(H) 1-19(H) 1-22(H) 1-26(H)
1-13(H) 1-23(H) 1-27(H))

Interpretation of Quantitative structure activity
relationship studies (QSAR studies) and
Molecular properties of AMBT

Empolying single point AM1 method QSAR
properties of AMBT were determined.These include
properties like surface area, volume, hydration energy,

log P, refractivity, polarisability, mass, total energy etc.

(Table. 8). Molecular descriptors commonly used in
quantitative structure activity relationship (QSAR)
studies were computed'®?' . This study amounts
to analyse the relationship between structural
descriptors of compounds and their physicochemical
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properties and biological activities. Binding energy
of AMBT is about -2801.26 kcal/mol as determined
by AM1 calculation. AMBT has heat of formation of
-5.186 kcal/mol and this shows it's exothermic nature.
Dipole moment value is 2.145 D. A good acceptance
between trends of the theoretical molecular properties
with the experimental results is observed?2.

Table 8: QSAR and Molecular properties of
2-acetonyl-2-methyl benzothiazoline (AMBT)

QSAR and Molecular properties of AMBT

Overall Net charge 0.00 e
approx Surface area 347.31°A2
Grid Surface area 394.87°A2
Volume 629.72°A3
Energy of Hydration -3.15 kcal/mol
Log P value 2.76
value of Refractivity 61.28°A°
value of Polarisability 23.27°A°
Molar Mass 207.29 amu

-53244.06 kcal/mol
-2801.26 kcal/mol
-5.186 kcal/mol
-308034.78 kcal/mol
254790.72 kcal/mol

Total energy
Energy of Binding
value of Heat of formation
value of Electronic energy
value of Nuclear energy

Dipole moment value 2.145D
X Dipole -2.043D
Y Dipole -0.5018 D
Z Dipole -0.4209 D

RMS gradient 1.618 kcal/°’A mol

X Gradient 0.3382 kcal/°A mol
Y Gradient 1.0999 kcal/°A mol
Z Gradient 1.1378 kcal/°A mol

Quantum Chemical Studies of 2-acetonyl-2-
methyl benzothiazoline (AMBT)

Quantum chemical calculations were
employed for studying donor and acceptor properties
of AMBT molecule. Fig. 9 &10 indicate the values
of E, ., (energy of the highest occupied molecular
orbitals), E, ,,, (energy of the lowest unoccupied
molecular orbitals) and E, ., oo (the energy gap
between them)for AMBT molecule.

Energies of Frontier molecular orbital E,,
and E, , 72* is one of the most important factor for
assessing the extent to which a chemical species
is reactive. Value of E, ,,, is measure for ability of a
molecule to donate electrons while the E, , value

indicates tendency of molecule for accepting electrons.

Hence high value of E,,, is an indication
of inclination of AMBT molecule for donation
of electron(s) to a suitable molecule which can
accept electrons and which is provided with empty
molecular orbital possessing low energy.

The values of E, . is -8.179 eV, E, , . IS
0.1067 eV and E, ,,, om0 ©f 2-acetonyl-2-methyl
benzothiazoline (AMBT) is recorded to be -8.0723
eV. The correlation of static first hyperpolarizability
and energy gap is considered. AMBT has a reduced
E, umo.nomo €N€rgy gap indicating its significant
donor character and this enables the compound for
nonlinear optical applications.

The highest occupied molecular orbitals
(HOMO) in AMBT, are localized on the, N-H bonds
of the molecule (Fig. 9). while the lowest unoccupied
molecular orbitals (LUMO) are present on the C=0
of acetonyl group , N-H, and aromatic C=C bonds
of AMBT (Figure 10).

Ligand AMBT is considered as a potential
donor molecule as well as acceptor molecule as
HOMO and LUMO frontier orbitals are concentrated
on all groups.

Fig. 9. HOMO (Highest occupied molecular orbital)
of 2-acetonyl-2-methyl benzothiazoline
(AMBT) E =-8.179 eV

HOMO

Fig. 10. LUMO (Lowest unoccupied molecular orbital)
of 2-acetonyl-2-methyl benzothiazoline
(AMBT) E =0.1067 eV

Lumo

E, umoromo 98P (Frontier molecular orbital
energy gap) namely (Eg) is indication of chemical
activity of the molecule. In the present study
E, uno.nomo 9@P of 2-acetonyl-2-methyl benzothiazoline
(AMBT) molecule as determined by Hyperchem is
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8.2857 eV. As the value of E, . ..ou0 92P (EQ) of
AMBT is higher?-2 it indicates that there is smaller
delocalization of electrons.

Total charge density of AMBT- Molecular graph

Charge density is defined as the electric
charge measured per unit surface area, or per unit
volume of a object or field. The charge density value
indicates the amount of stored charge for a definite
field. It is estimated in forms of volume, area, or length.

Semi-empirical methods of HyperChem
include only the valence charge density but not
inner-shell electrons. An illustration of areas around
the molecule with equal electron probability density
is obtained by electron density surface. Molecular
graph?® of AMBT showing total charge density is
given in Fig. 11. This indicates the size of AMBT
molecule and its tendency for electrophilic attack.

Fig. 11. Molecular graph of AMBT showing total charge density
Total spin density of AMBT-Molecular graph
Electron density is called as Spin density
with respect to free radicals. Total spin density is
difference of total electron density of electrons of
two different spins. Empolying Hyperchem software
it is possible to estimate Spin density and can be
displayed. This is possible for chemical systems
with unpaired electrons. Molecular graph?” of AMBT
showing total spin density is given in Figure 12.

Fig. 12. Molecular graph of AMBT showing total spin density

Electrostatic potential of AMBT

The amount of work done for moving a
unit charge from a reference point to a specific
point without any acceleration inside the field is
Electrostatic potential.Electrostatic potential is also
known as electric field potential, electric potential,
or potential drop.

Applying the routine MNDO and Polak—
Ribiere conjugated gradient algorithm semi-empirical
calculations were carried and the program MNDO is
employed to perform semi-empirical computations.
In AMBT molecule nucleophilic site is indicated by
the areas close to the carbon atom and these are
shown as green regions.

With the help of molecular electrostatic
potential (MEP) it can be established that the
reactive sites are present towards reactants which
are positively or negatively charged. From this
the possibility of presence of H-bonding and
structure—activity relationships® in AMBT molecule
are also established.

Fig. 13. Molecular graph of AMBT showing electrostatic
potential

A strong coorelation of electrostatic
potential, electronegativity, partial charges, and
dipole moment in AMBT is confirmed from Quantum
chemical calculations. The relative polarity of a
molecule is strongly recognized by molecular
electrostatic potential plot of AMBT (Figure 13).

CONCLUSION

In this study structural data, ab initio
and electronic and vibrational contribution to
polarizabilities of 2-acetonyl-2-methyl benzothiazoline
(AMBT) were investigated. A valid knowledge
of geometrical structure of AMBT is established
from these numerical simulations.Theoretical
study of Compound AMBT is performed applying
Hyperchem 7.5 software and the results so obtained
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were compared with Experimental data. A good ACKNOWLEDGMENT
agreement of experimental IR and NMR spectral
data with theoretical spectral data obtained by
using hyperchem is observed. Presence of only
one dissociable proton in AMBT is indicated from
the results obtained by Potentiometric titrations.
Application of Hyperchem 7.5 software in determining
QSAR properties and obtaining molecular graphs is

well demonstrated in this Paper.
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ABSTRACT

In the present paper Absorption, Distribution, Metabolism and Excretion (ADME) properties of Atenolol were
presented employing Swiss ADME web tool. Atenolol obeys Lipinski’s rule of five which is specified as drug likeness
test. ADME properties of atenolol were appreciated by operating with SwissADME which is simple, accurate and
powerful method. Atenolol exhibited good brain penetration and good GIT absorption

Keywords: Atenolol, SwissADME, drug discovery, Lipinski’s rule of five
INTRODUCTION

Atenolol is a beta-blocker (Fig 1)used in managing hypertension(high blood pressure) and chronic angina (chest pain) and
thereby reduces the risk of death after heart attack'<. By administering the drug Atenolol the amount of work to be done by
heart muscle to push the blood through body will be reduced. As a result the heart’s demand for oxygen is decreased and
the symptoms of heart attack are managed.

At present computer aided reckoning of ADME (Absorption, Distribution, Metabolism and Excretion) of drugs is of
considerable interest . This enabled to implement information which is revealing and trustworthy before experimentation.

H,N
Fig 1. Structure of Atenolol

MATERIALS AND METHODS

Swiss institute of bioinformatics (http://www.sib.swiss) provided SwissADME software (www.swissadme.ch). Individual
ADME behaviors of the compound is determined in Google web server that presents the page of Submission of
SwissADME . A molecular sketcher built on Chem Axons Marvin JS (http:// www.chemaxon.com) is empolyed to draw
and edit 2D chemical structures. On right hand side of the submission page, the structure is transmitted and this constitutes
the actual input for computation. Input molecule is defined by simplified molecular input line entry system (SMILES) and
the results are learned in the form of tables, graphs and also an excel spread sheet. SwissADME gives a provision for output
file consisting of one panel for each molecule(Fig.2). All the information of the molecule is obtained as a clear output and
can be exported*.

Swiss ADME web tool furnishes with powerful predictive analytical tools physicochemical properties, pharmacokinetics,

drug-likeness and medicinal chemistry friendliness®®.  Swiss ADME also gives provision for new skilled technique of
BOILED-Egg model” which is efficacious for good interpretation of results.
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Table 1. General Characteristics of Atenolol

General Characteristics of Atenolol

molecule Atenolol

Pubchem ID 2249

Molecular formula C14H22N203

Canonical SMILES O=C(N)Cclccc(ccl)OCC(O)CNC(C)C
Molecular weight 266.341 g-mol

HeOed

LIFO

FLEX T SIZE

cH,

INSATU T~ POLAR

INSOLL

SMILES OC(COc1ccc(ce1)CC{=0)N)CNC(CIC

Fig.2 Schematic diagram of swiss ADME Software in webpage for Atenolol

Physicochemical properties of Atenolol

In this section using open babel version 2.3.0 the values of molecular and physicochemical characteristics were computed
89 This includes molecular formula, molecular weight, number of heavy atoms, number of aromatic heavy atoms, fraction
csp3, number of rotatable bonds, number of H-bond acceptors, number of H-bond donors, molar refractivity, TPSA (Tables
1&2).

For determining PSA (molecular polar surface area) called TPSA (Topological PSA) a new method has been
developed. This involves calculation of the summation of the tabulated surface contributions of polar fragments?.
Physicochemical properties of Atenolol were presented in Table 2.
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Table 2. Physicochemical properties of Atenolol

Physicochemical properties of Atenolol
Formula C14H22N203
Molecular weight 266.34 g/mol
Num. heavy atoms 19
Num. arom. heavy atoms 6
Fraction Csp3 0.045
Num. rotatable bonds 8
Num. H-bond acceptors 4
Num. H-bond donors 3
Molar Refractivity 73.61
TPSA 84.58 A2

Liphophilicity of Atenolol

Lipophilicity property of the compounds illustrate a prime role for molecular discovery activities in different fields!**2,
lipophilicity is quantitatively described as the partition coefficient between n-octanol and water system®. Classic log P
predictors are classified into two types

1. This involves split of molecular structures in to molecular fragments known as fragmental approach or atomic approach
eg. ALOGP 1516 XLOGP 1718,

2.second one involves molecules description based on count of specific atoms or groups eg. MLOGP (Moriguchi et al.,
1992 and Moriguchi et al., 1994),

A hybrid technique is SILICOS-IT which is a combined method of molecular fragments and topological parameters.
Classic log P values of Atenolol predicted by SwissADME applying above methods are given in Table 3.

Table 3. Liphophilicity of Atenolol

Liphophilicity of Atenolol

Log Po/w (iLOGP) 2.17
Log Po/w (XLOGP3) 0.16
Log Po/w (WLOGP) 0.45
Log Po/w (MLOGP) 0.69
Log Po/w (SILICOS-IT) 1.52
Consensus Log Po/w 1

Water solubility of Atenolol

SwissADME employs two methods for predicting the water solubility?®2! 1. One method involves the execution of ESOL
model . In this method the Solubility class follows Log S Scale: Insoluble<-10 poorly< 6, moderately<-4 soluble<-2
very<0<-10 poorly<-6, moderately<-4 soluble< 2very<0 <highly)

2. the second method adapted from Ali et al, 2012 follows Solubility class of Log S Scale: Insoluble<-10 poorly<-6,

moderately<-4 soluble< 2very<O<highly) Ali et al, 2012. The fundamental general solubility equation is differing in both
the methods. The fundamental difference between the two methods is general solubility equation.?
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Log S values of Atenolol as predicted by ESOL model and Ali model were found to be  -1.3 and -1.49 respectively. For
Atenolol correlation of Log S values as given by ESOL model and Ali model is observed.

3. Apart from these two methods, SwissADME expanded third predictor which was executed by SILICOS-IT , for which
the scale of Solubility class: Log S Scale: Insoluble<-10 poorly<-6, moderately<-4 soluble<-2 very<0<highly). All values
are predicted by SwissADME as log S which is decimal logarithm of the molar solubility in water. log S value of Atenolol
as predicted by SILICOS-IT is -3.29 (Table 4.)

Table 4. Water solubility of Atenolol

Water solubility of Atenolol

(ESOL) -1.3

Solubility 1.34e-01 mg/ml ; 5.04e-02 mol/l
Class very soluble

Log S (Ali) -1.49

Solubility 8.55e+00 mg/ml ; 3.21e-02 mol/l
Class Very soluble

Log S (SILICOS-IT) -3.29

Solubility 1.36e-01 mg/ml ; 5.11e-04 mol/Il
Class Soluble

Pharmacokinetics of Atenolol
The pharmacokinetics and drug likeness of Atenolol performed using SwissADME showed a high level of Gl absorption .
Atenolol is not the substrates for P-gp

The Swiss ADME model for Atenolol indicated “No” thereby inferring that drug Atenolol has greater probability to be non-
substrate of P-gp (Table 5) . It also indicates “No” for other factors suggesting that Atenolol is non-inhibitor®2> of
Cytochrome P 450 isoenzymes (CYP1A2, CYP2c9, CYP2C19, CYP2D6 and CYP3A4).

Table 5. Pharmacokinetics parameters of Atenolol

Pharmacokinetics of Atenolol

Gl absorption High
BBB permeant No

P-gp substrate No
CYP1AZ2 inhibitor No
CYP2C19 inhibitor No
CYP2C9 inhibitor No
CYP2D6 inhibitor No
CYP3A4 inhibitor No

Log Kp (skin permeation) -7.81 cm/s
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Log Kp is the skin permeability coefficient which is a multiple linear regression.If the value of Log Kp is more negative
where Kp is expressed in cm/s , the molecule is considered to be, less skin permeant. SwissADME of Atenolol molecule
showed Log Kp value of -7.81 cm/s and hence it is considered to be of less skin permeation.

Medicinal Chemistry of Atenolol

Medicinal chemists in their endeavours of drug discovery will focus on the results of this section of medicinal Chemistry as
given by SwissADME. Pan Assay Interference compounds (PAINS) are molecules that show potent response in assays
irrespective of the protein targets. These compounds were found to be active in other assays , considered as the source of
starting points to explore more further?-2°, SwissADME analysis did not assign any PAINS alert for atenolol molecule.

According to Brenk rule compounds which are smaller , less hydrophobic and not obeying “Lipinski’s rule of 5 can show
Leadlikeness. Compound Atenolol does not follow brenks rule and failed Leadlikeness as interpreted by SwissADME
(Table 6).

In Atenolol the number of hydrogen-bond donors and acceptors to fewer being 4 and 3 respectively and the number of
heavy atoms is only 19. This indicates that Atenolol is one of the compound with limited complexity having 8 rotatable
bonds and one ring system and such compounds are considered to be medicinal.

Table 6. Medicinal Chemistry of Atenolol

Medicinal Chemistry of Atenolol

PAINS 0 alert:
Brenk 0 alert
Leadlikeness No;1 violations: Rotors>7

Synthetic accessibility 2.51

Drug likeness of Atenolol

The possibility of molecule to be used as an oral drug concerning to bioavailability is evaluated as Drug likeness. This
feature is specified as red distorted hexagon within pink shade as obtained for Atenolol( fig.2) Swiss ADME allows
filtering process for excluding peculiar molecules which are not suitable with an acceptable pharmacokinetics profile3.

Table 7. Druglikeness parameters of Atenolol

Druglikeness of Atenolol

Lipinski Yes; 0 violations
Veber Yes

Egan Yes

Muegge Yes
Bioavailability Score 0.55

SwissADME section provides provision for five filters each based on different rule and each with properties of
diversified range which can define the molecule as drug like . A colonial rule of five is Lipinski (Pfizer) filter executed
with Veber, Egan and Muegge methods (Table 7). In the output panel as given above no violation from any rule is noticed.
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Rotatable bonds Molecular Polar surface
<7 weight < 500 Da area <120 A"
< 5 H- Bond
Lipophilicity Donors
Log P<5 <10 H-Bond
Acceptor

Fig 3. Good In vivo Drug absorption and Permeation Lipinski’s rule of 5

Atenolol followed the filtered rule of Lipinski’s rule of 5 as invoked in the SwissADME satisfying all the above
requirements (fig.3) and no the violation shown. Hence Atenolol is considered as an efficient in vivo Drug.

BOILED-Egg model of Atenolol

) Actions

7 Show Molecules Name
Legends
HIA

) 0 PGP+

N 0 PGP—
Remarks

MNone

o
Mal
“='Molecule 1

Fig4: Schematic representation of perceptive evaluation of passive gastrointestinal absorption (HIA) and Brain
penetration (BBB) with Atenolol molecules in the WLOGP-versus-TPSA using BOILED-Egg.

Evaluation of passive gastrointestinal absorption (HIA) and brain penetration (BBB) for Atenolol molecule is done by
employing BOILED-Egg model%-% In this the high probability for passive absorption by GIT is indicated by white region
and the high probability of brain penetration is denoted by yellow region (yolk). Apart from this blue coloured points are
for molecules predicted to be effluated from the central nervous system by the P-glycoprotein P-gp (PGP+) , while red
coloured points are for molecules predicted not to be effluated from the central nervous system by the P-glycoprotein. In
the present study the molecule of Atenolol is in the region outside the prediction site(Fig 4). Atenolol molecule is found to
be present in white region of the BOILED-Egg thereby indicating high passive absorption of GIT and it is denoted red dot
specifying non-substrate of P-gp.
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CONCLUSION

In this research article a computational approach to statistical learning is given by focusing on the algorithmic and numeric
motivations. In the present study a web tool SwissADME is used to appraise therapeutic potential of compound Atenolol.
The relationships between various predictive models along with predictions for both brain and intestinal permeation are
obtained. Evaluation of biophysical parameters like lipophilicity, drug likeness, water solubility and medicinal chemistry
of Atenolol is done by applying SwissADME. Acquisition of knowledge of ADME properties further affirms that Atenolol
can be employed both as in vitro and in vivo prescription drug.
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Abstract: Sulforaphane (SFN) is a powerful phytochemical found mostly in dark green vegetables like
broccoli and cruciferous vegetables like kale, cabbage cauliflower, and Brussels sprouts. SFN is known for
its antioxidant, anti-inflammatory, and anti-apoptotic properties. Keeping in view of its therapeutic effects
structure and properties of Sulforaphane (SFN) were studied by using Chemsketch & Chemicalize software
of Chemaxon and the data obtained is interpreted.

Keywords: Sulforaphane, Properties, pka, Isoelectric Point, logP, logD, Solubility, Geometry, HNMR

Introduction

Sulforaphane (SFN) is compound within the isothiocyanate group of organosulphur compounds(fig.1).
Sulforaphane (SFN) is highly effective in blocking carcinogenesis!. In recent decades a wide research has
been carried out on Sulforaphane considering it as a potential chemopreventive compound. Sulforaphane is
also known for its efficient effect in the treatment of neurodegenerative disease, including Alzheimer’s
disease, Parkinson’s disease, and multiple sclerosis. In view of its beneficial effects, Sulforaphane is
recommended as a a supplement to neutralize neurodegenerative diseases >® and for prevention and/or
treatment of disorders like neoplasm and heart failure. SFN has been reported to conceal neurotoxicity
induced by toxic factors like hydrogen peroxide, prion protein, hyperammonemia, and methamphetamine.

It has been reported that the progression of Alzheimer's disease, Parkinson's disease, cerebral
ischemia, Huntington's disease, multiple sclerosis, epilepsy can be prevented by the use of SFN. This is
possible by the potential effect of SFN in inhibiting the oxidative stress and neuro inflammation and also by
promoting neurogenesis’®.

0
I
s
HaC = > ""NCS

Fig.1  structure of sulforaphane
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Results and Discussions
Hypothetical Study of Sulforaphane Using Chemsketch Software

ACD/Labs is one of the powerful software®!! used to obtain analytical data and to present reaction
schemes. This software is used to focus on research as it is well equipped with prediction tools..A Chemical
Naming Service is provided by ACD/Labs and this will use powerful software to quickly and accurately
name compounds. ACD allows to generate systematic names according to IUPAC and CAS Index
nomenclature rules.

ACD/ChemSketch enables to generate IUPAC names and also allows to calculate a variety of molecular
descriptors.Molecular Formula of Sulforaphane is CeH11NOS; and its Molecular Weight is 177.28 . IUPAC
Name of Sulforaphane 2%3(fig.2) is 1-isothiocyanato-4-(methanesulfinyl)butane. InChl name of
Sulforaphane.(Table.1) is 1S/C6H11NOS2/c1-10(8)5-3-2-4-7-6-9/h2-5H2,1H3. The structure of chemical
species using short ASCII strings.(Table.1) is described by using the simplified molecular-input line-entry
system!*®® (SMILES) . It is a specification in the form of a line notation. Smiles notation of
Sulforaphane.(Table.1) is S=C=NCCCCS(=0)C

1-isothiocyanato-4-(methanesulfinyl)butane

Fig.2  structure of sulforaphane with IUPAC name

Table.1 chemical naming of sulforaphane as determined by ACD/chemsketch

IUPAC name 1-isothiocyanato-4-(methanesulfinyl)butane

InChl 1S/C6H11NOS2/c1-10(8)5-3-2-4-7-6-9/h2-5H2,1H3
SMILES

Notation S=C=NCCCCS(=0)C

ACD/ChemSketch calculates the properties like molar volume, molar refractivity, parachor ,of
Sulforaphane (Table 2)from additive increments. The additive atomic increments were obtained using a
database of density, surface tension, and calculated MW. Molar volume, molar refractivity, parachor ,of
Sulforaphane as given in the table are 150.6 + 7.0 cm®, 49.16 + 0.5 cm® and 392.6 + 8.0 cm® respectively.

ACD/ChemSketch calculates the density from MW and the calculated molar volume and it determines the
refractive index from the molar volume and molar refractivity. Density of Sulforaphane is 1.17 + 0.1 g/cm?®
and Index of Refraction is 1.566 + 0.05.

ACD/ChemSketch calculates the dielectric constant from calculated MV and a proprietary empirical
additive function. Polarizability is calculated from the Molar Refractivity (MR). Polarizability of
Sulforaphane 19.49 + 0.5 10%*cm?®

Nominal Mass (Mn) is the sum of the approximated monoisotopic masses of the elements forming the
structure. Nominal Mass (Mn) of Sulforaphane SFN is 177 Da .Average Mass (May) is the calculated mass
of a particle based on the atomic weights of the elements from which it is comp. Average Mass (May) of
SFN as determined by ACD/ChemSketch is 177.28 Da.
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Table 2 properties of sulforaphane as determined by acd/chemsketch

Molecular Formula: | CsH11NOS>
Formula Weight: 177.28
C(40.65%) H(6.25%)
N(7.90%) O(9.02%)
Composition: S(36.17%)
Molar Refractivity: | 49.16 + 0.5 cm?®
Molar Volume: 150.6 + 7.0 cm®
Parachor: 392.6 + 8.0 cm?
Index of Refraction: | 1.566 + 0.05
Surface Tension: 46.2 £ 7.0 dyne/cm
Density: 1.17 £ 0.1 g/cm?®
Dielectric Constant: | Not available
Polarizability: 19.49 + 0.5 10%*cm?®
RDBE: 3
Monoisotopic Mass: | 177.028204 Da
Nominal Mass: 177 Da
Average Mass: 177.28 Da
M+: 177.027655 Da
M-: 177.028753 Da
[M+H]+: 178.03548 Da
[M+H]-: 178.036578 Da
[M-H]+: 176.01983 Da
[M-H]-: 176.020928 Da

The logP prediction model of ACD/ChemSketch enables to estimate the value of the octanol-water
partitioning coefficient (also referred to as Kow) in the form of logarithmic ratio (logP) from structure.
Chemists make use of ACD/LogP in different fields of chemical research. This is utilized even by the
world's largest pharmaceutical companies like GlaxoSmithKline and Pfizer. Calculated log P of
Sulforaphane is 0.23+/- 0.39.
3D Viewer —3D Optimised Forms of Sulforaphane

A powerfull modeling and visualization program ACD/3D Viewer, provides various styles of structure 3D
representation. These can be displayed in various forms like Ball and cylinder form , ball and cylinder form
with dots. The 3D forms of Sulforaphane are given in figure 3.

ball and cylinder form with dots

Fig. 3. 3D optimized structure of sulforaphane
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Fig4  R/S forms of sulforaphane

R,S-Sulforaphane is a synthetic isothiocyanate while R form of Sulforaphane is the naturally-occurring
isomer, found in broccoli (Fig.4). R-Sulforaphane is known for its anticancer chemotherapeutic, and
chemopreventive , neuromodulatory, anti-inflammatory, antioxidative, neuroprotective, activities. Mirror
images of 3D optimized forms of Sulforaphane as indicated by 3D Viewer of Chemsketch is given in Fig.5.

Fig.5  mirror images of 3D optimized forms of sulforaphane

Hypothetical Study of Sulforaphane using Chemicalize Software

Basic properties of Sulforaphane

The structure of Sulforaphane is drawn as the input and from the data %! given (Table 3) it is clearly
evident that the formula of Sulforaphane is  CeH1:NOS, and its composition is C=40.65%
,H=6.25%,N=7.90%, S (36.17%). The molar mass of Sulforaphane (SFN) is 177.28 g/mol and its exact
mass is 177.028206326 Da.

Table 3. properties of sulforaphane as determined by chemicalize software

Input Sulforaphane
Molar mass 177.28 g/mol
Exact mass 177.028206326 Da

Formula C6H11INOS2
C (40.65%), H (6.25%), N (7.90%), O (9.02%),
Composition | S (36.17%)

Structural Properties of Sulforaphane

The evaluation of various topology-related characteristics, hydrogen bonding, and other physical
properties.is done by the Structural calculations.

Data of structural properties of Sulforaphane(SFN) were presented in Table.4. The atom count of 21 of
Sulforaphane is in agreement with the number of atoms as given in chemical formula of CsH11NOS>
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In this there are 6 carbons, 1 nitrogen, 1 oxygen and 2 sulphurs which are the heavy atoms and the sum of
these is in agreement with the total heavy atom count of 10 atoms( fig 1&2 ). There is one asymmetric atom
and Sulforaphane has five rotatable bonds'®%°. The topological polar surface area?*?? of Sulforaphane is
29.43 A2 Molar refractivity of Sulforaphane is indicated to be 49.57 cm®mol.

Table 4. structural properties of Sulforaphane as determined by Chemicalize

Atom count 21
Heavy atom count 10
Asymmetric atom count 1
Rotatable bond count 5
Ring count 0
Aromatic ring count 0
Hetero ring count 0
FSP3 0.83
Hydrogen bond donor 0
count
Hydrogen bond acceptor 9
count
Formal charge 0
Topological polar surface 9943 A2
area
Polarizability 19.27 A3
Molar refractivity 49.57Icm3/mo

Names and Identifiers of Sulforaphane

The following names of Sulforaphane(SFN) were given by the chemcalise software.other details like
SMILES, InChl, InChlKey ,CAS Registry numbers of Sulforaphane were also obtained(Table 5)

The name of the compound according to the International Union of Pure and Applied Chemistry
nomenclature and the commonly used trivial or traditional name is also shown

Table 5. names and identifiers of sulforaphane given by chemicalize software

IUPAC name 1-isothiocyanato-4-methanesulfinylbutane
Traditional name sulforaphane

(+/-)-sulforaphane; DL-sulforaphane; SFN;
sulforafan; sulforaphane; sulforathane

Common names

SMILES CS(=0)CCCCN=C=S

inchi INChI=1/C6H11NOS2/c1-10(8)5-3-2-4-7-6-9/h2-
5H2,1H3

InChiKey SUVMJBTUFCVSAD-UHFFFAOYNA-N
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pKa of Sulforaphane

pKa is the measure of the acid dissociation constant given as pKa = - log 10 (K) and it is a measure of the
strength of an acid in solution quantitatively 23, In chemcalise the pKa values of Sulforaphane is found to

be 0.87 thereby indicating its strong basic nature( Fig 6.). This is attributed to the dissociation of protons of
-NH group.

pKn = _loglﬂ I:Kj'
pk, =pH+log 1{@}

[A7]
[conjugated acid]

= pEaz=pH+log

10 [conjugated base]

Fig.6 distribution of pH for the different microspecies of sulforaphane as given by chemicalize
software
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Isoelectric Point of Sulforaphane

The isoelectric point is the pH at which a particular molecule or surface carries no net electrical charge.
The gross charge distribution of a molecule as a function of pH is calculated as well.

Isoelectric point

0.9
0.8
07
0.6

0.5

Charge

0.4

0.3

0.2

0.1

pH

Fig.7 Distribution of charge with pH of Sulforaphane as given by chemicalize software

Table.6 data of distribution of charge with pH of Sulforaphane as given by chemicalize software

pH Charge
1.7 0.13
4.6 0
6.5 0
7.4 0

8 0

The distribution of charge with pH of Sulforaphane(SFN) is graphically depicted in the fig7. and the
coressponding data is given in the Table.6. From the above graph (Fig.7) it is evident that Sulforaphane is
electrically neutral with zero electric charge within the pH range of 4.6 to 8 indicating the isoelecrtric
point?82°

log P and log D of Sulforaphane

logP
The partition coefficient is a ratio of concentrations of an un-ionized compound in the two phases of
immiscible solvents (water and n-octanol) at equilibrium. logP is the 10-base logarithmic measure of the

coefficient.
[solute] ool
log Potjwat = lO OClanon
i) £/ wat g([sogute]un—icmhsd

water

logD

Compounds having ionizable groups exist in solution as a mixture of different ionic forms. The ionization
of those groups, thus the ratio of the ionic forms depends on the pH. Since logP describes the
hydrophobicity of one form only, the apparent logP value can be different. The octanol-water distribution
coefficient, logD represents the compounds at any pH value.

{ute
EOg Dﬂcff'wgf == EOQ( [SO u E]Dcfano{

Lﬂz?d + [solute]

neutral

[,SOE uff‘] water
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The hydrophilic-lipophilic balance number (HLB number) measures the degree of a molecule being
hydrophilic or lipophilic. This number is calculated based on identifying various hydrophil and liphophil
regions in the molecule. This number is a commonly used descriptor in any workflow in which lipid based
delivery can be an option (e.g. lipid-based drug delivery, cosmetics). HLB number of Sulforaphane is 10.77

logP is the octanol-water partition for the neutral (un-ionized) form of the compound. logP value of
Sulforaphane 3922 is found to be 0.22. log D is a log of partition of a chemical compound between the lipid
and aqueous phases.The following figure shows the variation of the log D value of Sulforaphane with pH. It
is observed that the log D value is same being 0.22 within the pH range o f 4.6 to 8 and further log D value
increases as the pH increases.( Fig 8 &Table 7 ) . The column and the line graph showing variation of log D

with pH is given in t

he figure 9.

Lipophilicity

04

. f
.

-0.2

LogD

-0.4

-0.6

-0.8

pH

10

14

Fig.8 distribution of log D with pH of sulforaphane as given by chemicalize software

Table.7 data of distribution of log D with pH of sulforaphane

Fig.9 distribution of log D with pH as given by chemicalize software

log
PH | p
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Solubility of Sulforaphane (log S)

Solubility is a chemical property referring to the ability for a given substance, the solute, to dissolve in a
solvent.logs is the 10-based logarithm of the solubility measured in mol/I.
The following graph shows the distribution of log S with pH (Fig.10) and the data (Table.8) indicates that
Sulforaphane®*-% is of High solubility category with Intrinsic solubility of -1.313. The column and the line

graph showing variation of Solubility of Sulforaphane (log S) with pH is given in the figure 11.

Fig.10 distribution of log S with pH of sulforaphane as given by chemicalize software

Table.8 data of Distribution of log S with pH of sulforaphane as given by chemicalize software

Solubility
PA | [logs]
17 1.5
46 131
6.5 131
7.4 131
8 131

10

e

Fig.11 distribution of log S with pH of sulforaphane as given by chemicalize software
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Geometry of Sulforaphane

By using the chemicalize software the following information of vanderwaals volume, surface area
,projection area projection radius of Sulforaphane were obtained®’.

Table. 9 data of of volume, surface area ,projection area and projection radius of sulforaphane as

given by chemicalize software

Van der Waals volume 158.99 A3
Van der Waals surface area 267.14 A?
Solvent accessible surface area 395.44 A?
Topological polar surface area 29.43 A2
Minimum projection area 24.4 A?
Maximum projection area 58.03 A2
Minimum projection radius 324
Maximum projection radius 6.86 A

H-NMR Spectrum of Sulforaphane

NMR spectra for standard organic molecules is predicted by the NMR Predictor in ChemAxon.A mixed
HOSE and linear model based on topological description scheme is used for estimating the chemical
shifts®®3°. This estimation is done in relation to the chemical shift of tetra methylsilane (TMS = Oppm)H-
NMR spectrum of Sulforaphane(SFN) is given in the figure 12.

Fig.12 1HNMR spectrum of sulforaphane as given by chemicalize software
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Table 10. shifts caused by the protons of sulforaphane and the intensity and quality for each shift and
corresponding protons as given by chemicalize software

6 13 1417 18

Y H HH H 81 0
25 9C¢
3 8
1
11 1215 16
Atoms Shift Intensity | Multiplet | Quality
15 1.870 ppm 1 n
13 1.899 ppm 1 P
16 2.098 ppm 1 n
14 2.261 ppm 1 P
11 2.290 ppm 1 t
11,1 2.530 ppm 3 s good
12 3.010 ppm 1 t
17 3.330 ppm 1 t
18 3.726 ppm 1 t

The above table 10 shows the shifts caused by the protons of Sulforaphane and it also indicates the
intensity and quality for each shift. The shift observed at 2.530 ppm corresponds to protons of methyl

group.

Conclusions

Structural and physicochemical aspects of Sulforaphane is well understood by the information provided by
chemsketch study. Different styles of 3D representation of structure, mirror images and R/S forms of
Sulforaphane were well visualized by applying ACD/3D Viewer integrated with ACD/ChemSketch

As indicated by data of chemicalize software from pKa values and IHNMR spectral data it is understood
that Sulforaphane is of strongly basic nature having one dissociable proton. Graphical interpretation
showing distribution of log D, log S, solubility in mg/L with pH of Sulforaphane enabled the study of
variation of these properties with pH . Geometrical studies of Sulforaphane done using chemcalise software
provided the data of properties like vanderwaals area,vanderwaals volume, projection area projection radius.
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ABSTRACT

In most biomedical devices, such as fracture fixation devices and medical tools, the printed part is
subjected to complex loadings that involve large deflections instead of large strains. Among various
FDM tool path parameters, the fill pattern has a critical role in controlling voids and raster bonding. This
work highlights the flexural performance of the PLA-printed part based on various fill patterns, such as
concentric, linear, Hilbert, raster angle 459, alternate pattern (0°/45°), and concentric pattern with holes
resembling bone plate. Based on deposition paths, the dimensional changes and interlayer adhesion
were analyzed before and after annealing. The flexural performance was evaluated using quasi-static
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three-point and four-point bend tests and dynamic flexural tests under temperature sweep. The annealed
samples exhibit improved flexural strength regardless of infill pattern and loading conditions, with the
concentric pattern showing better performance in both static and dynamic tests.

Introduction

Fused deposition modeling (FDM) is a well-known fabrication
technique for manufacturing customized products as it offers no
molding cost, waste minimization, and reduces the supply chain
process [1-3]. Among many thermoplastics, PLA is most sui-
table for the biomedical industry due to its biocompatible char-
acteristics, and it can print parts with dimensional stability,
nominal warping, and pleasing esthetics [4]. The FDM techni-
que constructs parts by a layer-wise approach; in each layer, the
outer boundary, known as the shell, is printed first, then the
inside area is filled by a specific fill pattern. However, the layer-
wise building approach imparts anisotropy to the manufactured
parts, resulting in reduced mechanical properties compared to
conventional plastic molding techniques [5]. The non-uniform
heat transfer in the solidification process results in an inade-
quate merging of raster and layers, leading to partial necking
and inter-filament voids [6]. These drawbacks can be controlled
by optimizing the tool path and temperature parameters, which
include layer resolution, raster angle, build orientation, extru-
sion speed, contour width, extrusion temperature, and bed
temperature [7, 8]. Several studies were reported on improving
the mechanical behavior of PLA by optimizing the FDM tool
path parameters. A better interlayer strength [9] and a reduction
in porosity [10, 11] can be achieved by smaller layer resolution,
a higher fill rate, and optimal filament extrusion temperature
and printing speed. However, the ductility reduces by increasing
the layer resolution and feed rate [12]. The PLA part strength
can also be enhanced by increasing the extrusion temperature
from 200 to 230°C but showed a decline in strength beyond
230°C [13]. Build orientation [14] and the number of contours
at the boundary [15] also had an impact on the mechanical
strength of PLA samples. The tool path parameters such as layer

thickness, raster width, air gap, and contours at the boundary
significantly influenced the dynamic and rheological proper-
ties [16].

Among many parameters, the fill pattern is the critical
parameter that affects the part performance, as it controls
the void content and fusion between the raster [17]. FDM
provides a variety of infill patterns, including lines, recti-
linear patterns, triangles, concentric patterns, cubic, octet,
quarter cubic, zigzag patterns, crosses, triangular patterns,
octagonal spiral patterns, Hilbert curves, honeycomb pat-
terns, and Archimedean chords [18]. The infill pattern with
a short deposition path promotes the fusion of raster due to
higher heat transfer than the long deposition path [19]. PLA
is commonly utilized in orthopedic fracture fixation devices,
joint implants, and various medical equipment such as nee-
dle drivers, hemostats, forceps, surgical retractors, and scal-
pel handles [20, 21]. FDM-printed PLA components have
been tested under flexural loading mode for all the above-
specified biomedical applications to withstand forces during
service. Depending upon the short and long deposition path,
the printed part has variation in the thermal history that
ultimately influences the flexural strength. Apart from tool
path parameters, annealing is the most common heat treat-
ment method that enhances bonding strength by stimulating
the interdiffusion between the neighboring raster and layers,
and relieves residual thermal stresses of the printed part.
Hence, it is necessary to analyze the various fill patterns
based on quasi-static flexural performance under 3-point
and 4-point bending before and after annealing. Further,
the deposition path of various infill patterns and annealing
process will influence the dimensional changes and inter-
layer adhesion. As the printed part can also be exposed to
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dynamic operating conditions during its service life, it is also
necessary to analyze the dynamic characteristics of various
infill patterns by considering the effect of annealing.

Few authors reported on the effect of fill pattern based on the
mechanical characteristics of printed PLA parts. Akhoundi et al.
reported that the concentric pattern with 20%, 50%, and 100%
infill percentages and the Hilbert pattern with 100% infill density
provides the most desired tensile and flexural properties com-
pared to rectilinear and honeycomb patterns [19]. Gomez-Gras
et al. reported that the honeycomb pattern with 75% fill density
has higher fatigue life than the rectilinear pattern, as the voids in
the honeycomb pattern slow down the crack propagation [22].
The PLA sample with a triangular pattern exhibits higher energy
absorption in the low-velocity impact test due to adequate raster
bonding with more contact layers and fewer voids than the grid,
tri-hexagon, and quarter cubic infill patterns [23]. The honey-
comb and gyroid pattern with 100%, 70%, 50%, and 25% shows
better-bending resistance than the grid pattern [24]. The 45°/
—45° raster orientation shows an anisotropic behavior with
higher fracture strength than 0°/90°, 15°/-75°, and 30°/-60°
raster angles, as the alignment of raster orientation was ortho-
gonal to the crack plane [25]. Loading direction and raster angle
also affect the tensile strength, as the raster angle above and
below 45° shows intralayer and interlayer failure [26-28]. Hence,
this directs that the mode of loading should be taken into
consideration while selecting the fill pattern.

Szust et al. reported that PLA samples annealed at 60°C for 1
h increased their tensile strength by 24% and reduced their
modulus by 7%. In comparison, annealing at 80°C for 1
h resulted in a 10% decrease in modulus with no discernible
change in tensile strength [29]. However, Song et al. observed
that annealing PLA at 60°C (just below T,) with a dwelling time
of 5 h shows no effect on crystallinity but reduces 30% of its
tensile strength [10]. Reis et al. reported that annealing at 80°C
shows better flexural strength and modulus due to smaller
spherulite size other than 90°C, 110°C, and 119°C, but annealing
at 90°C shows a higher crystallinity [30]. Similarly, Wach et al.
observed a maximum crystallinity with no cold crystallization
peak when annealed at 85°C for 70 min and 95°C for 15 min,
which enhances the flexural strength by 11-17% with no sig-
nificant change in the modulus [31]. Annealing PLA below the
T (cold crystallization temperature) at 90°C considerably raises
the strength, modulus, and failure strain compared to annealing
above T,.. An increase in annealing time from 30 to 480 min at
90°C imparts a minor increase in tensile strength from 11 to
17% with no significant change in the modulus [32]. It is
observed that better performance could be achieved by anneal-
ing PLA between the glass transition and cold crystallization
temperatures. Apart from mechanical properties, the annealing
process significantly influences geometric deformation. Thus,
the annealing temperature, dwelling time, and cooling rate affect
the mechanical properties and part-dimensional stability.

The aforementioned literature review indicates that no com-
parison studies have been reported to comprehend the influence
of fill deposition paths on the dimensional changes, raster adhe-
sion, and mechanical performance of the printing part before
and after annealing. It is well known that the infill pattern has
the most desirable role during the part’s service life, as the
filament-based fused deposition process leads to partial bonding

of the raster. Therefore, this study aims to investigate how the
deposition path influences the thermal history of the printed
part, which ultimately affects the raster adhesion and mechanical
performance of the printed part. In this work, the author ana-
lyses various infill patterns such as concentric, linear, Hilbert,
raster angle 45°, alternate pattern (0°/45°), and concentric pat-
tern with holes similar to bone plates with screw holes based on
short, long, and combinations of both deposition paths. The six
different infill patterns are experimentally investigated to assess
the dimensional changes, interlayer adhesion, degree of crystal-
linity, quasi-static three-point and four-point flexural tests, and
dynamic tests under temperature sweep by considering the effect
of annealing. This study will guide the biomedical printing
industry in choosing a suitable infill pattern for attaining higher
flexural strength in the printed part.

Materials and methods

The PLA samples for FDM printing are modeled using
SolidWorks, and their stereolithography file is imported to
ideaMaker slicing software for converting 3D models into
G-codes that provide the tool path instructions for the 3D
printer. FDM printer (Creality CR-10S) with a build capacity
of 300 x 300x 400 mm” is used to fabricate the PLA samples
using a filament of 1.75 mm diameter (Solid Space Technology
Ltd.). The rectangular specimens are printed with a dimension
of 127 x12.7 x 3.2mm® for quasi-static and 60 x 10x 2 mm?
for dynamic flexural test. Table 1 shows the FDM tool path
parameters for PLA. Six different infill patterns with 100% fill
density are chosen to print the samples for the flexural test, as
shown in Fig. 1. The raster angle is specified by the movement
of the nozzle tool path with reference to the X-axis of the print
platform that influences the filament adhesion and bonding.
The concentric infill pattern (sample A) preserves the outer
shell of the sample, and the raster needs to travel a long dis-
tance to fuse with the adjacent raster. The linear infill pattern
(sample B) prints longitudinally with a raster angle 0°. Both
concentric and linear pattern has a long deposition path com-
pared to other fill patterns. Hilbert (sample C) is a continuous
fractal space-filling curve with the shortest deposition path
that encourages better interfacial contact of nearby raster
only at 100% infill density. For raster angle 45° (sample D),
the tool path is inclined at 45° with reference to the X-axis of
the build platform, and it has the shortest deposition path to
fuse with adjacent raster (by considering the rectangular sam-
ple dimension). In the alternate fill pattern of 0°/45° (sample
E), the layers are printed with an alternating sequence of raster
angle 0° (long deposition path) and raster angle 45° (short

Table 1. PLA print parameters.

Parameters Value
Nozzle Temperature 225°C
Layer height 0.2 mm
Infill density 100%
Print Speed 45 mm/s
Bed temperature 55°C
Number of shells at the boundary 2
Raster width 0.063 mm
Contour width 0.6 mm
Flow rate 100%
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A. Concentric Pattern

B. Linear Pattern (0°)

Figure 1. Schematic diagram of rectangular samples with different infill patterns.

deposition path). Sample (F) is printed with holes at equal
distances, five holes for flexural and three holes for DMA
samples based on the length of the specimen. The concentric
pattern is chosen to print the sample with holes by considering
the edges and holes as the two shell features, as it avoids the
gap between the raster. It combines the short deposition path
near the holes and the long deposition path near the edges of
every layer. Figure 2 shows the printed flexural and DMA
samples.

The layer-wise fabrication process in FDM generates resi-
dual stress in the printed part due to repetitive heating and
cooling of successive layers that can be relieved by the anneal-
ing process. In this work, printed PLA samples are annealed at
90°C (below cold crystallization and above glass transition
temperature) for 15 min in a hot air oven, and dimensional
changes are measured. The pre-and post-annealing process of
PLA samples are examined using scanning electron micro-
scopy (SEM) images to analyze the interlayer bonding of
various infill patterns. The cross-sectional surface of the sam-
ple was sputter coated with platinum of 10 nm thickness for
conductivity. The JSM-IT800 scanning electron microscope is
operated at low vacuum pressure, and the images are captured
at an accelerating voltage of 5 kV. DSC is carried out using

Three-point and four-point bend samples

Figure 2. PLA printed samples with different infill patterns.

D. Raster angle 45°

E. Alternate Pattern — 0°/45°

F. Concentric pattern with holes

a Universal V4 5A TA instrument according to ASTM D3418
to calculate the crystallinity of printed PLA samples before and
after annealing based on the first heating cycle. The printed
PLA of approximately 5-10 mg is placed in the sample pan,
and aluminum as reference material in another pan. The heat
flow difference between the reference and the PLA sample is
monitored by ramping the temperature from 30°C to 250°C at
10°C/min.

The three-point and four-point flexural test is performed
on a BISS universal testing machine with a load capacity of 25
kN. The sample is placed on the support span by maintaining
the support span-to-depth ratio of 16:1. For four-point bend-
ing, the distance between the loading points is one-third of the
support span, as shown in Fig. 3. The displacement of the
loading nose is set at 1.5 mm/min. The sample is deflected
till the fracture or 5% of strain is reached. The flexural stress,
flexural strain, and flexural modulus for three-point and four-
point bending are calculated as per the ASTM D790 and
ASTM D6272. For dynamic testing, the PLA sample is sub-
jected to cyclic deformation to measure the viscoelastic
response by evaluating the stored and loss energy as
a function of temperature in accordance with ASTM D5063.
The temperature sweep test is carried out on DMA 6000

DMA samples
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Figure 3. Quasi-static (a) three-point and (b) four-point flexural test.

Hitachi by ramping the temperature from 30 to 90°C at
a heating rate of 3°C/min and dynamic strain of 1% at the 1
Hz frequency.

Results and discussion
Dimensional changes

The PLA sample before and after annealing is shown in Fig. 4.
Table 2 represents the average dimensional change in the length,
width, and thickness of the samples after printing with respect
to design dimensions and after annealing with respect to printed
sample dimensions. After printing, it is observed that the aver-
age dimensional change in length and width shrinks from 0.5%
to 1%, and expansion in thickness varies from 2% to 7%, as
shown in Table 2. The concentric pattern has the longest
deposition path, resulting in a minor expansion in thickness
compared to other patterns. The linear pattern shows a slightly
higher change in thickness than concentric, as the fusing occurs
in a short time at one side compared to the other side (non-
uniform heat transfer). But, the concentric pattern with holes
has higher expansion in the thickness direction, as the raster
near the holes has the shortest deposition path, which leads to
shrinkage in the hole diameter of about 5%. All other patterns
result in moderate shrinkage. Due to convection heat transfer,
the raster with a long deposition path partially solidifies before it
comes in contact with the adjacent raster, resulting in lower
dimensional change after printing. For the raster with a short
deposition path, conduction occurs with the adjacent raster,
which helps to form neck growth and diffusion, resulting in
better adhesion, and the development of contact stress leads to
more shrinkage after printing. Similarly, Akhoundi et al. also
reported that dimensional changes in samples during printing
was dominated due to interfacial fusion by conduction heat
transfer compared to convection [19].

The annealed PLA samples are shown in Fig. 4; dimensional
changes were observed without excessive geometric distortion
due to a shorter annealing time of 15 min. After annealing, the
concentric pattern showed the highest shrinkage, whereas the

Figure 4. PLA samples before and after annealing (A, B, C, D, E, F represents infill
patterns).

Hilbert pattern showed minor shrinkage in the longitudinal
direction. Similarly, the concentric pattern shows a significant
change in thickness of about 7%, and the Hilbert pattern
showed a lesser expansion of about 0.6%. In the transverse
direction, a similar amount of shrinkage is observed in Hilbert,
raster angle 45°, and alternate pattern (0°/45°), whereas other
patterns showed slight expansion in the post-annealing
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Table 2. Average change in dimensions before and after annealing.
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After printing

After annealing

Average cha

nge in

Average change in

Average change in

Average change in

Average change in

Average change in

Infill pattern length (%) width (%) thickness (%) length (%) width (%) thickness (%)
Concentric pattern -0.51 -0.47 2.18 -9.18 1.89 7.03
Linear pattern —-0.49 -1.02 3.12 —7.66 2.78 6.36
Hilbert pattern -0.52 —-0.55 4.06 -2.86 -1.82 0.60
Raster angle 45° —-0.50 -0.39 3.12 -3.69 —-2.05 4.54
Alternate pattern —-0.55 -1.02 4.06 -3.49 -2.14 3.90
Concentric pattern -0.51 -0.78 6.87 =532 0.39 3.50
with holes
Table 3. DMA parameters under temperature sweep.

Maximum storage Ty Ty Tq
Infill patterns modulus (MPa) Maximum loss modulus (MPa) tand peak (E’ curve) (E” curve) (tand peak)
Concentric pattern 2914 332 0.320 70 61 56
Linear pattern 2267 300 0.321 67 58 52
Hilbert pattern 2608 368 0.329 70 61 56
Raster angle 45° 2772 380 0.315 67 57 52
Alternate pattern 2455 345 0.330 67 58 52
Concentric pattern with holes 2424 320 0.321 70 61 56

process. It is observed that the pattern with long (concentric)
and short deposition paths (Hilbert) has major and minor
changes in dimension after annealing. However, the raster
angle 45° has the shortest deposition path with no voids,
resulting in slightly higher shrinkage than Hilbert. The alter-
nate pattern (0°/45°) and the concentric pattern with holes
have the combination of shortest and longest deposition
paths, resulting in moderate shrinkage. But, the concentric
pattern with holes shows a 9% shrinkage of hole diameter
after annealing due to long deposition at the boundary. Thus,
the long deposition path results in higher shrinkage than the
short deposition path after annealing.

Scanning electron microscopy

Figure 5 shows the cross-sectional surface morphologies
obtained by cutting the FDM-printed samples before and
after annealing. After printing, it is observed that the con-
centric and linear pattern (long deposition path) shows weak
interfacial contact or gap between the layers due to the con-
vection heat transfer. Other patterns, with short deposition
paths (Hilbert and raster angle 45°) and the combination of
long and short depositions path (alternate 0°/45° and the con-
centric pattern with holes) show better interlayer coalescence
after printing. After annealing, it is observed that the shrinkage
of individual raster is higher in long deposition path fill pattern
than short deposition. This is due to reduced contact stress or
weaker interfacial fusion of the fill pattern during printing.
Further, all the infill patterns show enhanced interlayer adhe-
sion after annealing. Compared to all other patterns, it is
observed that the combined deposition path (alternate pattern
and concentric pattern with holes) shows better interlayer
adhesion before and after annealing.

Differential scanning calorimetry

The DSC curve for the unannealed and annealed PLA printed
samples is shown in Fig. 6. It is observed that both the

unannealed and annealed sample reveals the glass transition
temperature at 52°C, cold crystalline peak at 151°C and melt-
ing peak at 220°C. The cold crystallization peak is slightly
suppressed for annealed samples, and a similar trend was
observed by Bhandari et al. [32]. The calculated degree of
crystallinity for unannealed samples is nearly zero. This
might be attributed to the FDM process, where the polymer
quickly solidifies from the extrusion nozzle to bed temperature
within a few seconds, leaving inadequate time for the forma-
tion of spherulites. Compared to unannealed samples,
annealed samples exhibit an extremely low degree of crystal-
linity of about 1.8% due to a shorter annealing period to
minimize excessive warping. Bhandari et al. observed
a degree of crystallinity of about 20% when annealed at 90°C
for 8 h, but the shrinkage percentage was not reported [32].

Three-point and four-point flexural test

The three-point and four-point flexural stress-strain curves
for PLA samples with different infill patterns without and
with annealing are shown in Figs. 7 and 9. For both
flexural loadings, all the samples showed failure in the
outer surface below or at 5% of strain. Annealed samples
result in a brittle fracture with decreased flexural strain
compared to the unannealed samples for all the infill pat-
terns, irrespective of loading conditions. For the samples
without and with annealing, the highest and lowest value of
flexural stress under three-point and four-point bending
tests is observed for the concentric and Hilbert patterns.
The average and standard deviation values of flexural stress
and flexural modulus for the three-point and four-point
flexural test of PLA samples without and with annealing
are shown in Figs. 8 and 10.

Among all the patterns, the annealed sample with alternate
pattern (0°/45°) obtains the highest increment in flexural
strength and modulus in both three-point and four-point
bending. In four-point bending, the load is eventually distrib-
uted over the loading spans and helps to avoid premature
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Concentric pattern

Hilbert pattern

;b»

Figure 5. SEM cross-sectional surface images (a) before and (b) after annealing.

failure; thus, it obtains higher flexural strength and modulus
than 3-point bending. But the Hilbert pattern shows insignif-
icant change under the 3-point and 4-point flexural tests.
Thus, annealing at 90°C for 15 min enhanced the flexural
strength and modulus compared to the unannealed sample,
irrespective of the fill pattern.

In the concentric pattern, the infill raster is the extension of
contours or shells from the boundary and arranged perpendi-
cular to the loading direction, thus resulting in higher flexural
strength and modulus irrespective of loading condition and

Raster angle 45°

Concentric pattern with holes

annealing. The linear pattern has a long raster perpendicular to
the loading direction, and the concentric pattern with holes
has a long raster at the boundary, resulting in better flexural
strength and modulus than other patterns but slightly lower
than concentric. The raster angle 45° pattern shows better
flexural strength and modulus under a 4-point than three-
point bend. In the case of the Hilbert pattern, the presence of
void space in the pattern shows minor flexural strength despite
loading conditions. However, it obtains a better flexural mod-
ulus than the alternate pattern (0°/45°) without annealing.

— with annealing
- - = without annealing
g
°
"
” v
i
3
~ S O msan
° - .-
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=] F &
30 80 130 180 230
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Figure 6. DSC curves for PLA printed samples before and after annealing.
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Figure 9. Four-point flexural test (a) without annealing (b) with annealing.

Akhoundi et al. observed higher flexural strength for con-
centric and Hilbert patterns at 100% fill density than recti-
linear and honeycomb patterns under three-point bending
[19]. But, the response of the Hilbert pattern under quasi-
static loading was controversial to Akhoundi et al., this may
be due to the difference in the deposition angle of the Hilbert
pattern. Thus, the annealed PLA samples with a long
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deposition path show better flexural strength and modulus
than the short deposition path.

From the above results, it indicates that the fill deposition
path alters the thermal history of the printed part, which
ultimately influences the bonding and strength. The long
deposition path experiences convection heat transfer, which
results in partial solidification before it comes into contact
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Figure 10. Average and standard deviation of 4-point flexural test (a) flexural stress (b) flexural modulus.

with the adjacent raster and shows weak interfacial contact, as
observed in SEM images. In contrast, the short deposition
path (Hilbert and raster angle 45°) shows lower flexural
strength than long deposition paths even though it experi-
ences conduction heat transfer and shows better interfacial
contact. Similarly, the combined short and long deposition
path (alternate and concentric pattern with holes) has better
interfacial contact before and after annealing but possesses
lower flexural strength. It is observed that after annealing, the
long deposition path experiences higher shrinkage than the
short deposition path. However, Hilbert, raster angle 45,
alternate pattern, and concentric pattern with holes show
better raster adhesion before and after annealing but result
in lower flexural strength than concentric pattern. The main
reason is the discontinuity or weaker interface between the
infill and the shell or contour boundary. Thus, the concentric
fill pattern, which is the extension of the shell, results in
higher flexural strength. It is more apparent that the fill
pattern and loading direction highly influence flexural per-
formance despite raster adhesion.

Dynamic mechanical analyser

The DMA test is performed for annealed samples, as it obtains
higher flexural strength than unannealed samples, irrespective
of infill patterns. Figure 11 depicts that the infill pattern sig-
nificantly influences the dynamic characteristics of FDM-
printed PLA samples. Table 3 shows the calculated DMA
parameters for various infill patterns. The storage modulus
estimates the load-bearing stability at a specific temperature
range. As shown in Fig. 11a, all the samples show stable glassy
storage modulus plateau at 30°C to 50°C. From 50°C to 65°C, it
shows a drastic drop in modulus that specifies the glass transi-
tion temperature (Ty), as the sample changes from hard glassy
to soft rubbery phase. This indicates that the sample can no
longer resist the deformation due to the segmental motion and
molecular relaxation. As the temperature increases, the stored
energy gradually decreases and thus increases the energy loss,
as depicted by the storage and loss modulus curve. Beyond
65°C, the storage modulus decreases further and attains the
rubbery plateau from 80°C to 90°C. It is observed that the loss

modulus increases slowly from 30 to 50°C and then signifi-
cantly increases and attains peak value around 50°C to 65°C
and then gradually decreases as shown in Fig. 11b. The tand
curve represents the damping characteristics and depicts
a similar behavior of the loss modulus curve as shown in
Fig. 11c. The T, were measured from the onset of the fall in
the storage modulus curve, tand peak and loss modulus curve
for different fill patterns. It is noted that the measured glass
transition temperature is not consistent; the highest T, is
obtained from the storage modulus curve and the lowest T,
from the tand curve; hence the T, can be estimated based on
the temperature range. The concentric, Hilbert, and concentric
pattern with hole obtains the highest T, compared to other
patterns.

The concentric and linear patterns obtain the highest and
lowest glassy storage modulus. During the glassy to a rubbery
state transition, the Hilbert and the concentric pattern with
holes shows a slight shift in the storage modulus curve than
the concentric pattern and thus leads to high T, as same as the
concentric pattern. The raster angle 45°, alternate pattern, and
linear pattern show a loss modulus peak at 58°C, with the
highest peak for the raster angle 45°. The Hilbert, concentric,
and concentric pattern with holes shows a slight shift in the loss
modulus curve due to the broadening of relaxations and obtains
the peak at 61°C. At 61°C, the highest peak obtains for Hilbert
and the lowest for the concentric pattern with holes. A higher
loss modulus peak indicates higher energy dissipation and
higher mobility. Among all the patterns, raster angle 45° has
the highest energy dissipation and indicates higher mobility or
a less constrained infill pattern. Wang et al. also observed that
PLA samples printed with a raster angle 45° have more ten-
dency to dissipate energy instead of storing it [9].

The raster angle 45°, alternate pattern, and the linear pat-
tern show a tand peak at 52°C, and Hilbert, concentric, and
concentric pattern with holes obtains a peak at 56°C. However,
the concentric pattern shows a significant shift in the curve
before attaining the tand peak value compared to other pat-
terns. Similarly, the Hilbert and concentric pattern with holes
shows a shift in the tand curve but less than the concentric
pattern. This shift in the tand curve indicates the lower seg-
mental mobility and constraint flexibility of the infill pattern.
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Thus, the constrained flexibility of the concentric pattern may
be due to the arrangement of the long deposition raster that
follows the outer boundary, perpendicular to the loading
direction, and higher shrinkage during annealing.

Conclusion

This work investigated FDM-printed PLA samples with var-
ious infill patterns based on dimensional changes, raster adhe-
sion, and static and dynamic flexural properties by considering
the effect of annealing. The long deposition path (concentric
and linear), short deposition path (Hilbert and raster angle
45°), and combination of short and long deposition paths
(alternate pattern 0°/45° and concentric pattern with holes)
was analyzed, and the following conclusions were drawn:

o The fill pattern greatly influences the amount of shrink-
age before and after annealing. After printing, the pattern
with a short deposition path results in more shrinkage
than the long deposition path. Annealing at 90° C with
a dwelling time of 15 min results in less shrinkage for the
short deposition path than for the long deposition path.

e SEM micrographs reveal that the shrinkage of individual
raster dominates the fusion process due to the shorter
annealing time to avoid excessive warpage. Better inter-
layer adhesion was observed for the short and combined
deposition path patterns before and after annealing.

o The fill path in concentric fill pattern was the extension of
the shell and perpendicular to the loading direction;
hence, it possesses superior quasi-static and dynamic
flexural strength, even though it shows weaker interfacial
fusion than other patterns. In other fill patterns, there
was a discontinuity or weaker interface between the fill
pattern and the shell. Further, it was more evident that
the fill pattern and loading direction highly influenced
the flexural performance despite raster adhesion.

e Thus, this study will provide guidelines to the biomedical
printing industry for selecting fill patterns under flexural
loading.
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Abstract

In this research epoxy based biocomposites were developed using novel green pea pod lignin
(GPL) and hybridised pod sheath fiber-bamboo epoxy composite for human prosthetic
applications! The outcomes of this investigation demonstrate that the inclusion of lignin, up to
1.0 vol. %, yields a tensile strength of 159 MPa, flexural strength of 202 MPa, inter-laminar
shear strength of 28.6 MPa and 1zod impact toughness of 5.93 J. In terms of wear resistance, the
composite designation with 2.0 vol. % of lignin exhibited lower wear loss of 0.01 g and 0.38 of
coefficient of friction. Both the mechanical and wear results are statistically significant with ‘P <
0.05), confirmed by analysis of variance (ANOVA). Additionally, the highest fatigue life counts
were recorded for composite with 1 vol. % of lignin with counts of 34,632 cycles for 30% of the
ultimate tensile strength. Furthermore, the addition of lignin up to 2.0 vol. % resulted in the
lowest contact angle of 82° and water absorption percentage of 0.16%. Scanning electron
microscopy (SEM) analysis indicated that the incorporation of surface-treated fibers and lignin
uniformly dispersed and adhered more. Based on these findings, it is evident that the composite
containing 40 vol. % of sheath/bamboo hybridized fiber with 1.0 vol. % of lignin in the epoxy

matrix represents the most favourable outcome for prosthetic applications.

Keywords: Hybrid composite; Lignin; Fibre; Wear; Mechanical properties; Hydrophobicity

1 Introduction
The manufacture of synthetic petroleum-based products as well as glass, carbon, aramid

and other synthetic fibers emits a huge volume of carbon emissions gases into the environment
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[1]. Recent decades, it has been thought that using ecologically sustainable low carbon materials
would lessen the global damage by petroleum-based products. These products will be
biodegradable, recyclable, and eco-friendly. Completely green composites are a form of
biocomposite made using biofibers and resins that come from sustainable agro waste and natural
resources inputs [2]. This form of composites is degraded and decomposed without affecting the
environmental ecosystems at the end of its useful lifespan. In the creation of biocomposites,
various types of plant-based fiber like flax, abaca, jute, bamboo sisal, aloe vera, hemp,
pineapple and kenaf have been employed commonly [3]. Natural fibers have a superior property
such as ahigher strength to weight ratio, corrosion resistances, high fracture toughness,
recyclability, and are sustainable, giving them distinct benefits over other materials [4]. Because
they are more environmentally friendly and perform better mechanically, polymer biocomposites
made from natural fibers have gained the interest of researchers and scientists. Producing
biocomposites from renewable sources is a difficult operation that requires metals, polymers, and
ceramics [5]. Due to the biocompatibility of such biocomposites it already has been utilized as
drug, antibiotics and gene delivery, tissue engineering, orthopaedics, as well as in aesthetic
orthodontics applications. Acceptance by the human body is the most important prerequisite for
materials to be employed as prosthetics. Biocomposites has the ability to substitute damaged or
deteriorated organs or tissues, or act as a framework for their regeneration, increasing the quality

of life of sufferer [6].

Egoh et al [7] examined the application of bamboo in the latest decades with a focus on
orthopaedics and prosthetic remediation. The author noted that creating artificial limbs to help
people make up for the loss of a limb has been a practice dating back to the ancient Egyptians
and French surgeon Ambroise Pare. In this study, applications of bamboo fiber such as the
bamboo endoskeleton patellar-tendon-bearing prosthesis and the bamboo above-knee prosthesis
with coco-nut knee joint were reviewed. However, Kulandaivel et al [8] investigated the
extraction and characterization of unique natural cellulose-based fibers of pigeon pea plant.
Additional decomposition between the temperature ranges of 250°C and 400°C, with a very
noticeable peak at 358°C, demonstrates that cellulose degradation is responsible for a significant
mass loss of roughly 52.3%.Similar research was conducted by Bhiri et al. [9] on the extraction
and physicochemical characterization of pea by-products for the purpose of isolating cellulosic

microbes. Thermogravimetric analysis indicated the superior thermal stability of cellulosic
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microfibers compared to the pure material. However, green pea sheath is abundantly available
worldwide and fiber extraction is also cheaper. But this fiber has lesser strength as compared to
other natural fiber hence the inbounding hybridization was done with bamboo fiber. This
hybridization provides new chances to expand the functionality of such fiber materials,
especially in advanced applications, by enhancing the toughness or impact-resistance. In
addition, hybridization of fibers offers greater design flexibility than non-hybrid
fiber composites, which results in a collaborative effect that isn't possible with any particular
material by alone. The choice of the fibers, a good fiber combination, and their interaction in the

hybrid system are just a few ways to produce the synergetic effect [10].

In the domain of particulate strengthening, various substances like cellulose, lignin,
bagasse powder, biosilica, biochar and silica fume are commonly used in polymer composite
applications [11]. These particulates are different in nature starting from metallic to ceramics and
possess their unique advantages. Among various types there are particulates they are in the class
of biopolymer too. In these biopolymers, lignin stands out as highly functional biopolymer with
extensive applications in composite technology [12]. This lignin has advantages such as
improved cross-linking density and reinforcing ability of the base polymer due to its long,
continuous chain structure and ability to make interpenetrating polymer networks [13]. Thus, it is
suitable in creating high load bearing structural composites for prosthetic and medical
applications where high degree of eco-friendly material application is required. Khan et al [14]
published their research finding on human prosthetic leg material, which is made of ABS-
biocarbon derived from abaca bracts. According to author the addition of biocarbon into the bare
ABS improved the load bearing ability as well as structural rigidity. Similarly, Alshahrani et al
[15] revealed the effectiveness of adding grape stalk derived lignin as strengthening material for
bamboo fiber reinforced polyester composite, which is aimed as human prosthetic leg and limb
material. Author claimed that the addition of grape stalk lignin into the polyester significantly
improved the tensile, flexural, wear and thermal degradation stability. Thus it is clear that the
addition lignin into the polymer could improve their functional and load bearing competency in

the prosthetic applications.

Consequently, this study aims to explore the preparation of lignin extracted from green

pea pods and its impact on epoxy composites. It also recognized a significant gap in natural fiber
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composites, particularly in the hybridization of bamboo fibers with pod sheath fibers in epoxy
composites. Therefore, the research endeavor sought to create biocomposites by incorporating
green pea pod lignin and hybridizing pod sheath fibers with bamboo in epoxy composites. The
primary focus of this investigation revolved around assessing the mechanical, wear, and fatigue
properties of these composites. To achieve this, composite laminates were meticulously crafted
using the hand layup process and subsequently subjected to comprehensive characterization
following the relevant ASTM standards. The ultimate goal is to produce mechanically robust and

wear-resistant composites, potentially suitable for applications in human prosthetics.
2 Experimental investigations:
2.1 Materials

In this study, an Araldite LY556 epoxy resin which having a density of 1.18 g/cm? and a
molecular mass of 190,1 g/mol was utilized. TETA HY951, a curing agent having a density of
1.04 g/cm?, is used to cure composites. Similarly, bamboo fibers with a density of 1.45 g/cm?
were acquired from the Metro Composites Research and Training Institute in Chennai, India.
Green pea pods gathered from nearby farms were used to manufacture the pea sheath fiber and
green pea pod lignin. This green sheath fiber has a density of 1.1g/cc, is 50-70 mm long, and has
a diameter of 180-220 um. It also consist nearly 40-55% cellulose, 18% holocellulose, and 1.8%
lignin. Sigma Aldrich in the United States provided the silane surface modification 3-
Aminopropyltrimethoxysilane (APTMS). Additional components, such as ethanol, NaOH having

concentration of 1 N, acetic acid, and distilled water, are obtained from Merck India.
2.2 Fiber Extraction

The fibers were manufactured according to earlier research [16]. This study utilized
retting and manual shredding to produce the fibers from the green pods. The green pea sheath
was acquired from surrounding fields and washed three to four times to remove any traces of dirt
and foreign debris. The cleansed sheaths were then immersed in water for 72 h to ensure their
thorough decomposition. After draining and combing the fleshy materials, the existing fibers are
separated. To eliminate the acquired water molecules, the separated fibers and water was
repeatedly rinsed and then dried in the sun. Figure 1 depicts the procedure for preparing fiber

from green pea sheath with a SEM image of the resulting fiber. The surface of this fiber was
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further treated with a base (1N concentration of NaOH) using a simple immersion procedure.
After 10 minutes of immersion in a 1 N base solution, the fiber was drained. The extracted fiber,

which had undergone surface treatment, was subsequently subjected to drying in an oven to

oNOYTULT D WN =

eliminate any residual moisture before proceeding with further processing. [17].

19 Green pea Water immersed NaOH Green pea sheath
plant green pea sheath treatment fiber

Figure 1 Green pea sheath fiber preparation and SEM images of fiber
42 2.3 Lignin Preparation

44 The lignin preparation process began with the acquisition of green pea pods from a local
46 farmer. These pods were initially cleaned with tap water and left to sun-dry for a period of 48
hours to ensure the removal of any residual moisture. Once thoroughly dried, the green pea pods
49 were further processed by grinding them into pellets using a crusher. In the first step of lignin
51 extraction, 2 g of the powdered green pea pods were combined with 12 mm of H,SO4 and 3 mm
53 of distilled water in a beaker, as described in reference [18]. The mixture was constantly stirred
for three hours using a hot plate magnetic stirrer, maintaining a temperature of approximately
56 25°C by placing the beaker in an ice water bath. After this three-hour stirring period, the mixture
58 5
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was filtered through filter paper and allowed to air-dry for duration of twenty-four hours.
Subsequently, in the second phase of the process, a similar solution was created using the dried
powdered material and stirred for two hours at room temperature with the assistance of a
magnetic stirrer. After two hours of stirring, the solution was filtered using distilled water until
the pH of the drained water reached 7.0. The filtered material was then dried. For a visual
representation of the lignin preparation process, including SEM (Scanning Electron Microscope)

and XRD (X-Ray Diffraction) analyses please refer to Figure 2.

Green pea 2g of dried and 12ml of Magnetic stirring
grained green pea H>804+3ml of for 3hrs @25°C
pod distilled water

Green pea pod Dried under Again_ magne[ic rillered out
lignin hot air oven stirred for 2hrs the mixture
e (002) XRD

Yo -

Poston [*2Them | { Copper (Cu))

Figure 2 Lignin preparation from green pea plant with XRD
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Powder X-ray diffractors were utilized for the x-ray diffraction (Match phase analyser,
Germany). Most of those exhibit a peak at 22.6° (20), which is reflective of type I crystalline
cellulose (belongs to the 002 plane), and a second peak at 34.5° (20), which corresponds to either
the 100 or 301 planes. Lignin molecules are randomly orientated and tend to generate
intermolecular and intramolecular hydrogen bridges. Lignin has a highly crystalline packing

density and may contain up to 80% crystalline zones [19].
2.4 Hybridized Bamboo-pea sheath fibre woven mat making

The prepared sheath fibres are blended with bamboo long fibre at 25 vol. % via manual
twisting and rolling process. Natural cassava glue is marginally applied to make a tight bond
between base fibre (bamboo) and secondary fibre (sheath pea fibre). Since the sheath fibre is low
strength, it can be blended along with high strength fibre and make use of woven mat with
different weaving styles. In this the 25:75 vol. % sheath and bamboo fibre yarns are further
subjected to weaving using hand looming machine. Both the weft and warp are engaged with
hybridized fibre of sheath and bamboo with the weaving style of in-plane interplay. The weaving
process produced an outcome of 1m/h with a GSM of 200. Figure 3 shows the hybridized fibre

mat made using sheath pea fibre and bamboo.
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Figure 3 views of hybridised fibre of pea sheath fibre and bamboo (a) photographic, (b) optical
microscope image with interplay arrangement and (c) fibre yarns of both sheath fibre and

bamboo
2.5 Silane Surface Treatment

The surface treatment of hybridized fiber and lignin was performed with a silane
coupling agent via acid hydrolysis process for better adhesion properties with resin. In this an
aqueous solution was prepared using 95 % of ethanol and 5% of water. After thorough mix up,
the silane substance of 4 wt. % was added into the admixture as drop by drop. The resulted
solution was then stirred thoroughly using ultrasonicator for 10 min ensured the silane is
completely dissolved in the aqueous solution. Meanwhile the pH of the solution is adjusted to 4.5
using acetic acid for better hydrolysis. The fibre and particle are then immersed in the silane
solution and soaked for 10 min and then separated and dried in a hot air oven for 10 min to form

condensed Si-O-Si structure [20].
2.6 Composite Fabrication

In this study, the fabrication of composites involved a manual process known as hand
layup technique. Initially, a mold was prepared by cleaning and applying a generous coat of wax
to the desired surface. This wax coating served the purpose of facilitating the easy removal of the
final product from the mold. A homogeneous solution was prepared by mixing epoxy resin and
the surface-treated green pea pod lignin with the assistance of a magnetic stirrer. Once the
solution achieved uniformity, a hardener was added and thorough stirring ensured proper mixing.
After the mixture was well-prepared, it underwent a degasification process to remove any
trapped air or bubbles. The degassed resin was poured into the prepared mold, and layers of fiber
mat were placed one by one on top of it. The composite was allowed to cure at room
temperature. Subsequently, it underwent a post-curing process for 48 h at a temperature of 120°C
[21]. Table 1 provides details of the composite designations for different combinations used in

the study.

Table 1 Composite designation for various hybrid epoxy composites

Composite Resin Bamboo-pea Lignin
designation (vol.%) sheath fibre | macromolecule
8
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(vol.%) (vol.%)
E 100 - -

EP 60 40 -
EPLI 59.5 40 0.5
EPL2 59 40 1.0
EPL3 58 40 2.0

3 Characterizations

Upon completion of the curing process, a thorough visual inspection was conducted to
detect any surface defects or imperfections. To obtain acceptable ASTM test specimens from the
cured composite plates, an abrasive water jet machine (Maxiem water jets, 1515, KENT) was
used [22]. The hybridized epoxy composites underwent mechanical tests in accordance with
ASTM standards. Tensile strength testing followed the ASTM D-3039 standard _
mm), while flexural strength was assessed using ASTM D-790 (125X 13 X 3 mm) specifications.
Inter-Laminar Shear Strength (ILSS) was evaluated in compliance with ASTM D-2344 (30 x 9 x
3 mm). All these mechanical tests were performed using a universal testing machine (INSTRON
4355, UK) with a cross-head speed of 1.5 mm/min. In addition, Izod impact testing was carried
out in line with ASTM D-256 _ standards, utilizing a mini-impact tester from
Krystal Equipment, India, Pvt. Ltd., which had a measuring capacity of 20 J. Similarly, wear
properties of the epoxy resin hybrid composite was evaluated using a pin-on-disc test setup with

a track diameter of 150 mm, disc speed of 500 rpm and a load of 5 N. _

assessed using 3 mm! thick by S mm wide flat Specimens. Similarly, the fatigue behavior was
examined with a tension-tension fatigue machine (MTS Landmark 370 load frame, United
States), subjecting dumbbell-shaped specimens to ASTM D 3479. _
_ The testing process incorporated specific parameters: a loading

frequency of 5 Hz, a stress ratio of 0.1, a maximum load of 1.28 kN (30% of the ultimate tensile

load, as 60% and 90% of UTS), an elastic modulus of 6.00 GPa, and a controlled environment at

23°C. Each test was repeated with 5 uniformly shaped specimens, and the average values were

calculated. Furthermore, a sessile drop contact angle meter (HO-IAD-CAM-01, India) was used
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to assess the hydrophobicity of composites. It has manual dispensing with camera interface for
measuring contact angle of liquids on solid surfaces. The surface over which contact angle is to
be measured is held in horizontal position to find out contact angle using sessile drop method.
Similarly, water absorption % of composites was accessed via water immersion method in
according to ASTM D 570. Square shaped specimens of 60 mm were immersed in water for 24 h
and the difference is weight was converted as % of water uptake. Finally, a field-emission CARL
ZEISS Supra-55 scanning electron microscope from Germany was employed to examine the
surface morphology of the composites. Prior to scanning, the broken surfaces of the samples

were coated with a layer of gold for analysis.
4 Results and Discussion:
4.1 Mechanical Properties

In Figure 4, the mechanical properties of the hybridized epoxy resin composites are
illustrated. Composite designation "E" exhibits lower mechanical values, approximately 62 MPa
for tensile strength, 2.168 GPa for tensile modulus, 96 MPa for flexural strength, 3.824 GPa for
flexural modulus, 0.36 J for 1zod impact, and an 86 Shore-D hardness. These values reflect the
poor strength of pure epoxy composites, attributed to the uneven load distribution and the brittle
nature of the material [23]. However, the introduction of 40 vol. % of hybridized bamboo fiber
and green pea sheath fibers in pure epoxy composites significantly enhances the mechanical
properties. Tensile strength, tensile modulus, flexural strength, flexural modulus, inter-laminar
shear strength (ILSS), Izod impact, and hardness all increase to around 128 MPa, 5.38 GPa, 152
MPa, 6.08 GPa, 24.7 MPa, 3.71 J, and 87 Shore-D for composite designation "EP." This
improvement is attributed to the ability of hybridized sheath and bamboo fibers to evenly
distribute applied loads throughout the matrix, resulting in enhanced properties. The presence of
high-cellulose bamboo fiber in combination with pea sheath fiber further strengthens the

composite [24].

Additionally, the incorporation of green pea lignin particles at 0.5%, 1.0%, and 2.0% by
volume improves the mechanical properties for composite designations "EPL1," "EPL2," and
"EPL3." The composite "EPL2" with 1.0% lignin and 40% hybridized pod sheath/bamboo fiber
exhibits the highest mechanical properties, with values of approximately 159 MPa for tensile

strength, 6.21 GPa for tensile modulus, 202 MPa for flexural strength, 6.86 GPa for flexural
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modulus, 28.6 MPa for ILSS, and 5.93 J for Izod impact. This enhancement is attributed to
improved adhesion and reduced cross-linking density in the epoxy matrix [25]. However, further
incorporation of lignin particles up to 2.0% by volume decreases the mechanical properties for
composite designation "EPL3" due to cluster formation. On the other hand, an increase in
hardness values is observed, reaching about 91 Shore-D. This increase is a result of the rigid
lignin particles being incorporated into the epoxy matrix, altering the crosslink structures and

making the composite harder and more brittle.
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~ Source |

- Sum of square | Mean square |  P-value
131986.6357 | 21997.7726 | 463385  2.892E- |
13
28 | 132921237 4747187
34 | 1452787593 | 4272.9047

Figure 5 (a-d) demonstrates the SEM fractograph of tensile tested composites. Figure 5 (a)
and (b) shows the SEM fractograph of composite EP. It represents the adhesion improved fiber
in the fracture zone with matrix. The fibre has the remains of matrix, which confirms how better
the fibre is adhered with resin during the curing process. This improvement is due to the surface
treatment on hybridized bamboo/sheath fiber, which contains NH, functional group on their
surface [26]. However, further inclusion of lignin shows the toughness improved matrix as well
as debonding of sheath fiber as represented in Figure 5 (c) for composite designation EPL2. As
well as due to the improved toughness this composite designation shows waviness pattern on
fractured surface as observed in Figure 5 (d). Moreover, lignin up to the 1.0 vol. % shows highly
reacted phase of fiber and matrix is observed for composite designation EPL2 with lignin
toughened matrix as illustrated in Figure 5 (e) and (f). The Figure 5 (e) shows the fiber marks

after fracture and lignin reached matrix for composite designation ELP2.
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50 Figure 5 SEM fractography for fractured samples of tensile test
52 4.2 Wear properties

In Figure 6, the wear properties of pure epoxy and its various composite combinations are
56 depicted. Pure epoxy exhibits lower wear resistance values compared to the other composite

58 13
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designations, with approximately 0.05 g for wear loss and a coefficient of friction (COF) of 0.57.
This reduced wear resistance can be attributed to the softness of epoxy molecules, making them
susceptible to wearing on the abrasive disk [27]. However, the inclusion of 40 vol. % of bamboo
and sheath fiber significantly reduces the wear values for the composite designation "EP" to
around 0.02 g of wear loss and a COF of 0.48. The incorporation of surface-treated fibers
enhances the bonding mechanism between the fibers and the matrix, resulting in a stronger grip
on the epoxy molecules and reducing direct contact with the wear disk. Similarly, the further
addition of green pea pod lignin at 0.5%, 1.0%, and 2.0% by volume improves the wear
resistance for composite designations "EPL1," "EPL2," and "EPL3," respectively. Among all the
composite designations, the highest wear resistance is observed in composite designation
"EPL3," with approximately 0.01 g of wear loss and a COF of 0.38. This improved wear
resistance is attributed to the surface treatment of the lignin, which enhances adhesion and the
crystalline nature of the lignin particles, reducing the abrasion wear phenomenon. These lignin
particles are naturally harder, providing resistance to wear and reducing the likelihood of three-

body abrasion [28].
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4.3 Fatigue behaviour

Figure 7 provides insights into the fatigue life counts of pure epoxy and its various
composite combinations. The composite designation "E" exhibits lower fatigue life counts,
approximately 2208, 1471, and 1063 for 30%, 60%, and 90% of the ultimate tensile strength
(UTS). This reduced fatigue life in the "E" composite is attributed to the brittle nature of pure
epoxy. Under repetitive loads, the molecular chains in cured epoxy undergo significant
stretching, accumulating residual stress. These accumulated stresses subsequently lead to the
rapid propagation of microcracks, resulting in deformation [29]. The inclusion of 40 vol. % of
surface-treated bamboo and sheath fibers in the composite designation "EP" significantly
improves fatigue life counts, reaching approximately 26181, 22871, and 16308 for 30%, 60%,
and 90% of UTS, respectively. The enhanced adhesion of fibers to the matrix, facilitated by the
Si-O-Si bond established through silane surface treatment, plays a crucial role in this
improvement. Additionally, the combination of green pea sheath microfibrils and bamboo fibers

effectively transfers applied loads and enhances the matrix's resilience [30].

Moreover, the incorporation of green pea pod lignin particles at 0.5%, 1.0%, and 2.0% by
volume further increases the fatigue life counts for composite designations "EPL1," "EPL2," and
"EPL3," respectively. Among all the composite designations, the highest fatigue life counts are
observed in composite designation "EPL2," with approximately 34632, 29671, and 24275 for
30%, 60%, and 90% of UTS, respectively. The addition of lignin in fiber-reinforced epoxy
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composites hinders the formation of microcracks by improving surface bonding. As a result, the
storage of plastic strain decreases with each loading cycle, leading to the observed increase in
fatigue life counts. However, a slight decrease in fatigue life counts for composite designation
"EPL3" occurs with a further increase in lignin volume percentage, likely due to particle

agglomeration in the matrix [31].
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Figure 7 Fatigue life counts for various composite designations
4.4 Hydrophobic Behaviour (Immersion and Contact angle)

Figure 8 illustrates the hydrophobic behavior of pure epoxy and its composite
combinations. The composite designation "E" exhibits higher contact angle values of about 102°
and lower water absorption percentage of 0.24%. This is attributed to the pure epoxy content in
this composite, which exhibits a water-repelling effect on OH molecules [32]. However, the
inclusion of 40 vol. % sheath/bamboo fibers in the composite designation "EP" results in slightly
increased water absorption values, approximately 0.34%, and a decreased contact angle of about
92°. This increase in water absorption can be attributed to the addition of natural fibers that are
inherently hydrophilic. On the other hand, the addition of green pea pod lignin at 0.5%, 1.0%,
and 3.0% by volume gradually reduces water absorption and contact angles for composite
designations "EPL1," "EPL2," and "EPL3.," respectively. Among all the composite designations,
the lowest contact angle and water absorption percentage are noted for composite designation

"EPL3," with values of about 82° and 0.16%, respectively. This reduction in values is due to the
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increased lignin content, which raises the surface energy of the entire composite [33]. However,
it's important to note that all composite designations maintain contact angles above 70°,

indicating that the addition of natural fibers and green pea pod lignin particles does not make the

oNOYTULT D WN =

composite more hydrophilic; instead, it retains its hydrophobic characteristics.
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Abstract

The growing worldwide dependence on fossil fuels and the subsequent release of CO, emissions pose substantial environmental
challenges. The purpose of this review is to examine the process of electrochemical carbon reduction (ECR) and specifically
investigate the use of copper-based electrocatalysts for the conversion of CO, into chemically valuable substances. The synthetic
methods employed for these catalysts are analyzed, along with their impact on product selectivity and the potential advantages
they present. The focus of our research lies in the exploration of alloy electrocatalysts, specifically those composed of Cu-Au, Cu-Pd,
and CuNi combinations. These particular combinations have demonstrated improved efficiency and selectivity in the reduction of
CO,. This paper aims to assist in the design of high-performance copper catalysts and the optimization of ECR processes by
providing insights into the structure—function relationships and intermediate modulation.

Introduction

Our reliance on fossil fuels is escalating energy and environmental issues, evidenced by the yearly increase of atmospheric CO,
levels by approximately 2 parts per million. This has grave implications, including the gradual collapse of our world's most delicate
ecosystems [1]. As a result, immense effort has been made in recent years to curb and ultimately cut these emissions. However,
reducing emissions isn't a simple task. It is crucial for our survival, holds immense scientific significance, but proves economically
challenging [2]. The battle against the damaging effects of CO, emissions is complex, especially since currently available
technologies are heavily dependent on fossil fuels. This dependence on fossil fuels is a critical hurdle. To address this, the reversal
of the carbon cycle, which involves capturing and using CO,, has gained traction. This strategy presents an attractive solution for
managing energy and environmental crises simultaneously. In the long term, it could be key to achieving green and sustainable
development. One promising method for managing CO, levels involves converting atmospheric CO; into valuable fuels and
chemicals through carbon sequestration. Various methods have been studied for this purpose, including chemical, photochemical,
biological, and electrocatalytic processes [3], [4]. The schematic design in Fig. 1 illustrates the several approaches used in the
reduction of CO,. Biological CO, reduction typically involves using rapidly growing biomass to replace traditional chemical
processes for fuel and chemical production. However, chemical reactions often involve high energy-density species like H,. These
reactions require significant energy inputs and operate under high temperature and pressure settings [4]. Photochemical and ECR
are among the most cost-effective strategies for managing and converting CO,. ECR powered by renewable energy, offers distinct
advantages over photochemical CO, reduction. This includes milder operating conditions, high energy efficiency, and superior
product selectivity. In theory, ECR could allow to produce high-value items with varied potential applications. However, there
remain substantial challenges before ECR becomes a mature technology. The current limitations include factors such as energy
efficiency, product selection, achieving optimum yield, and overall financial advantages.

Multiple proton/electron transfer processes are required for the ECR into high-value-added compounds. This heterogeneity in
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reaction pathways and product production processes during CO, reduction reaction (CO2RR) [5], [6] is indicative of the process's
complexity. These two properties have an intriguing link to the electronic properties of the materials at play. The only metal-based
catalysts shown to be successful in converting CO, into Cy+products, copper (Cu)-based CO2RR electrocatalysts, which exhibit
modest adsorption towards the *CO intermediate. They also favour C-C coupling, which suggests an inclination to produce high
carbon fuels at a lower potential [7], [8]. However, the absence of a selective route in the CO2RR results in Cu-based electrocatalysts
exhibiting a wide array of products, limited selectivity, and poor Faraday efficiency. Extensive research has been conducted on the
optimisation of Cu-based catalyst shapes, sizes, and supporting substrates to optimise their performance. [9], [10]. Significant
attention has been paid to the development of ECR using bimetallic Cu-based catalysts. The electronic structure of Cu can be
altered by including another metal into Cu. As a result, the overall performance is enhanced and selectivity towards the target
intermediates is increased [11], [12]. Understanding the electronic structure of these bimetallic electrocatalysts for CO2RR is useful
because they have good conductivity and adsorption. This is especially significant since the CO2RR performance of materials based
on Cu might vary depending on the metals that are integrated into such materials. Unlocking these rules may allow for the
development of practical electrocatalysts. Changing the electronic structure of catalysts is a powerful method for increasing their
activity. The electrical conductivity and adsorption strength of particular intermediates may be precisely controlled by
manipulating their structure. In turn, this improves the catalysts' overall activity and selectivity. Through processes including
heterostructure development, defect engineering, and surface alteration, adding other metals to Cu can improve their conductivity
and adsorption capabilities. As a result, the electronic characteristics are optimised by this procedure, leading to superior catalytic
activity and selectivity in the CO2RR.

This concise review is intended to provide an insightful and timely assessment of strategic structural engineering and intermediate
modulation, both of which are governed by synthetic methodologies. The ultimate objective is to simplify the production of
effective Cu catalysts for simple, highly selective ECR. This article explores the use of copper and its derivatives as electrocatalysts
for ECR, analysing the various synthetic approaches and their effects on product selectivity. By deciphering the complexity of
structure-function associations and intermediate modulation, we hope to set the groundwork for the rational development of Cu
catalysts, thereby optimising the selectivity and efficiency of ECR.

Section snippets

Cu-based electrocatalysts

Copper (Cu) plays a pivotal part in this process ECR, which converts carbon dioxide (CO,) into valuable multi-carbon compounds.
But Cu catalysts have problems with stability and selectivity. The importance of effective catalysts in ECR has been the focus.
Researchers anticipated the optimal conditions for producing high-performance Cu catalysts by employing Design of experiments
and response surface approaches. Cheng et al. discovered that by altering the evaporation conditions, especially the ...

Cu-Au

In order to optimise their performance in ECR, Huang et al. [19] directed their attention on the development of nanostructures
composed of gradient alloy of gold and copper (AuCu-g). The researchers fabricated AuCu-g catalysts using a solvothermal
approach, resulting in a surface composition that is mostly Cu-rich and a core composition that is predominantly Au-rich. The
catalyst's performance was remarkable, as it consistently produced large amounts of C;H4 with a notable FE of over 20% at a ...

Conclusion

The substantial potential of copper-based catalysts in furthering carbon sequestration endeavours is emphasised in this review. By
virtue of its distinctive electronic characteristics and its malleability via alloying, copper offers advantageous opportunities to
improve product selectivity and energy efficiency. Despite the persistent challenges associated with catalyst stability and economic
viability, continuous progress in the fields of material science and electrochemistry is progressively ...
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Abstract

We report the development of a novel electrocatalyst composed of nanoarchitectured spinel cobalt manganese oxide and
graphene for the oxygen reduction reaction (ORR). A combination of co-precipitation and hydrothermal methods achieved
the unique nanoarchitecture of the electrocatalyst. The formation of CoMn,0, electrocatalyst was confirmed by X-ray dif-
fraction, transmission electron microscopy, and other spectroscopic and microscopic techniques. In addition to synthesizing
Co,O, and Mn, O, as control electrocatalysts, we created a physical mixture of CoMn,0, and graphene to investigate the
impact of their interface on electrocatalytic activity. Our findings indicate that CoMn,O,/graphene exhibits improved ORR
activity, stability, and methanol tolerance in an alkaline medium. This enhancement can be attributed to the synergistic effect
and strong interface interaction between CoMn,0O, and graphene. This study demonstrates the potential of the proposed
electrocatalyst as a cost-effective and eco-friendly alternative for oxygen reduction in fuel cells applications.

Keywords CoMn,0, - Oxygen Reduction Reaction - Graphene - Cathode Electrocatalyst - Spinel Oxide -
Nanoarchitectonics

Introduction processes.(Ariga and Shrestha 2020) The idea of nanoarchi-
tectonics was first put forward by Masakazu Aono,(Ariga
Nanoarchitectonics is the process of designing and assem- et al. 2012; Weiss 2007) who envisioned the creation of

bling molecular/nano units to produce useful materials, and  functional materials using the following principles: (i)
it incorporates a wide range of methods, including atom/  assembling nanometer-scale structures (nanounits) to con-
molecular-level modification, chemical transformations, struct functional materials and systems, Despite certain
self-assembly, micro/nano-fabrication, and biological  inherent uncertainty; (ii) These formations may exhibit
unique qualities that are distinct from those of their con-
stituent nanounits, with the potential for interactions that
create new functionalities; (iii) a large number of nanounits
can be assembled to produce unexpected functionalities; (iv)
These manufacturing techniques necessitate novel theories
and computational techniques. (Ariga et al. 2015) Because

P< Hideki Abe
ABE.Hideki @nims.go.jp

> Gubbala V. Ramesh
venkataramesh_chm@cbit.ac.in

! National Institute for Materials Science, 1-2-1 Sengen, the principles of nanoarchitectonics are general and can be
Tsukuba, Ibaraki 305-0047, Japan applied to many materials systems, this concept has wide-
2 Faculty of Chemistry, Humanities and Sciences Division, ranging potential for research. This concept was adopted
Indian Institute of Petroleum and Energy, Visakhapatnam, by researchers, who subsequently created a variety of cata-
India lysts with diverse applications. (Liu et al. 2020; Ariga and
3 CREST, JST, 4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Yamauchi 2020; Maji et al. 2019).
Japan The twenty-first century has seen a significant amount
#  Graduate School of Science and Technology, Saitama of time and effort dedicated by numerous researchers to the
University, 255 Shimookubo, Saitama 338-8570, Japan study and development of technologies aimed at enabling the
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to fuel cells and batteries. These efforts have been driven
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by a desire to harness the potential of these technologies to
address pressing energy-related issues facing society. (Mon-
ama et al. 2022; Abbas et al. 2020) Due to their potential
for high efficiency, the electrochemical conversion of oxy-
gen to water in aqueous media (oxygen reduction reaction,
ORR) and its reciprocal reaction, water to oxygen (oxygen
evolution reaction, OER), have received considerable atten-
tion. (Liu et al. 2021; Kinoshita 1992) Platinum (Pt) is a
costly component used in proton exchange membrane fuel
cells (PEMFC) that cannot be readily modified due to the
slower rate of ORR in acidic medium compared to alkaline
medium. This allows for the use of non-platinum catalyst
materials for ORR in alkaline state. High cost, poor toler-
ance to methanol, and restricted availability have all worked
against the widespread use of platinum group metals as cata-
lysts for the ORR. Since Pt-based metals are used as elec-
trocatalysts, these constraints have slowed the widespread
adoption of low-temperature fuel cells. (Debe 2012) Thus,
in order to get around these problems, scientists have been
looking for low-cost alternatives to ORR with activity com-
parable to Pt/C. (Jeon et al. 2012) However, designing such
electrocatalysts that are also economically viable, abundant,
and non-precious is a significant challenge.

A variety of inorganic materials have been studied for
their potential as electrocatalysts, with perovskite materi-
als emerging as a promising candidate due to their unique
electronic and structural properties. Researchers have exten-
sively investigated the electrocatalytic properties of perovs-
kite materials for ORR, with promising results. (Carbonio
et al. 1988; Jorissen 2006) Perovskites are susceptible to
deterioration during cathodic operation, despite their prom-
ising peroxide-degrading ability, in addition to perovskites,
spinel-structured metal oxides have also been discovered to
be effective for ORR.(Kaur and Singh 2020) Electrocatalytic
activity, corrosion resistance, and cost effectiveness are the
most important criteria to consider when choosing an elec-
trocatalyst. It is well known that spinel oxides containing
Mg, Cd, Fe, Co, and/or Mn are efficient. (Dosaev et al. 2022;
Yang et al. 2019) Due to their numerous valences, low cost,
and widespread availability, spinel oxides containing cobalt
and/or manganese are especially appealing among these
materials.(Lankauf et al. 2020; Cheng et al. 2010) Cobalt
and manganese oxides have shown improved electrocata-
lytic activity for ORR because of their thermal stability and
reduced resistance. Spinel oxides of cobalt and manganese,
such as Co;0, and Mn;0,, have high ORR activity on their
own. (He et al. 2016; Li et al. 2015) Howeyver, partial substi-
tution with other metals increases ORR activity in alkaline
solutions by varying the ratio of cations between tetrahedral
and octahedral sites (Restovic et al. 2002).

It has been shown that manganese oxides with cobalt
added increase the electrocatalytic activity of the OER
and ORR. (Chen et al. 2011; Prabu et al. 2014) The

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

electrocatalytic efficiency of materials used for oxygen-
related reactions, such as ORR, is dependent on the elec-
trochemical surface area available at the interface between
oxygen, the catalyst, and the medium of electrolyte for reac-
tions to occur. Consequently, the size and shape of these
nanoparticles and electrochemical surface area of these
materials are critical factors that have a significant impact
on their electrocatalytic efficacy. However, the bigger, low-
surface-area particles produced by conventional ceramic
processes tend to be spinel oxides However, conventional
ceramic processes result in bigger and low-surface area spi-
nel oxide particles. Careful synthesis of spinel metal oxides
under precise conditions is essential for achieving desired
properties such as required nanoparticles size, shape with
huge electrochemical surface area. This requires attention
to various factors, including the choice of starting materials,
reaction conditions, and calcination temperature. (Olowoyo
and Kriek 2022) Given the excellent conductivity of the
carbon nanomaterials, the combination of spinel oxide and
carbon nanomaterials increases electrocatalytic activity and
enhances mechanical stability and durability, making them
an attractive option for fuel cell and energy storage applica-
tions. (Feng et al. 2012).

Numerous studies have focused on the fabrication of
CoMn,0, nanoparticles (NPs) in conjunction with graphene
oxides, reduced graphene oxides, etc. Du et al. synthesized
CoMn,0, nanodots (less than 3 nm) monodispersed on
reduced graphene oxide (rGO). This composite demon-
strated a 20 mV higher ORR half-wave potential, double
the kinetic current, and superior catalytic durability com-
pared to carbon-supported platinum nanoparticles. (Jing
et al. 2015) Another hybrid nanostructures of CoMn,0,
mesoporous nanosheets and 3D rGO, supported by nickel
foam, to enhance supercapacitor performance reported by
Zhang and coworkes. (Zhang et al. 2019) These nanostruc-
tures, with controlled morphologies and electronic proper-
ties, induce interface charge separation and a built-in electric
field, improving charge transfer kinetics and operation volt-
age. An all-solid-state supercapacitor, constructed using this
heterostructure, exhibited exceptional energy density and
excellent cycling stability. CoMn,O, nanoparticles grown
on graphene oxide sheets (CMOG) and their bifunctional
catalytic activity were reported by Wang et al. The CMOG
has a notable catalytic effect on both ORR and OER. Despite
a high discharge capacity, the carbon air electrode based on
CMOG experiences rapid capacity degradation. (Wang et al.
2011) Shi and colleagues created controlled-size quantum
dots (QDs) using spinel CoMn,0,, a multivalent transition
metal oxide. They created QDs using a combination hot-
injection and heat-up method, changing the reaction tem-
perature to regulate the size. The QDs were supported on
carbon nanotubes (CNTs) utilising solvent separation while
retaining their inherent characteristics. The electrochemical
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investigation revealed a substantial size dependency in ORR/
OER catalytic performance. (Shi et al. 2017) In the litera-
ture, graphene derivatives are often referred to as graphene.
The electrical conductivity of graphene and its derivatives,
graphene oxide (GO) and reduced graphene oxide (rGO),
varies and is crucial for electrochemistry. With a delocalized
-electron system, pure graphene facilitates quick electron
transport and provides higher electrical conductivity. How-
ever, GO, which was created by adding oxygen-functional
groups to graphene, is an insulating substance with low elec-
trical conductivity. By eliminating certain oxygen groups,
the reduction process of GO to rGO somewhat recovers its
conductivity, although it remains less conductive than pure
graphite (graphene). (Guex et al. 2017) The high conduc-
tivity of pure graphene makes it a more effective support
material for electrochemical processes like ORR than GO
and rGO.

The aim of this study is to investigate the feasibility of
augmenting the electrical conductivity and reactive sites by
combining graphene with spinel metal oxides. We present a
simple hydrothermal method for synthesizing a nanoarchi-
tectonics guided mesoporous hybrid CoMn,0,/ graphene
nanostructure for ORR in an alkaline environment. Elec-
tronic structure and chemical composition of the synthesized
hybrid catalyst was characterized hard X-ray photoelectron
spectroscopy (HAXPES). Our focus is on enhancing the
conductivity of CoMn,0, by modifying its surface structure
with carbonaceous graphene with a large surface area. Com-
pared to Pt/C, the hybrid nanostructure exhibited improved
electrochemical properties, such as a more favourable onset
potential and decreased impedance. These results suggest
enhanced charge transfer at the interface and methanol
resistance. The CoMn,0,/G nanostructure also showed
long-term stability, making it a Potential substitute to com-
mercial electrocatalysts.

Materials and methods
Materials

Cobalt chloride (CoCl,, 97%, Sigma-Aldrich), potassium
permanganate (KMnO,, >99.0%, Sigma Aldrich, ACS rea-
gent), ethylene glycol (anhydrous, 99.8%, Sigma Aldrich),
graphene (Toyotsu-chemiplas, Japan).

Synthesis of CoMn,0,/Graphene

Hydrothermal method was used for this synthesis. Required
amount of cobalt chloride (CoCl,) and potassium perman-
ganate (KMnO,) was added to ethylene glycol in a 1:3 molar
ratio in an Teflon lined autoclave, subsequent to the addi-
tion of 100 mg of graphene powder. The resultant solution

was stirred for 30 min and annealed at 180 °C for 12 h in
a preheated electric oven and cooled to naturally. The pre-
cipitate was centrifuged, rinsed multiple times with Milli-Q
water and ethanol, and then desiccated under vacuum prior
to being annealed in air at 300 °C for 2 h. The same method
was also used to create Co,0,/G, Mn,0,/G, and CoMn,0,
without graphene as a control. The physical external mix-
ture of CoMn,0O, and graphene (CoMn,0O, + graphene) also
prepared for another control. Various analytical techniques,
including pXRD, SEM, TEM, and HXPES, were used to
characterize all synthesized materials. Our previous works
contain detailed discussions on these methods. (Kodiyath
et al. 2020; Ramesh et al. 2014a, 2014b).

Electrode preparation

Catalytic ink was prepared by mixing 0.875 mL water,
0.220 mL of 2-propanol and 0.002 mL of Nafion (Aldrich)
solution containing 5% lower aliphatic alcohols in a glass
vial. To the above solution 0.045 g of the catalyst was added
and sonicated the resultant mixture. A specific quantity of
ink was applied onto a glassy carbon electrode with 5 mm
diameter via micro-pipette and subsequently dried in air at
60 °C. The weight of the electrocatalyst present on top of
the electrode was 0.125 mg. All electrochemical tests were
conducted using 0.1 M aqueous KOH.

Results and discussions
pXRD analysis

Figure 1 shows the crystallographic structures of the syn-
thesized CoMn,0,/G sample after thermal annealing at
300 °C for 2h. The presence of graphene is indicated by the
peak at 25°. The formation of a CoMn,0,/G hybrid nano-
structure is confirmed by the presence of crystalline peaks

Graphene

(211)

Intensity (a.u.)

20 30 40 50 60 70
2 0 (degree)

Fig. 1 pXRD profile for CoMn,0,/G after heating 300°C for 2 h
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at 39.75°, indicating a tetragonal crystal system and a space
group of [41/amd. JCPDS No. 77-0471) (Jung et al. 2015).

SEM analysis

We used pure graphene flakes as a material to create hybrid
nanostructures with CoMn,0,. Graphene, a two-dimensional
carbon-based material, is known for its excellent electrical
conductivity and large surface area, these properties are
attractive for various applications, including energy stor-
age and conversion. The method we used to combine gra-
phene with CoMn,0O, was a hydrothermal synthesis, which
allows the growth of CoMn,0, particles on the surface of
the graphene flakes. The resulting structure is a flower-like
shape, where the CoMn,0, particles are on the nanom-
eter scale, and embedded on the surface of the graphene.
Crystal growth mechanisms and unusual interactions dur-
ing the hydrothermal process are mostly responsible for the
formation of flower-like structures in CoMn,O,-graphene
nanocomposites. Precursors CoCl, and KMnO, react in a
hydrothermal environment to produce CoMn,O, nuclei,
which serve as the primary building blocks. Over time,
the system moves towards a lower surface energy state as
smaller particles dissolve and redeposit onto bigger ones,
a phenomenon known as Ostwald ripening. This allows for
the development of larger, flower-like structures. CoMn,O,
uses the graphene powder present in the combination as a 2D
growth template. The adsorption of precursors or nuclei onto
its enormous surface area promotes preferential development
of CoMn,0, along certain planes, leading to its characteris-
tic flower-like shape. The presence of ethylene glycol, which
serves as a moderate reducing agent and induces anisotropic
growth, affects the rate of growth of distinct crystal faces of
CoMn,0,. The flower-like CoMn, 0, structures on graphene
are shaped in the final step by a two-stage annealing process,
with the first stage occurring in an electric oven to generate
the initial structure and the second stage occurring in air to
perhaps improve crystallinity and stability. Figure 2 displays

Fig.2 SEM images of graphene
flakes (A) low and (B) high
magnifications
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graphene flake images at low and high magnification.
Flower-like structures of hybride CoMn,0,/G are disclosed
in the SEM images, as shown in Fig. 3 at various magnifica-
tions. This hybrid structure can enhance the conductivity,
stability and electrocatalytic activity of the CoMn,0O, parti-
cles, making it a promising candidate for ORR.

TEM analysis

Figure 4A-D depicts TEM images with varying magnifica-
tions that demonstrate a tight interaction between graphene
flakes and small CoMn,0, particles with a narrow distribu-
tion of 5-8 nm. The TEM analysis revealed that the hybrid
structure is homogeneous, with no graphene-free nano-
particles or clumps of CoMn,0, observed. The controlled
thermal annealing process allowed the CoMn,O, nanopar-
ticles to strongly bind to the surface of the graphene flakes,
resulting in a hybrid nanostructure of CoMn,0,/G. HR-TEM
and FFT image analysis further suggests the formation of
desirable nanoparticles. (Fig. 4E, F). This hybrid structure
preserves the nano-scale nature of the CoMn,0, particles,
which is important for its electrocatalytic activity.

BET surface area measurements

Figure 5 shows the CoMn,0,/G N, adsorption—desorp-
tion isotherms. These isotherms are a representation of
the amount of gas adsorbed onto a material with respec-
tive of relative pressure. The BET technique, which stands
for Brunauer—-Emmett—Teller, was used to determine the
specific surface area of the CoMn,0,/G hybrid, which was
found to be 375 m%.g~". The BJH technique, also known as
Barrett-Joyner-Halenda, was used to determine the average
pore size distribution of the material, which was found to
have a pore width of 5-15 nm.

This hybrid material has a mesoporous nanostructure,
meaning that the pores are in the range of 2 — 50 nm. The
electrocatalyst high BET surface area can be attributed to
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Fig.3 (A-D) shows different
magnification SEM images of
CoMn,0,/G hybrid material

500 nm

Fig.4 (A-D) TEM images with varying magnifications, (E) HR-TEM image and (F) Fast Fourier transform FFT image of the hybrid
CoMn,0,/G
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Fig.6 TGA analysis of CoMn,0,/G

its mesoporous characteristic. In catalytic reactions, a larger
surface area is essential because it increases the number of
active sites available for the reaction to occur. Additionally,
the mesoporous structure also increases the stability of the
catalyst as it allows for better control of the reaction envi-
ronment. The high BET surface area and mesoporous nano-
structure of CoMn,0,/G make it a very attractive material
for catalytic reactions such as oxygen reduction reactions.

Thermogravimetric analysis (TGA)

TGA was used to identify the percentage of graphene in the
CoMn,0,/G hybrid electrocatalyst, as shown in Fig. 6. The
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TGA involved heating the substance in a regulated environ-
ment (usually air) and then determining the percentage of
weight loss at different temperatures.

As the temperature increases, the absorbed water evap-
orates, and the gravimetric curves reveal a loss of mass
between 80 and 150°C. This corresponds to the evaporation
of water that was adsorbed on the surface of the material.
The second loss of mass between 350 and 600°C is due to
the burning of graphene. This process causes the graphene
to break down into its individual carbon atoms, which leads
to a reduction in mass.

The thermogravimetric study suggests that graphene
makes up around 38% of the material, this means that the
CoMn,0,/G hybrid is composed of 38% graphene and 62%
CoMn,0,. The TGA results suggested that the synthesis of
CoMn,0,/G hybrid was successful and creating a homog-
enous hybrid material. The percentage of graphene in the
hybrid material is important because it affects the properties
of the material, such as electrical conductivity and stability.

Hard X-ray photoelectron spectroscopy (HAXPES)

HAXPES has emerged as a powerful technique for study-
ing the electronic structure and chemical composition of
solid surfaces and interfaces. Recent advances have made
HAXPES a potent tool. Compared to standard X-ray pho-
toelectron spectroscopy (XPS), HAXPES's use of higher-
energy X-rays (over 2 keV) allows for greater probing depths
and increased sensitivity to buried layers. At BL15XU at
SPring-8 in Japan, HXAPES was conducted using an X-ray
with a photon energy of 5.95 keV. (Hideki et al. 2015) There
are several benefits that HAXPES has over regular XPS.
HAXPES is well suited for investigating subsurface layers
and interfaces because of the increased bulk sensitivity made
possible by the higher X-ray energy employed. Improved
chemical-state specificity is another way in which HAXPES
aids in penetrating analyses of complicated materials. When
compared to XPS, it has less of an impact on measurements
due to surface charging effects, making it easier to under-
stand results.

The photoelectron peaks in the survey spectrum
(Fig. 7) for carbon, oxygen, cobalt, and manganese reveal
that these elements are present in the hybrid nanostruc-
ture without any extraneous contaminants. The peaks
for these elements can be identified by their unique
binding energy values, which correspond to the energy
required to remove an electron from a specific element.
The HAXPES technique also allows us to determine the
oxidation states of metal atoms, which is important to
understand the electrocatalytic properties. The existence
of these elements in their expected oxidation states and
ratios indicates that the synthesis method used to create
the CoMn,0,/G hybrid was successful in incorporating
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the metal ions in the material without any extraneous
contaminants. This is important because the presence of
impurities can affect the properties of the material and its
performance as a catalyst in electrochemical reactions.

Figure 8A shows that the Co 2p region displayed two
peaks, one at 780.1 eV corresponding to the Co 2p;,,
and the other at 795.5 eV corresponding to the Co 2p,,.
New shoulder peaks at 786.1 and 802.7 eV were seen,
suggesting the existence of Co*? ion. (McIntyre et al.
1990; Zhang et al. 2006) The peak separation value (Co
2p,5-2ps,0) is quite close to 16.0 eV, further confirming
the divalent nature of cobalt. (Frost et al. 1972) The exist-
ence of both the oxidation states (+2,+ 3) of cobalt are
showed in Fig. 8B. (Garg et al. 2015) Fig. 8C illustrates
the Mn 2p spectrum, which exhibits two distinct peaks at
641.7 and 653.3 eV. These peaks correspond to the Mn
2ps;, and Mn 2p,, electrons. These peaks are separated
by a spin—orbit splitting energy of 11.6 eV, which is a
characteristic feature of Mn 2p spectra. These peaks are
indicative of the presence of Mn in its trivalent form,
which agrees with values reported in previous research.
(Carver et al. 1972) Fig. 8D illustrates the presence of
both oxidation states (+2 and + 3) of Mn. The O 1 s
spectrum (Fig. 8F) exhibits two peaks, one at a binding
energy of 529.9 eV and another at 531.4 eV. The peak at
529.9 eV is indicative of the presence of oxide ions. This
peak is relatively large, suggesting that there is a signifi-
cant amount of oxide ions in the sample. The smaller peak
at 531.4 eV is attributed to OH™ and/or absorbed H,O.
(Tan et al. 1991) Based on the obtained HXPES data, it
can be inferred that the material under investigation has
formed Co**Mn>*,0,. Additionally, peak at 284.6 eV in
the Cls spectrum (Fig. 8E), which is associated with car-
bon, provides evidence for the existence of graphene in
the hybrid composite electrocatalyst.

Electrochemical analysis
Oxygen reduction reaction activity

Figure 9A shows the CV polarization curves, illustrating
a higher current in an oxygen environment in comparison
to an argon environment. Figure 9B presents a comparison
of ORR activity of various nanostructures, as measured by
RDE. The graph compares the oxygen diffusion limiting
currents at 2400 rpm obtained for CoMn,0,/G, graphene,
CoMn,0, + G (physical mixture), CoxOy/G, MnXOy/G, and
CoMn,0,. The CoMn,0,/G hybrid nanostructure had the
highest ORR onset potential at —0.028 V, compared to
CoMn,0,+ G (—0.060 V) and CoMn,0, without graphene
(—=0.206 V). The CoMn,0,/G hybrid had a current den-
sity of 9.11 mA/cm?, while CoXOy/G had a lower onset
potential of —0.089 V but a similar limiting current. The
ORR activities of graphene and CoMn,0O, were low. The
CoMn,0,/G hybrid had a more positively shifted ORR
half wave potential, similar to that of the Pt/C catalyst.
The catalytic properties of Co,0,/G and Mn,0,/G were
also analyzed. The high-surface-area graphene present
in the CoMn,0O, nanostructure is likely responsible for
the increased activity observed for the ORR onset poten-
tial, half-wave potential, and cathodic limiting current.
The reaction kinetics during the ORR process were also
analyzed using different Rotating Disc Electrode (RDE)
rotation rates (Figs. 10 and 11). As the rotation speed
increased, the limiting current also increased.

The Koutecky-Levich (K-L) plots for each compound
are shown in Figs. 12 and 13, displaying the inverse
current (I"!) against the inverse square root of rotation
speed (@~ "2). The number of electrons (1) contributing
to the ORR can be found by examining the slope of the
K-L curve, which is in turn determined by the K-L equa-
tion. It was determined that the number of electrons in the
CoMn,0,/G hybrid catalyst is 4.01 (analyzed in the range
of —0.75 — —0.9 V). Whereas for graphene the number of
electrons equal to 1.9, indicating that the ORR is primarily
driven by a 2 e"process. This suggests that partial oxida-
tion of O, occurs, leading to the formation of undesired
H,0,.

Additionally, the number of electrons transported
in the control samples were determined to be 3.4, 3.2,
3.4, and 3.6 for CoMn,0,, CoMn,0, + G, Co,0,/G, and
Mn, O,/G, respectively. Compared to other metal oxides,
the CoMn,0,/G hybrid compound had better ORR activity
and electron transfer mechanism. In terms of both onset
potential and limiting current density, the electrocata-
lytic performance of the hybrid CoMn,0, and graphene
(CoMn,0,/G) nanostructure has shown to be compa-
rable to that of the commonly used Pt/C catalyst. This
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impressive performance of the CoMn,0,/G hybrid can
be attributed to several factors. Firstly, the material has a
large surface area due to the presence of the mesoporous
CoMn, 0, nanoparticles, which allows for more active sites
to be available for the electrocatalytic reaction to occur.
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Additionally, the mesoporous structure promotes mass
transfer of the reactants and products, enhancing the over-
all catalytic efficiency. Furthermore, the graphene com-
ponent in the hybrid structure is known to have excellent
electrical conductivity, which facilitates efficient charge
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transfer during the electrocatalytic process. The strong
contact effect between CoMn,0O, and graphene further
enhances this property, resulting in improved catalytic
performance.

Chronoamperometry analysis

In the context of ORR, electrocatalysts must possess high
selectivity and stability. To assess these properties, the
chronoamperometric responses of both CoMn,0,/G and
Pt/C catalysts were compared. The potential was fixed at
—0.5 V. (Fig. 14) The Pt/C electrocatalyst experienced a
significant decrease in amperometric current due to metha-
nol oxidation on its surface, while the CoMn,0,/G hybrid
catalyst showed no significant change in current, indicating
higher tolerance towards methanol. The CoMn,0,/G hybrid
electrocatalyst exhibited enhanced methonol tolerance and
stability. During a 10000 s durability test, the hybrid struc-
ture displayed only a 5% reduction in relative current (I/
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1)), in contrast to a 15% reduction observed for Pt/C. Thus,
the CoMn,0,/G hybrid nanostructure has the potential to
serve as an efficient electrocatalyst for ORR in fuel cell
applications.

Electrochemical impedance spectroscopy analysis

The Electrochemical Impedance Spectroscopy (EIS) data
for the CoMn,0, + G, Pt/C, and CoMn,0,/G samples indi-
cate distinct differences in their electrochemical behavior.
A systematic examination of the relationship between the
real part of the impedance [Re(Z)] and the negative natural
logarithm of the modulus of the impedance [minus Im(Z)]
offers insights into their resistive and capacitive properties.
Figure 15 illustrate the electrochemical impedance spectra
(EIS) of the samples conducted O2-saturated 0.1 M KOH
at a potential of —0.1 V versus Ag/AgCl. CoMn,0,+G
sample demonstrates a considerable increase in both Re(Z)
and -InlZl, suggesting an increase in both the resistive and
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Fig. 12 Koutecky-Levich plots obtained for (A) CoMn,0,/G, (B) CoMn,0,+G and (C) CoMn,0,

capacitive elements of the impedance. This increment indi-
cates an elevation in both the charge transfer resistance and
the diffusion limitations as the frequency reduces. Conse-
quently, the electrochemical performance might be com-
promised due to these factors. Conversely, the Pt/C sample,
although showing an increasing trend in both Re(Z) and
-InlZl as the frequency reduces, exhibits lower overall imped-
ance values in comparison to the CoMn,0,/G sample. This
suggests that Pt/C, despite facing increasing charge transfer
resistance and diffusion limitations at lower frequencies,
demonstrates superior electrochemical performance, possi-
bly due to the inherently lower resistances in the material. In
contrast, the CoMn,0,/G sample stands out with the small-
est Re(Z) and -InlZl values among all the samples, indicating
the lowest overall impedance. Such low impedance suggests
superior electrochemical performance, presumably due to
reduced resistances, which may be attributed to enhanced

electron transfer and reduced diffusion limitations. Overall,
each sample demonstrates unique electrochemical charac-
teristics, which could be attributed to their compositional
and structural differences. While all the samples show an
increasing trend in impedance with reducing frequency, the
CoMn,0,/G sample shows promise due to its lowest overall
impedance.

Conclusions

The CoMn,0,/G hybrid nanoarchitectonics electrocatalyst
was produced using hydrothermal synthesis followed by
air annealing. This method allows for precise control over
the structure of the hybrid material and the strength of
the interaction between the spinel oxide and graphene. As
a result, the produced CoMn,0,/G hybrid nanostructure
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displayed extraordinary electrocatalytic activity towards
ORR, so this material could be a potential electrocata-
lyst for alkaline fuel cell (AFC) application. The oxygen
reduction process in CoMn,0,/G takes place through a
four-electron transfer, as shown by the electron transfer
number of 4.01. Furthermore, the CoMn,0,/G electrocata-
lyst is more durable and displays more selectivity towards
methanol than the Pt/C electrocatalyst. CoMn,0,/G is a
potential catalyst for ORR that is both inexpensive and
efficient, making it a promising alternative to noble metal-
based catalysts for use in various applications. The study
provides a practical strategy for designing and synthesiz-
ing hybrid materials, which can be expanded to gener-
ate similar materials for a wide range of energy-related
applications.
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ABSTRACT
Bi,Se; nanoparticles were synthesized under greenery conditions by using economically viable desktop chemicals
such as Bi(NOsj);, sodium selenite (Na,SeOs), EDTA, and L-Ascorbic acid. Prepared Bi,Se; nanoparticles were

characterized by UV-Vis Spectrophotometer, X-ray Diffraction, X-ray photoelectron spectroscopy (XPS), and
Scanning electron microscopy. A prepared nanocatalyst is found to work efficiently for one-pot synthesis of
diindolylmethanes from a set of indole and different aldehydes under solvent—free microwave environment and
solvothermal conditions. Observed reaction times are enormously decreased when the reactions are conducted under
a solvent-free microwave environment.

Keywords: Nano Bismuth Selenide, Catalysis, L-Ascorbic Acid, Indoles, Diindolylmethanes, Solvent-Free

Microwave Propagation.
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INTRODUCTION

Recently, interest in the synthesis of Bismuth chalcogenides (Bi,0s, Bi,S;, Bi,Se;, and Bi,Te;) has
increased dramatically because of their immense importance in the fields of photoelectric and
thermoelectric functional materials. Among, them synthesis of Bismuth Selenide (Bi,Se;) at nanoscale has
received much more attention due to its semiconductor (with a gap of 0.3 eV) and thermoelectric
properties.! Due to the observation of topologically protected surface states in bismuth selenide.** It has
been the focus of continuing scientific study by numerous groups.? On the other hand, bis(indolyl)
methanes are an important class of heterocyclic compounds derived from indole, which are explored as
useful bioactive intermediates in the pharmaceutical industry.>'? The research team of Bubun Banerjee
recently released an amazing bibliography on the synthesis of various indolyl methanes such as bis(indolyl),
di(bis-indolyl), and tris-indolyl methanes obtained by the reaction of indole with carbonyl compounds
(aldehydes and ketones).® In the current study, we have created a greener synthetic technique for the
production of "Nano Bismuth Selenide (Bi»Se;)" utilizing inexpensive chemicals such as ascorbic acid
(vitamin C), Bi(NOs;);, EDTA, and sodium selenite (Na,SeO;). Under solvothermal and solvent-free
conditions, the "Nano (Bi,Ses)" thus generated has been investigated as an effective nanocatalyst for one-
pot synthesis of bis diindolylmethanes by using various indoles and aromatic aldehydes (Scheme-1).

EXPERIMENTAL
Material and Methods
Reagent grade bismuth nitrate (Bi(NOs);), sodium selenite (Na,SeOs), ethylene diamine tetra acetate
(EDTA), L-Ascorbic acid, potassium hydroxide (KOH), aldehydes, indoles, and necessary solvents were
purchased from a local vendor, and used as such which includes Avra (India) and Aldrich(India) chemicals.
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Synthesis and Characterization of Bismuth Nanoparticles

In a typical synthesis process, 10mmol of Sodium Selenite (Na,SeO;), 6.66mmol Bi(NOs);, and 0.666g
ethylene diamine tetra acetic disodium salt (EDTA) was mixed with 135 mL distilled water in a 250mL
R.B flask. After thorough mixing, 1.166g of KOH, and 1.166g of ascorbic acid were added to the contents
of the R.B. flask. The flask's contents were heated on a magnetic stirrer for 48 hours at 150 ° C while being
constantly stirred at a speed of 100 rpm. The dark grey powder that had precipitated was filtered then
repeatedly washings were done with distilled water and ethyl alcohol. The as-obtained sample was calcined
for approximately 6 hours at 100°C. The sample was then subjected to analysis by various techniques such
as ultraviolet-DRS, XRD, SEM, TEM, TGA, DSC, and BET SA-PSD techniques.

Mamolli, H-e‘
)J\ Sidvothermal
Salvent=-free MW AN

Here Ry, = H, Alkyl By = Alkyl, Aryvl

Scheme-1: Bismuth Sclenide-catalyzed one-pot synthesis of Bis{indolyl jmethanecs

Synthesis of bis(indolyl)methanes

The reaction done in a reaction vessel; the reactants were mixed (2:1 molar ratio of indole to carbonyl
compound) with a prepared Nano-BirSe; catalyst. The reaction mixture was then kept at rt (room
temperature) in a laboratory microwave oven (Scheme-1 and Table-2). TLC analysis confirms the reaction
completion. Once the reaction had been verified to be completed, EtOAc (20 mL) was added to the reaction
mixture. Using short-column chromatography, the residue was run down using pet ether-EtOAc (8:2) to
produce the pure chemical. The filtrate was concentrated after the solid was removed, and the residue was
then treated. After the filtration of the solid, the filtrate was concentrated, and then the residue was
processed. Physical and spectroscopic data used to characterize the product were in accordance with
literature reports and found to be bisindolylmethane compounds.

Reusability of Catalyst

In the present study, it is quite interesting to see that the yield of products was slightly lower and the catalyst
could be recycled more easily. Once the reaction is in the first batch, the catalyst is filtered and treated with
ethyl acetate to remove organic traces. After removing ethyl acetate, the obtained catalyst is calcinated in a
hot air oven at 100 °C for up to twoto three hours. For another batch of experiments, the as-activated catalyst
is reused. For reusability of the catalyst similar process is followed up to four to five cycles and related
observations were compiled as shown in Table-1, and Fig.-1.

Table-1: Reusability of Catalyst

4-nitro 4-methox
benzaldehyde Benzaldehyde benzaldehyd};
Cycle | RT |Yield| R.T Yield R.T Yield
(min) | (%) | (min) (%) (min) (%)
First 3.0 77 4.0 80 5.0 78
Second| 4.0 76 5.0 79 5.0 77
Third | 5.0 75 5.0 78 5.0 76
Fourth | 5.0 74 5.0 77 6.0 75
Fifth 6.0 73 6.0 76 6.0 74

Characterization of Bismuth Nanoparticles

X-ray Diffraction (XRD) Studies

The XRD patterns of the Bi,Se; nanostructure prepared in a KOH medium at 150 °C for 48 h, can be seen
in Fig.-2. In this pattern, all the diffraction peaks can be steadily indexed to a rhombohedral geometry phase
of Bi,Se; (JCPDS:33-0214) preferential growth orientation along the (015) direction. XRD results revealed
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that the bismuth selenide nanostructures prepared in a KOH medium exhibit a high tendency of acquiring
crystalline nature indicating the high purity of the Bi,Se; samples, and no peaks are formed corresponding
to Bi,0; or bismuth selenium oxide (Bi,05Se) during the synthetic process.

Reusability of Bismmuth Selenide Catalystin the
synthesis of Bisindoles fiom Indole and Aldehydes

79
8 78
7 77 77
76 76 76
75 75
74 7473 W Benzaldehyde
W 4-methoxy benzaldehyde
4-nitro benzaldehyde
2 3 B S

No of Cycles

Conversion (%)

Fig.-1: Reusability of Catalyst
By using Scherrer’s formula crystallite size was determined from the (015) peak:
D=0.94)/ BCos 0

e

150

100~

JiL y m d J\
I | ‘ )
50 &0 70

Fig.-2: XRD Spectra of Bi,Se; Nano Catalyst

Position |2 Theta]

By using Scherrer's equation and XRD patterns the particle size (D) of the Bi,Ses catalyst is determined
and the average particle size was discovered to be 24.6 nm.

Fig.-3: U.V -DRS Spectrum of Bi,Se; Nano Compound
UV- Spectroscopic Studies

The prepared compounds were recorded in the range of 200-800 nm in the UV-Vis spectrum. Figure-3
shows the UV-DRS spectrum of Bi,Se; nanostructures synthesized in a KOH medium. No characteristic
absorption peak is observed in the UV-Visible range due to the extremely narrow band gap in the case of

nano- Bi,Se;. The theoretical band gap energy for bulk Bi,Se; is of 0.35 eV [optical] hence the absorption
band does not fall in the range of 250-750 nm.
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Morphology of the Catalyst

In order to understand the morphology of prepared Bismuth selenide samples, SEM, and TEM studies were
taken up, which are shown in Fig.-4 and 5 respectively. The SEM images scanned under different
magnifications, presented in given in Fig.-4 clearlyindicate that crystallites were agglomerated and are
embodied with micro to nano-sized entities in various shapes. However, the TEM images revealed rod-like
nanostructures of Bi>Ses, as shown in Fig.-5.

ENT=1500K  Mag= 2500KX Onte 20 4un 2017 N PHYSICS EHT=1500kY  Mag= 10.00
WD=100mm  Signal A= SE1 Tine 10,0042 ou - WD=100mm  Signal A= SE1

d 10pm ENT=1000KV  Mag® 250KX Date 20 Jun 2017 R PHYSICS 200 nm EWT=1500KY Mg = 5000KX Oate 20 Jun 2017 N PHYSICS
! zexss) s
| | WO = 8.5mm Signal A = SE1 Tiene 17:56:19 ; ou ~ WD = 10.0 mm Signal A = SE1 Time 1842:11 = ou

R

Fig.-4: SEM Images the As-Prepared Bismuth Selenide Under Different Magnifications
v o d

PN

Fig.-5: Morphology From TEM- TEM Images of Nano Bi,Se;

X-ray Photoelectron Spectroscopy Analysis (XPS)

This spectroscopic technique is one of the most sensitive techniques that gives the exact elemental ratio
present in the material or covering its surface, and also the bonding nature of the elements. Each element has
its own fingerprint binding energy (B.E) value. The XPS spectrum depicts a plot of the number of electrons
of an element versus the B.E (eV) and thus gives a specific set of peaks in the spectrum. By using the
internal standard B.E values have been calibrated, and the C (1s) peak (284.6 e¢V). In Fig.-6. Se (3d)
transition corresponds to the peak at 56 eV. Se (3d) spectrum is broad and highly asymmetric. For Bi (4f)
core shows 2 peaks at 160 and 165 (eV). These values are in well agreement with those mentioned in the
literature. Estimated from the peak area of Bi 4f and Se 3d the relative amounts were found to be
stoichiometric.
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Fig.-6. XPS Spectra of Bi(4f) Bands of Bi,Se; and XPS Spectra - Se (3d) Band

Table-2: Binding Energy (B.E) in XPS spectra of Nano Bi,Se; particles:

. Binding energy(e.v)
Transitions 3
Experimental Reported
Bi 4£7/2 160 158.1
Bi 4f5/2 165 163.4
Se 3d 56 533

Thermal Analysis of Bi,Se;

Thermo gravimetric analysis (TGA) is used to evaluate the thermal stability of a material under study. It
gives useful information about phase transitions,absorption, adsorption, desorption, and chemisorption
also.!* The TGA spectrum of the prepared nano Bi,Se; has been represented in Fig.-7 (Red line).

The curve shows that nano Bi,Se; undergoes weight loss in three steps between 250 and 850°C, in addition
to the thermaleffect at 100°C corresponding to the evaporation of surface moisture. The observed second
and third peaks in Fig.-7 could be attributed to the weight losses arising from the thermaldecomposition of
selenium yielding Bi,Se;—x.

12000¢

o8c 20211130 % 194 D5
",

Fig.-8: Differential Scanning Calorimetric (DSC) image of Nano Bi,Se;
The blue line in Fig.-8 shows the DTA (Differential thermal analysis) spectrum of Bi,Se;. Two peaks are
observed in this Figure at 780°C (exotherm peak) and 880°C (endotherm) respectively. The broad
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endothermic peak at 880°C represents a dehydration reaction, while theexothermic peak indicates an
oxidative reaction.

Differential Scanning Calorimetric (DSC) is one of the most efficient thermo analytical techniques used in
the characterization of materials.!> This method measures the difference between the heat required to raise
the temperature of the reference material and sample material as a function of temperature. In the present
study, the DSC spectrum (Fig.-8) of the prepared nano bismuth selenide (Bi,Se;) depicts an endothermic
peak at around 230° C.

Adsorption Studies and BET Analysis of the Catalyst

In order to have further insight into the as-prepared nano-Bi,Se; catalyst, adsorption studies have been taken
up. Observed results are presented in Fig.-9 and 10. Figure-9 reflects the adsorption isotherms of the catalyst
suggesting that these isotherms reveal type-III multilayer adsorption, the contact between the adsorbent
and adsorbate is smaller than that between the adsorbate. It is evident in this isotherm that the reactant
species intake is slow until saturation. This enables the interaction of adsorbed reactive species and free
reactive species by taking place on a given surface.'®!

Adsorption /desorption isotherm
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Fig.-9: Adsorption/Desorption Isotherms - Fresh and Reused Nano-Bi,Se; Catalyst
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Fig.-10: BET Plots for Fresh and Reused Bi,Se; nanocatalyst

Figure-10 Shows the BET plots of freshly prepared and reused catalysts after four cycles. These values
cross each other, demonstrating that even after four cycles, the recovered catalyst maintains approximately
the same efficiency. These additional findings showed that the pores of the catalyst lacked residential
reactants or products, and they can be applied to the fifth cycle. In addition to the above observations,
scanning electron microscopic (SEM) scans of recycled catalysts were also taken with a view to gain further
insight into their catalytic activity. It is of interest to note that the morphology presented in the SEM images
of the recycled catalyst under different magnifications (Fig.-11) is almost similar to the morphology of the
freshly prepared catalyst.
RESULTS AND DISCUSSION

Synthetic Observations of Diindolylmethanes Under Solvothermal and Solvent-Free Conditions
Using Nano-Bismuth Selenide Catalyst

The synthesis of bis(indolyl)methanes under a solvothermal process required 15-70 minutes
depending on the nature of benzaldehyde and indole used. Data presented in Table-3 shows
reaction times and quantitative product yields (%). But when the reactions are carried out in a
solvent-free microwave environment, the reaction durations are drastically reduced, which could
be explained by the in-situ creation of a higher percentage of activated molecules than in
solvothermal processes. It is well known that during solvothermal reactions, a part of the molecules
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formed in the reaction mixture by random collisions between reactant molecules disintegrate.
According to Arrhenius, Eyring, and several other pioneers, the number of active molecules
determines the reaction's pace.'®

Fig.-11: SEM Images of the Recycled Bismuth Selemde

The propagating MW radiation can, however, heat the target compounds more easily in a microwave
environment without heating the reaction vessel, producing a higher proportion of activated molecules
than in a solvothermal environment. Rates accelerate as a result of time and energy savings.'*?° However,
the reaction timessignificantly increased with the introduction of either electron donating or withdrawing
groupin the parent benzaldehyde irrespective of the indole used in the present studies. It is believed that the
carbonium ion is generated when the C-3 position of indole attacks the carbonyl compound in the presence
of a catalyst which in turn attacks the second indole molecule to affordbis(indolyl)methane as the end

product (Scheme-2).
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Scheme 2. Symithesis of Bis (indolyl} methanes and Recyclization of catalyst,

CONCLUSION
In conclusion, our current methodology does not require expensive chemicals. Excessive use age of strong
acids or salts can be reduced. Do not require excess solvents for the dissolution of reactants. This method
makes use of a wide range of carbonyl compounds. On the whole, the yield of the products is high. Contrary to
available methods, our method is considered to be a simple one and relatively yields are high.
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Table-3. One-pot synthesis of diindolylmethanes with Indoleunder solvothermal and microwave conditions (solvent-

Solvothermal M.W
Indole Aldehyde Product R.T Yield R.T | Yield
(min) | (%) (min) (%)
H
o N
~
Benzaldehyde 15 80 4 76
O N NH
4-Chloro
Benzaldehyde 60 78 5 76
4-hydroxy
Benzaldehyde 50 76 2 72
Indole
4-methoxy
Benzaldehyde 90 78 7 75
MeO
4-nitro
Benzaldehyde 120 77 3.0 76
3-methoxy,2-
hydroxy
benzaldehyde 30 78 4.0 75
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Syringaldehyde 30 76 2.0 74
Benzaldehyde 15 80 5.0 78

4-Chloro
Benzaldehyde 60 76 4.0 72

2. 4-hydroxy
methyl Benzaldehyde >0 75 >0 2

Indole

4-methoxy

Benzaldehyde 50 77 4.0 73
4-nitro
Benzaldehyde 40 76 2.0 74
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3-methoxy,2-
hydroxy
benzaldehyde 60 8 >0 80
Syringaldehyde 40 78 4.0 80
H
2 | N Br
T { [
r
Benzaldehyde £ 20 85 5.0 82
NH
H
= ‘ N Br
4-Chl o =
= oro
Benzaldehyde b Rl 60 75 40 78
Cl
5-
Bromo A
Indole = N Br
| Py e
Br = o ’
4-hydroxy 65 82 4.0 80
Benzaldehyde NH
HO
H
/ | N Br
Br
4-methoxy R
Benzaldehyde N i 70 76 3.0 74
MeO
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4-nitro

Benzaldehyde 40 74 2.0

78

3-methoxy,2-
hydroxy

benzaldehyde 50 80 6.0

82

Syringaldehyde 50 82 4.0

80
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Abstract—In this study, the effects of artificial neural networks on CO, adsorption on several types of rice husk
activated carbon samples are investigated. Using conventional approach, the eight activated carbon samples are
examined for carbon dioxide adsorption at 298 K and up to 1 bar pressure. The influence of altered training/vali-
dating ratios, various data initiation points, various training algorithms and number of neurons necessary for an
artificial neural network model were investigated using ANN modelling. The work can give useful information on
the effects of each of the investigated factors, which are crucial in ANN modelling and training techniques. The
results may be used to create an optimum activated carbon, improved applications of gas and oil purification that
plan to use artificial intelligence modelling in their evaluations.

Keywords: rice husk, activated carbons, CO, adsorption, artificial neural network

DOI: 10.1134/S1070427224020010
INTRODUCTION

A prominent source of biomass in South Asia, along
with India and China, is rice husk. There is a high
utilization value for rice husk as ash when compared to
other farming bio-waste materials, mostly in the form
of silica, and a low utilization value as husk. Organic
matter from rice husks has been used for energy and
has high value-added potential for other applications
as well. A total of more than 650 million tons of rice
are produced every year around the world, making it
the third most significant cereal crop [1]. A major by-
product of rice processing mills is rice husk, a protective

layer for rice grain [2, 3]. Rice husk contain, %: cellulose
32.24, hemicelluloses 21.34, lignin 21.44, water 8.11,
extractives 1.82, and mineral ash 15.05, with a high
percentage of 94.5-96.34% silica in its mineral ash [4,
5]. Figure 1 illustrates the components of rice husk.

Rice husks are notable for their low level of utilization
when compared to scrap of wood and maize straw, but
high level of utilization when compared to their ash [6,
7]. The silica in rice husk makes it an ideal silicon
source. It is commonly used to synthesize cement, filter
aids, silicides, and other materials [8, 9]. The silica
in RHA is predominantly composed of amorphous
cristobalite, which is predominant in the mineral [10].
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Fig. 1. [llustration of components of rice husk.

Reinforcement of cement can also be accomplished
with rice husks [11]. In addition to serving as a catalyst
carrier [12] and low-cost adsorbent [13], rice husk has a
very good porous nature [14].

After petroleum and coal, natural gas is the world’s
third most used energy source. Presently, gases have a
significant impact on the energy sector [15]. Gases are
employed in a variety of applications, including industry
and energy distribution. In terms of carbon emissions,
however, gas pollution is half that of petroleum [16]. As
aresult, natural gas plays a significant role as a fuel that’s
environmentally friendly. Unconventional reservoirs are
ultra-tight earth basements that can generate natural gas.
Because CO, offers configurable features in terms of
dissolving capacity and viscosity under varied working
settings, it is considered one of the most often used
approaches.

The ANN has has been getting a lot of attention
lately due to its precision in predicting intricate physical
and chemical processes. The ANN model necessitates
greater focus on testing, validation, and data points for
training. Additionally, the number of neurons needed to
train an ANN model cannot be computed quantitatively
since mathematical computation is not available.
Equally significant is the ANN algorithm in terms of
model accuracy [17]. In light of the previous explanation
regarding natural gases, this study investigated the
adsorption of carbon dioxide on activated carbon
samples. A study was conducted to demonstrate the use
of neural network modeling and artificial intelligence for
the adsorption capacity prediction of activated carbon
samples. A study based on artificial intelligence may
be useful for adsorption and production of CO, from
unconventional gases and activated carbon preparations.

In order to comprehend the behaviour of activated
carbons, sorption studies is often carried out at high
pressure and temperature conditions in reservoir .
Studying supercritical CO, sorption and simulating
field operating circumstances are the objectives of high
adsorption research [18]. In most practical research,
equilibrium isotherm models are used to observe
adsorption analysis; however, these models are not
always the most precise. Most isotherm models have
measurement issues with regard to porosity, pressure,
and even temperature. Consequently, there is a clear
need for more precise and comprehensive application
modelling in order to better understand the relationship
between sorption capacity and selectivity as well as the
porous media under investigation, such as activated
carbon.

The buoyancy effect commonly affects the analysis
of CO, adsorption at working pressures of up to 200 bar,
and this needs to be adjusted by the usage of equation for
different states. Consequently, there is a notable increase
in the uncertainty of the measurement [19]. Adjustments
to the sample weight or isothermal pressure conditions
are frequently used to determine adsorption capacity.
These parameters and variables are associated to alter
the circumstances that predominate. However, no study
has combined field operational features in a thin porous
medium with the distribution of pores for more creative
applications and assessments of gas recovery.

Gopalan et al. investigated the studies of gas
adsorption using AIML techniques by many researchers
based on ML modelling of hydrogen adsorption in
past research [20]. For this adsorption in nanoporous
materials modeling based on Gaussian process regression
(GPR) was applied. The number of hydrogen (n,) was
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Rice crop

Rice husk

Activated carbon

Fig. 2. Digital images of rice crop, rice husk and activated carbon.

calculated using GPR as a void fraction (¢), function of
adsorption pressure and the greatest pit diameter. The
accuracy of the generated machine learning model was
comparable to that of Machine learning [21-24], large
standard Monte—Carlo simulations [25] is employed in
the adsorption studies isotherm modelling (Sgpr) [26,
27] created an artificial neural network model to analyse
the isotherms with surface area.

To predict adsorption created ANN model has been
trained with the least amount of error and the highest
level of accuracy. The constructed model was tested
on 1000 data points gathered by a literature review
and an experimental investigation, and it performed
well. According to the findings, mesopores play an
important role in limiting CO, absorption, whereas for
gas adsorption micropores are required [28]. One more
significant finding of the study was the effect of solid
absorbents on gas desorption on textural parameters, as
well as the sensitivity of specific parameters that may
be evaluated. Wang et al. created a convolution neural
networks model to predict carbon dioxide and nitrogen
adsorption at 77k with varied porosity ranging from
3—7 nm of mesosphere to less than 2 nm of micropores
to examine carbon dioxide and nitrogen adsorption by
the influence of pore size distribution [29]. According to
the established model, optimal adsorption exhibited by
microporous surfaces [30-32].

MATERIALS AND METHODS

For this investigation, rice husk was collected from
a rice mill near Telaprolu in Vijayawada, India. It was
thoroughly cleansed with distilled water to remove
any dirt or dust that had adhered, and it was then dried
at 110°C overnight. For four hours, rice husks were
calcined at various temperatures and in various atmos-
pheres. The gas flow was kept at 40 mL per minute,
and the temperature was set at 10°C per min [33]. At

different activation temperatures such as 400, 500,
600, and 700, four activated carbon samples from rice
husk were prepared. An atmosphere of nitrogen-carbon
dioxide was used for the process (18 dm?/h nitrogen
flow, 5 dm*/h carbon dioxide flow). In all the experi-
ments, time, N,-CO, flow rate, and furnace heating
rate remained the same. We treated the activated car-
bon with 1 M HCI solution for 20 h and left it behind.
As a next step, deionized water was used to rinse the
carbons until chloride ions were completely removed.
In the following step, samples were dried for 16 h at
110°C. As a result, RHAC-400, RHAC-500, RHAC-
600, and RHAC-700 were chosen for the activation
process. RHAC stands for rice husk activated carbon.
Digital images of rice crop, rice husk, and its activated
carbon were shown in Fig. 2 [34].

BET method was used on a BELSORB II Instrument,
Japan, to estimate the surface area of activated carbon
samples. To remove the contaminants from samples, the
adsorption measurements were preceded by heating at
temperature of 250°C for 12 h with the heating rate of
1°/min under the reduced pressure.

The porous structure parameters have been derived
from the N, sorption isotherms.

Surface area (Sgpr) estimated on the basis of the
BET equation with the partial pressure in the range of
p/py=0.05-0.2. This range was pointed independently
for each material so that a linearity of function (1) were
fulfilled:

p 1
@
1
Po W{ ¥ _1) (1
Po
where W is the mass of gas adsorbed at a relative
pressure p/p,, p is the nitrogen pressure, p, is equal to
1.01 bar;
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Fig. 3. Manual setup for CO, adsorption studies

Total pore volume (V,, N,) calculated from the
maximum adsorption of nitrogen vapor for p/p, = 0.99;

Pores in a range of micropores (Voo Np) and
mesopores were evaluated using N, analysis at —196°C
temperature by the density functional theory (DFT)
method.

In this work, high purity CO, and He gases with a
purity of 99.995% were used for adsorption and pre-
measurement assortments. The gas was supplied by a
local gas company Lakshmi agencies. The primary
physicochemical parameters that could impact the
adsorption process were investigated using sample
characteristics. The CO, adsorption capacity of activated
carbon samples was measured using thermal conducting
detector-gas  chromatography (TCD-GC) and a
pneumatically controlled sample injector at 289 K and
up to 1 bar [25]. Manual setup of CO, adsorption study
represent in Fig. 3. A total of 20 evenly spaced segments
were used to quantify adsorption and desorption at the
same time. Training-to-validating ratios, initiation data
points and alternating training algorithms were used in
the ANN modelling [21].

Samples were crushed, screened, and homogenized
in order to achieve particle sizes of 0.5—-1 mm. In the
present study, X-ray powder diffraction (XRD) patterns
of the catalysts were recorded by a Rigaku Miniflex
(Rigaku Corporation, Japan) X-ray diffractometer using
Ni filtered CuK,, radiation (A = 1.5418 A) with a scan
speed of 2° min~! and a scan range of 10-80° at 30 kV
and 15 mA. The BET surface area of the catalysts was
measured at —196°C using a commercial multi-point
QUADRASORB SI (Quantachrome Instruments, USA)
by N, physisorption.

Artificial Neural Network Method

Based on research by North and colleagues, V.o
and V., levels had an impact on the amount of
CO, that could be absorbed [35]. In accordance with
additional study, porous carbons’ large surface areas
and small micropores promote more CO, adsorption.
In order to better comprehend the functions of Sypr,
Viicro» @and Vioo» We selected input layer variables
as neurons, which were subsequently sent to hidden
layers and output layers. A typical neural network (NN)
construction is shown in Fig. 4. When a neural network
contains more than one hidden layer, it is referred to as
a deep neural network (DNN). Weights are represented
by lines connecting two nodes, which simulate input-

output relationships [34].
RESULTS AND DISCUSSION

The textural properties of all the activated carbon
samples were compiled in Table 1.

SBET

S micro

CO, adsorption

Smeso

Fig. 4. Construction of ANN (artificial neural network)
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Table 1. Textural parameters for activated carbons, derived
from N, adsorption isotherms at —196 °C

KISHOR PALLE et al.

Table 2. Calculated mean squared error and R squared values
for different neurons

Hidden Mean squared error
Sample Sppp, m¥g | V., N,, cm¥/g Vinicro> No» neurons value (for test) R squared value
’ Py cm’/g
4 0.0992 0.8971
Zagazig 248 0.63 0.39 5 0.0794 0.9064
6 0.1224 0.9895
RHAC-500 576 0.72 0.52 7 0.0022 0.9875
RHAC-600 1074 1.42 0.45 8 0.0198 0.9658
9 0.1134 0.9121
RHAC-700 124 0.35 0.06 10 02286 09062
As a result of the isotherms, microporous samples
exhibited high N, adsorption at low relative pressures. g="n"" (VM w J[ AR __& j,
All carbon samples exhibited a notable increase in nitro- W w N\ZL 4l )
gen adsorption at a temperature of —196°C as the acti- 71+ BP
vation temperature during thermal treatment increased. r 3)

However, there was one exception to this trend. The car-
bon sample activated at the highest temperature (700°C)
achieved the lowest nitrogen capacity.

The results of undermentioned adsorption-desorption
isotherms of N, on the examined activated carbons are
shown in Fig. 5.

Equation 2 is used to determine adsorption capacity

of the activated carbon.

10007 retac-700
» RHAC-600 .
4 RHAC-500 .
800 ¥ RHAC-400 TSR
.-
-
20 .
ME 6004 .-
° -
a s AAh A4 44k &M oass asa asa &t
% 4004 a e
2 w YW ¥Ww wy YWV
s g Y v
200" . [ ]
"L L .
. = wfe "
0 0.2 0.4 0.6 0.8 1.0

P/Po

Fig. 5. The adsorption-desorption isotherms of N, for activated

carbons.

An initial and final condition is indicated by the
subscripts i and f. P, V, R, Z, and w stand for pressure,
temperature, reactor volume, and universal gas
constants for rice husk adsorption, respectively. Virial
equation (Eq. 3) was used for the calculation of the
compressibility factor [36]. An adsorption experiment
was conducted at 0°C and 1 bar of pressure on activated
carbon surfaces. The experimental CO, capacity at 0°C
are given in Fig. 6.

The current investigation incorporated the input
parameters of pressure and temperature. A process
response or output variable was generated by

67 . RHAC-700
# RHAC-600 "
— 51 *RHAC-500 T,
) * RHAC-400 W« T Lant
s AR
54— "-r “A
' Y
=) v’ -“ a*
@] 3' " .l.'.L ..-
= - ‘h . ®
& M .-‘ '..
o v i n'.
<ﬁ v A " ...-ll'
~ "A‘ !'. --l-l"..
8 1-'1‘.".l.-...
g "
g="
0 ,

0 02 04 06 08 1.0
Pressure, bar

Fig. 6. CO, adsorption isotherms measured at 0°C.
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Fig. 7. Comparison of experimentally determined adsorption
results and those predicted by the RNN LM algorithm.

adsorption on the CO, amount (AC) adsorption. By
adjusting 4 to 10 number of neurons with a time step
of 1, the adsorption model was created. ANN is trained
utilizing the statistical parameter of mean square errors
(MSE). The MSE and correlation coefficient (R?) were
calculated using Eqgs. (4) and (5), respectively [37].
Table 2 represents calculated and recorded the mean
squared error and R squared values.

1 & 2
MSE = NZ (Ypredocted - Yreal) > “4)
i=1
2
R2 _ Li (Ypredocted _Yreal) 5)
7
N i=1 (Ypredocted - Ymean)

Best R squared value and lowest mean square error
value 0.0022 given by adsorption models using seven

12
10

[N e e )

17 25

A dSO

33

261
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Fig. 8. Comparison of experimentally determined adsorption
results and those predicted by the RNN BFGS algorithm.

neurons. Therefore, the ANN model was generalized
using this model. Figures 7 and 8 compare the adsorption
results produced by the ANN model employing various
algorithms using 7 neurons.

Data is normalised before being fed into a deep
neural network in several research since the data came
from a variety of sources. Non-normalized data points
were used in this investigation because the dataset used
from same experimental setup. The experiment in our
lab yielded 117 CO, adsorption data, from this data
randomly 80 were selected for neural network training
using machine learning in MATLAB software. The deep
learning model was tested using the remaining 27 data
points.

Figure 9 shows that the predicted results are quite
similar to experimental findings, with a MSE of

41 49

Adso Pred at neu 7

57 65

Fig. 9. Comparison of predicted and experimental results of adsorption using artificial neural network model.
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just 2.315. In Fig. 9, the test data set is compared to
experimental findings, and the results reveal that the
trained model and experimental results are in excellent
agreement.

The findings of this study can be used to evaluate the
preliminary phases of measurements of carbon dioxide
adsorption and predictions on restricted sources with
great precision and accuracy utilizing various machine
learning approaches based on source conditions and
effects, and by the impact of processing conditions on
carbon dioxide adsorption, carbon dioxide sequestration
and improved recovery of oil and gas. Advanced and
further research can be undertaken in order to examine
the practicality of the suggested models to acquire
real data from source and unconventional basins. This
inquiry, on the other hand, is a first of its type and can
serve as a useful benchmark for newly researched topics
and expertise in crucial industries, particularly in the
areas of viable productivity and energy sustainability.

CONCLUSIONS

We have generalized and optimized the mathematical
model as for ANN algorithms, data initiation points and
neurons. Adsorption predictions for lab experiments
were accurate with this model and was used at greater
pressures and temperatures to predict adsorption.
Adsorption values and desorption processes can be
optimized using ANN models in industry to compute
adsorption values at very high temperatures and
pressures.
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An analytical characterization
study on biofuel obtained
from pyrolysis of Madhuca
longifolia residues
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The current study focuses on examining the characteristics of biofuel obtained from the pyrolysis of
Madhuca longifolia residues, since the selected forest residue was primarily motivated by its greater
volatile matter content. The study used several analytical techniques to describe pyrolysis oil, char,
and gas obtained from slow pyrolysis process conducted between 350 and 600 °C in a fixed-bed
reactor. Initially, the effect of process temperature on product distribution was assessed to motivate
maximum pyrolysis oil yield and found to be 44.2 wt% at pyrolysis temperature of 475 °C, while the
yields of char and gas were 22.1 wt% and 33.7 wt%, respectively. In order to determine the suitability
of the feedstock, the Madhuca longifolia residues were analyzed by TGA and FT-IR, which revealed
that the feedstock could be a feasible option as an energy source. The characterization of pyrolysis
oil, char, and gas has been done through various analytical methods like FT-IR, GC-MS, and gas
chromatography. The physicochemical characteristics of the pyrolysis oil sample were examined, and
the results showed that the oil is a viscous liquid with a lower heating value than conventional diesel.
The FT-IR and GC-MS analysis of pyrolysis oil revealed the presence of increased levels of oxygenated
chemicals, acids, and phenol derivatives. The findings of the FT-IR analysis of char indicated the
existence of aromatic and aliphatic hydrocarbons. The increased carbon content in the char indicated
the possibility of using solid fuel. Gas chromatography was used to examine the chemical structure of
the pyrolysis gas, and the results showed the existence of combustible elements.

Keywords Forest residues, Pyrolysis, Fixed bed, FT-IR, GC-MS

The increased residents and transportation in the world is experiencing a need for huge amounts of energy and
the repercussions of global warming. Meanwhile, the use of petroleum-based fuels is also increasing on a daily
basis. Globally, energy output has significantly increased recently in order to equate the demand for conventional
fuels'. The carbon neutrality of biofuel possesses huge potential for reducing carbon emissions and existing
fossil fuel dependence. Emissions of carbon can be effectively decreased by using alternative fuels. Burning fossil
fuels is closely linked to a number of serious health issues. Burning fossil fuels for energy causes pollution in
the air and water, which has an adverse effect on the surroundings. Sustainable energy is energy that can satisty
current energy demands without endangering future energy supplies and resources®. Wind, solar, bioenergy, and
hydroelectric are the four most important sustainable energy sources. Renewable organic material derived from
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plants and animals is called biomass. Biomass is an important fuel for cooking and heating. It can be burned
directly to provide heat or converted to liquid and gaseous fuels via various bio- and thermochemical conversion
processes®. Various low- and medium-cost agricultural and biological wastes can be transformed into biofuels. In
comparison to biological techniques, thermochemical technologies offer much faster reaction times and greater
feedstock flexibility. The three primary process techniques that can be employed to transform biomass into biofuel
are physiochemical, thermochemical, and biochemical. Fermentation and anaerobic digestion are considered
biochemical conversion processes. Pyrolysis, gasification, and combustion are considered thermochemical
conversion processes. Compared to biochemical conversion processes, thermochemical conversion of biomass
into biofuel is the most favorable method to provide energy for the future?. In biomass thermal conversion
processes, biomass is broken down by applying heat, usually above 300 °C, in order to convert it into different
types of energy, such as power, heat, or biofuels. The physical characteristics of the resulting biofuel depend
on the presence of numerous components. A recent study represented that, out of the 181.5 billion tonnes of
lignocellulosic wastes, only 4.5% is utilized each year®. Biofuel has primarily been produced using non-edible,
oil-rich seeds and agro-forestry biomass wastes. However, any kind of biomass can be turned into biofuel through
thermal cracking or pyrolysis.

In India, almost 22% of the land is covered with natural forest. Madhuca longifolia, a tree native to India,
has remarkable potential. The tree is primarily cultivated on the Indo-Pakistan subcontinent. It belongs to the
Sapotaceae family and is considered an Indian forest plant. The tree is abundant in Indian forests. Since ancient
times, tribal peoples in India have cultivated this tree for various applications, including food, fuel, and fertilizer.
The various parts and their numerous applications of the tree are also summarized in the literature®. Previously,
many parts of the Madhuca longifolia tree have been utilized for producing biofuel. Mishra and Mohanty’
concentrated on the catalytic pyrolysis of seeds obtained from Madhuca longifolia. The authors conducted
pyrolysis experiments with and without catalysts in a batch-tyre reactor and produced 51.2 wt% of pyrolysis oil.
In this study, the utilization of catalysts reduced the yield of oil. Raj et al.* used Madhuca longifolia wood and
low-grade coal to produce producer gas using the co-gasification process and utilized it as a fuel for IC engines.
The study found that the co-gasification system provides a viable solution for alternate power generation and may
prove beneficial for small-scale enterprises. Shanmuga Priya and Rajalakshmi’ used pyrolysis and hydrothermal
methods to produce functional carbon material from Madhuca longifolia leaves. In order to improve their internal
properties, the produced carbon materials were further activated. Several analytical methods, including Fourier
transform infrared spectroscopy (FT-IR) and scanning electron microscopy, were used to analyze the produced
carbon materials and found that they can be used as environmentally friendly, low-cost electrode materials for
supercapacitors.

Pyrolysis is a useful method for turning low-value biomass and biobased wastes into biofuel. It is a highly
effective technique for turning biomass into a liquid intermediary that can be further processed into hydrocarbon
biofuels. Pyrolysis is the key technology of biobased power generation in which solid biomass is converted into
liquid, solid, and gaseous compounds. Pyrolysis oil is the combination of water and different organic molecules!’.
The pyrolyzed oils are used in multiple ways as low-grade fuels for furnaces and have a lot of possible ways to
separate chemicals via cracking, hydrogenation and aqueous phase processing. It is also more important to select
a proper biomass feedstock that will enable the requisite heat transfer rates to produce more pyrolysis oil yields.
The selection of feedstock plays a significant role in achieving a better yield. Typically, land biomass wastes such
as wood, wood bark, plant residue and shells are commonly used feedstocks. In some cases, microalgae also
served as a beneficial feedstock. Other than the feedstocks characteristics, numerous factors, including reactor
type, feedstock size and process time of the feedstock and volatile matters, also impact the yield of the biofuel''.
The most popular reactors for slow pyrolysis are drums, rotatory kilns and screw types. On the other side,
fluidized beds, ablative reactor, vortex reactor and rotating disk reactors are suitable for fast pyrolysis. Biomass
is a sustainable alternative source of renewable energy. Cellulose, hemicellulose and lignin are the basic natural
polymeric materials present in biomass and extractives and minerals are the other two components present within
the lignocellulosic material which distributes in different ratios!%. Previously, many authors have conducted
pyrolysis reactions using different biomass residues in different reactors and their product yield under optimum
conditions are displayed in Table 1.

The 3Rs—reduce, reuse, and recycle—contribute to long-term environmental development. Because forestry
wastes are abundant in biomaterials, if employed, they might become the backbone of sustainable development,
producing a variety of opportunities for future generations®. Carrasco et al.*! carried out a pyrolysis test using
Maine forest residues. The authors produced 61, 24 and 15 wt% of oil, char and gas. The total yield was predicted
roughly up to 16% by mass and 40% by energy. Amutio et al.* studied the feasibility of valorization of different
forest residues, specifically bushes in a conical reactor. The reactor was set to 500 °C and the material utilized in
this research yielded 80 wt% of oil with a maximum of 23 wt% char and 5 wt% gas fractions. The characterization
study of the pyrolysis oil showed 35 wt% of water molecules in the oil, with a majority of phenols, ketones,
acids, and furans. Several precise characterization approaches were used to find the information about biofuels.
For characterization, the majority of previous pyrolysis studies dealt with FT-IR, Gas chromatography Mass
Spectroscopy (GC-MS) or a combination of these. The spectroscopic techniques provide extremely significant
details about its functional groups and can aid in the documentation of yields. Identifying the physiochemical
nature of the pyrolysis biofuel is also important to understand the industrial applications of the products. Charon
et al.** developed various analytical techniques to analyze six bio-oils obtained from hardwood, softwood and
wheat grass. The result showed that the wood based pyrolysis oils were single-phase liquids, whereas the wheat
grass pyrolysis oil was heterogeneous. The chromatography analysis of pyrolysis oil showed more than 100
elements. Schellekens et al.* utilized GC/MS to explore molecular characteristics of biofuels obtained from
different agricultural residues. They discovered that, regardless of pyrolysis feedstocks, the process temperature
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Pyrolysis product yield in

Temperature Particle sizein | Heating rate in wt%
Biomass type Reactor type | in°C mm °C/min Pyrolysis oil | Char | Gas | Reference
Rice husk Fixed bed 450 0.5-2.0 20 38.1 35.0 269 | B
Wheat straw Fixed bed 400 0.5-2.0 20 36.7 344 289 | B
Cashew nut shell | Batch 400 0.25 22.5 40.0 300 [30.0 |
Xanthium stru- | gy eq bed 450 0.15-0.22 50 27 322|450 |
marium
Calophyllum Fixed bed 425 425 40 410 # # 16
inophyllum shell
Eirl‘;;nurus SPECR" | Fived bed 500 0.22-0.85 50 34.6 # # 7
Cotton stalk Fixed bed 600 # 20 17.1 38.0 [448 |8
Napier grass stem | Fixed bed 500 0.2-2.0 30 32.2 # # 19
Anchusa azurea | Fixed bed 450 0.6 100 31.3 376 |312 |
Eastern giant Fixed bed 500 0.15-0.85 50 452 243|304 |2
fennel stalks
Rice straw Fixed bed 500 # 10 433 280 |- =
Giant miscanthus | Fixed bed 550 # 10 50.7 26.2 232 | %
Babool seeds Fixed bed 450 0.4-1.0 25 38.3 # # 24
Switchgrass Fixed bed 600 2.0 # 37.0 260 350 |*
Mustard de-oiled | ;g ped 550 # 25 53.2 299 167 |*
cake
Napier grass Fixed bed 500 1.0-2.0 150 36.0 300 |# 2
Olive residue Fixed bed 500 1.29 7 39.0 # # 28
Pine forest Auger reactor | 500 20.0 # 59.0 260 | # »
residues

Table 1. Pyrolysis of different biomass residues and product yields. “Not reported.

is an important factor that determines yield compositions. They also showed that the higher molecular weight
products of all chemicals in char decreased as the reaction temperature increased.

The current study provides light on the characterization of the biofuels derived from Madhuca longifolia
residues collected from mature trees. Pyrolysis of the collected residues was executed in a fixed bed reactor by
changing the temperature from 350 to 600 °C, since this operating temperature yielded the maximum pyrolysis
oil. The pyrolysis oil obtained under the maximum yield conditions was evaluated using various analytical meth-
ods and its physicochemical parameters were also assessed based on ASTM standards. Apart from pyrolysis oil,
the char and pyrolysis gas were also examined to find their components. The key aim of the study was to define
the subfractions acquired from the pyrolysis of Madhuca longifolia residues analytically and to determine their
potential for commercial applications, since most of the previous studies concentrated on the utilization of wood,
bark, seeds, seed cake, and leaves of Madhuca longifolia, no studies were identified on the utilization of residues
for the production of biofuel via pyrolysis process. This study utilized various analytical techniques, including
FT-IR, GC-MS, and gas chromatography, to characterize the produced biofuels. Furthermore, the pyrolysis oil
was examined in its natural form to identify its basic components.

Materials and methods

Madhuca longifolia residues

Madhuca longifolia residues were collected from the west part of Tamil Nadu, India. The residues are a mixture
of wood, wood bark, leaves and roots obtained from a single mature tree. The feedstocks were separated manu-
ally from other types of wood materials and washed with fresh water. Before starting the pyrolysis experiment,
the moisture present in the samples was reduced by natural and vacuum drying. The collected residues were
first ground in a ball mill (Laxmi Engineers, Rajasthan, India), and then sieved using a sieve shaker (Jayant Test
Sieves, Sunshine Instruments, Coimbatore, India) to have an average diameter of less than 1.0 mm. The screened
particles were dried naturally in an open sun for 2 weeks. Again, the naturally dried particles were kept in a
furnace for 24 h, maintained at a temperature of 100 °C. For experimentation, the dried samples were stored in
a tight container.

Pyrolysis reactor and procedure

The pyrolysis tests on Madhuca longifolia residues were conducted in a fixed-bed reactor. The reactor is made
up of a cylindrical heater. It has 50 mm internal diameter and 100 mm height. For each experiment, 60 g of
feedstock are kept inside the reactor. The reactor was heated by an external 2 kW cylindrical heater equipped
with an ammeter and voltmeter setup. Pyrolysis experiments were conducted at temperatures ranging from
350 to 600 °C. For this, the heating rate was set to 20 °C/min. In order to measure the gas phase temperature
of the reactor, two K-type thermocouples were provided inside the reactor at two different points. The desired
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temperature was attained using a PID controller coupled to a furnace via an autotransformer. The setup had
a top-opening system to release condensable volatiles. The volatile compounds released from the reactor are
transferred into the volatile recovery unit, or condensing unit, where the condensable vapours are separated
from the non-condensable gases. Volatile vapours are rapidly quenched inside the condenser, which prevents the
subsequent reactions that turn condensable volatiles into permanent or non-condensable gases. In order to get
maximum pyrolysis oil conversion, till the reactor reaches the atmospheric temperature, the condenser is supplied
with an adequate quantity of ice water maintained at 5 °C. Inside the condenser, when the pyrolysis gas reaches
50 °C, the condensable pyrolysis oil and water usually begin to condense, whereas the phenolic compounds will
begin to condense at 80 °C. It should be noted that the partial pressure of vapour compounds is also a function
of composition, which is influenced by the type of feedstock and reactor operating conditions®. The condensed
liquid, called pyrolysis oil, can be collected in the jar kept at the bottom of the condenser. Figure 1 illustrates the
reactor system. The current experimental setup that could have an impact on the pyrolysis yields is displayed
in Table 2. In order to find the repeatability, each run was conducted three times, and the average was taken for
the analysis.

ol
’

Hnnen
peced

Reactor 8

Thermocouples

DL

20
Bio-oil
Figure 1. Experimental set up.
Case Reactor temperature in °C | Particle size in mm | Feeding rate in grams
Run1 350 1.0 60
Run 2 375 1.0 60
Run 3 400 1.0 60
Run 4 425 1.0 60
Run 5 450 1.0 60
Run 6 475 1.0 60
Run 7 500 1.0 60
Run 8 525 1.0 60
Run 9 550 1.0 60
Run 10 575 1.0 60
Run 11 600 1.0 60
Table 2. Experimental condition.
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Characterization of feedstock and pyrolysis products

Proximate analysis

The proximate analysis of any biofuel or feedstock describes the volatile matter content (ASTM D3175), amount
of moisture (ASTM D3173), ash (ASTM D3174) and fixed carbon. The analysis in this study on biomass samples
was conducted in a muffle furnace according to the above mentioned ASTM standards with good temperature
control and a good weight balancing machine (+ 0.1 mg sensitivity). The formula used for the proximate analysis
is given below.

WM = weight of sample before drying — weight of sample after drying 10

0
weight of sample before drying M

oven — dried sample weight — weight of sample remaining after burning y

%VM = 100
’ oven — dried sample weight @
w
%A (air — dried sample) = | ———— | x 100 (3)
Wy x 100
where Wy = weight of ash, W, = initial weight of sample, T = percent of total solid.
%EC = 100 — (%M + %VM + %A) (4)

Ultimate and lignocellulosic analysis

The ultimate analysis identifies the percent of carbon (C), hydrogen (H), nitrogen (N), sulfur (S), and oxygen
(O) in the biomass sample and produces char according to the prescribed ASTM standards. This analysis yields
the composition on ash-free basis. The analysis was carried out by using an elemental analyzer (EA 2400 Series
IT). The CHNS mode is based on the conventional PreglDumas technique, which involves burning samples in
an atmosphere with just oxygen and collecting the combustion gases as a byproduct™®. For the analysis, a small
amount of samples were fully burned and reduced to the constituent gases CO,, H,0, N,, and SO, in the presence
of oxygen and combustion reagents. The presence of carbon in the sample turns CO,, while H, to H,0, N, to
NOx, and S to SO,. After being passed over a heated, high-purity copper surface, the gases exiting the combus-
tion chamber lose all oxygen and turn any NOx into N,. The identification of the production of CO,, H,O, N,,
and SO, gases yields the values of C, H, N, and S. The combusted gases are passed through a high-quality copper
surface, which eliminates all oxygen and turns any NOx into N,. The identification of the production of CO,,
H,0, N,, and SO, gases yields the values of C, H, N, and S.

The lignocellulosic content of the biomass samples is measured using the conventional wet chemistry method.
This method is considered an effective one for the determination of the lignocellulosic content of any biomass
material. The analysis was performed by consuming 0.5 g of biomass. The analysis was initiated by acid chlorina-
tion treatment using NaClO, and CH;COOH combinations. The treatment was performed at a temperature of
75 °C. After that, more NaClO, and CH;COOH are continuously added for successive cycles of chlorination.
After filtration, the resulting solution is then cleaned with acetone and normal water. Cellulose and hemicel-
lulose were found at the end of the filtration process, and the amount of lignin in the sample was determined by
a two-step sulfuric acid hydrolysis process.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) has been extensively utilized to
explore thermal processes and kinetics of any organic material. It measures the mass loss of the material regarding
temperature and time. Analysis of TGA helps in the preparation, design, and process of the industrial pyrolysis
system®”. The TGA study provides extensive experimental data regarding the pyrolysis performance of biomass.
The analysis was carried out using a TGA analyzer (TGA701) by heating the sample to 600 °C at a heating rate
of 20 °C/min.

FT-IR analysis

FT-IR quantification techniques for volatile compounds relevant to pyrolysis have been established by many
literature in recent years. FT-IR spectroscopy was used to analyze the microstructures of feedstock, pyrolysis oil
and char products. For the analysis, the potassium bromide (KBr) disk approach was used to prepare the samples.
The compressed alkali metal halide pellet method, also known as the KBr pellet or disk method, is a widely used
technique for handling solid samples®. The KBr disk approach is a valuable method in IR spectrometry. In this
method, the samples are converted into powdered form and combined with an IR transparent salt, like KBr, to
lower the sample’s concentration and improve the spectrum. To eliminate water molecules from the KBr, it is
pulverized into 200 mesh sizes and dried at 110 °C. For the preparation of the pellet, 200 mg of powdered KBr
is blended with a 1% sample, and the combined sample is then pressed into the disk. The spectra were acquired

using a Bruker Tensor 27 spectrometer (Bruker, Germany) with 4 cm™ resolution between 4000 and 400 cm™.

GC-MS analysis
Thermo GC—trace ultra-version: 5.0, Thermo MS DSQ II supplied by Thermo Scientific Corporation was used to
conduct GC-MS analysis of the oil. Quartz wool was placed at one end of a pre-weighed quartz tube, which had a
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25 mm length and 0.5 mm ID and samples weighing 0.5 mg were placed for the analysis. The split injector of the
GCinlet port was set to 280 °C and a split ratio of 20:1 was selected for analysis. A DB 35-MS capillary standard
non-polar column of length 30 m, diameter 0.25 mm and 0.25 um film thickness was used for the separation of
pyrolysis yields. The temperature program was set to 40 °C, held for 2 min and then ramped to 280 °C at a rate
of 6 °C/min. The interface temperature was set to 280 °C and the mass spectrometer’s ion source to 230 °C, and
the scanning was performed in the range of 50-550 m/z.

Physical characterization of pyrolysis oil

The various physical characteristics of the pyrolysis oil were found by following different ASTM protocols. To
find viscosity, a Redwood viscometer (Model: SICBRV-01, Shambahavi Imp., Mumbai) was used. The density
was found by weighing known volume. The Scientech supplied Cleave Land Flash Point Kit (Model SE-224) was
utilized to measure the flash point..

Determination of heating value

The higher heating value of the pyrolysis products was measured on a Parr-6772 (Parr Instrument Company,
Illinois, USA) apparatus according to ASTM D240 protocol. The values displayed are calculated with 0.6%
accuracy and are based on the average of several experiments.

Gas chromatography

With the use of a Shimadzu gas analyzer (Model: GC-2014, Shimadzu Corporation), the produced gas obtained
at 475 °C was examined to find its gas sub-fractions. The analysis was done using a splitless injection unit armed
with a micropack with a carbon column of 1 mm diameter. The accuracy of the chromatogram was + 1% (0.01 °C)
the range of the thermal conductivity detector was 400 °C and the linear heating range was set to 20 °C/min up
to 250 °C.

Ethics statement
All experimental and laboratory tests were performed in accordance with the relevant guidelines and regulations.

Permission to collect biomass residue
The residues used for this study were collected from plants on private lands and we obtained permission from
the landowner to access the areas and collect the residues.

Results and discussion

Characterization of feedstock

Proximate and ultimate analysis

The elemental analysis of the feedstock is found as follows: C=47.2%, H="5.9%, N=3.6%, S=1.2% and O =42.1%.
C and O are available more than H and N. When biomass is pyrolyzed, the higher concentration of O content
results in oxygenated products. Lower levels of S and N suggest that during pyrolysis, it releases fewer SOx and
NOx. The empirical formula derived from elemental analysis is CH, 440N 06500 g60- It is well known that a mate-
rial having lower H/C and O/C ratio have higher energy content®. The proximate analysis shows lower ash and
moisture levels. Initially, the moisture level was more, but it was reduced by the continuous drying process. For
pyrolysis, the biomass must have a moisture content of less than 10%*’. The selection of appropriate biomass
material for pyrolysis is the key process. The physicochemical analysis of the present biomass reported in Table 3
shows its suitability. The selected residue has a volatile matter content of 71.26%. Typically, biomass with a higher
volatile matter content yields large amounts of biogas and oil*!. The yield of pyrolysis products increases directly
proportional to the amount of volatile materials extracted. Almost 90% of the volatile content in the feedstock
is lost during pyrolysis to produce biofuels. Biomass with a high level of volatile content is generally chosen for
pyrolysis since it is more reactive and readily devolatilized. For the pyrolysis process, the amount of ash in bio-
mass should be minimal*. The ash content of the residue is 4.50%, which is lower than coal, switchgrass, barley
straw and wheat straw mentioned in the literature®. The yield of the pyrolysis products and process efficiency
are directly impacted by the ash present in the feedstock. So the ash content in the feedstock is an important
parameter for the pyrolysis process. Yildiz et al.** reported that adding ash to the pyrolysis process resulted in
higher amounts of non-condensable gases and water while decreasing the yields of pyrolysis oil. The cellulose,
hemicellulose and lignin contents are 18.04, 45.18 and 32.78% respectively. From proximate and ultimate analysis,
it can be understood that the selected feedstock is suitable for the production of biofuel. Table 3 indicates the
result of proximate, ultimate analysis of Madhuca longifolia residues.

TGA and DTG analysis

For the pyrolysis process, finding thermal behavior of the feedstock is important before conducting the
experimental process. The TGA and DTG analysis of the Madhuca longifolia residues are revealed in Fig. 2. The
figure indicates the results of the DTG curves at a 20 °C/min heating rate. The decomposition of the sample
may be affected by differences in heat transfer and kinetic rates. It can be found that heating rates primarily
influence the stages of pyrolysis. Increasing heating rates alter the maximum weight loss point at different
temperature ranges*!. The peaks observed in DTG represent the point or temperature at which the rate of weight
loss reaches its maximum. In an inert atmosphere, the solid heats up in three different regimes. In the first
regime, only heating takes place, followed by pyrolysis in the second regime, and further heating in the third
regime if there is char remaining. The heat applied to the biomass breaks down its constituents. It is the process
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Parameter Value in wt%

Proximate analysis

Moisture 5.98
Ash 4.50
Volatile matter 71.26
Fixed carbon® 18.24

Ultimate analysis (dry ash basis)

C 47.2
H 59
N 3.6

N 1.2
o? 42.1
H/C molar ratio 1.489
O/C molar ratio 0.669
Empirical formula CH, 439N,06500.660
HHV (M]J/kg) 17.54
Component analysis

a-Cellulose 18.04
Hemicellulose 45.18
Lignin 32.78

Table 3. Proximate and ultimate analysis of Madhuca longifolia residues. *By difference.
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Figure 2. TGA and DTG analysis of Madhuca longifolia residue.

of decomposing a chemical compound into smaller components through various chemical reactions. Here, the
mass loss function of residues is detected in three phases. The first phase represents the evaporation of moisture,
in which ~ 12% of mass loss occurs due to the removal of moisture at <140 °C. Furthermore, two exothermic
peaks can be seen in the analysis at 245 °C and 457 °C. Between 345 °C and 520 °C a maximum mass loss of
~ 75% was observed. Additionally, the DTG curve for this stage reveals a peak at 457 °C with a maximum mass
loss rate of 1.22 mg/min. Mass loss during this stage are linked to the disintegration of hemicellulose, which
represents active pyrolysis, and the disintegration of cellulose and lignin, which represents active and passive
pyrolysis®. Notably, the sample displayed its largest weight loss at its peak temperature, indicating a high degree
of thermal degradation reactivity. The results of this study are in line with those of Dwivedi et al.**. Around
450 °C, all parts of the biomass material break down extremely and lose their maximum weight. The weight loss
differential decreases after 460 °C and reaches zero after 600 °C. For last stage above 600 °C, the degradation of
biomass decreases and almost same after that. The residues that remained at the end of the TGA analysis represent
the presence of ash. The percentage of ash, which may be computed at around 5% by weight, is the quantity of
material that remains after reaching 600 °C.
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FT-IR analysis

The peaks, which are also called absorbance bands, match with the various vibrations of the sample’s atoms
when it is contacted in the infrared region of the electromagnetic spectrum. The x-axis in the spectra denotes
the infrared spectrum, and the y-axis denotes the quantity of infrared light transmitted or absorbed by the
sample. In the spectra, the peaks are attributable to the specific functional group. A greater concentration of
the appropriate functional group or bond is indicated by a stronger absorption peak. Figure 3 illustrates FT-IR
analysis of Madhuca longifolia residue. The figure shows plots between wavenumber and transmittance spectra.
The existence of water, phenolic compounds, aromatic and other impurities in the feedstock was confirmed by
the peak at 3605.5 cm™ which was linked to the O-H group*. The possible existence of alkanes was suggested
by the adsorption bond 2865.6 cm™, which was linked to the C-H stretching vibration*’. A C=C deformation-
attributed adsorption bond at 1402.9 cm™ revealed the existence of alkynes*®, whereas an adsorption bond at
1610.3 cm™" associated with C=O stretching vibration indicated the existence of aldehyde, ketones, or carboxylic
acids’. Alkanes were identified by the peak 1368.1 cm™ ascribed to C-H bending and the existence of ethers,
alcohols, and carboxylic acid was indicated by the adsorption band 1217.9 cm™ attributable to C-O bending.
The identification of O-H bending stretching is responsible for the existence of mono- and polycyclic aromatic

compounds between 931.4 cm™.

Pyrolysis product yields

The impact of reactor temperature on pyrolysis yield distributions is displayed in Fig. 4. The temperature was
changed in increasing pattern from 350 to 600 °C to assess the product yield at the interval of 25 °C. All the
experiments were conducted by keeping particle size < 1.0 mm. According to the results, the yield of pyrolysis
oil enhanced from 33.1 wt% to 41.7 wt% at 350 to 500 °C and then decreases to 37.5 wt% at 600 °C. This typical
nature of the product is depends on several reactions, both primary and secondary, occur during pyrolysis,
producing condensable and non-condensable gaseous products. The condensable gases were further condensed
to produce pyrolysis oil. Through the production of non-condensable fragments, secondary processes aid in
increasing the gas yield®. Inside the reactor, the primary reaction occurs more frequently at lower temperatures
and as the reaction temperature increases, more vapour is formed which improves the formation of more
condensable volatiles (oil yield). The production of pyrolysis oil, however, decreased after a particular temperature
when secondary reactions became more prevalent at a higher temperature®. As the reaction temperature rises,
more volatiles are formed, which decreases the yield of char. The development of char decreases steadily at
elevated temperatures because of the considerable loss of volatiles or secondary breakdown of char. According
to Chutia et al.”!, the secondary breakdown of the primary volatiles also produces certain non-condensable
vapours, which further increase the yield of gas. It was also confirmed by the results that when the changed from
350 to 600 °C, the char yield decreased from 41.6 wt% to 10.2 wt% and the gas yield increases from 25.3 wt% to
52.3 wt%. Table 4 shows the tests results of Madhuca longifolia pyrolysis in wt% and Table 5 shows mass balance
of the yield.

Characteristics of pyrolysis oil

It is important to pay attention to the quality of the pyrolysis oil produced by the pyrolysis process, which is
considerably influenced by the pyrolysis temperature. The pyrolysis oil produced at a lower pyrolysis temperature
(<300 °C) generally has higher moisture content and a lower viscosity. In contrast, pyrolysis oil produced at a
higher pyrolysis temperature (>600 °C) has a higher viscosity and lower moisture content™. Furthermore, the
temperature during pyrolysis can have an impact on the chemical composition of the oil. Pyrolysis oils typically
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Figure 3. FT-IR analysis of Madhuca longifolia residue.
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Figure 4. Pyrolysis product distributions.
Test 1 Test 2 Test 3
Case Temperature in °C | Gas | Pyrolysisoil | Char | Gas | Pyrolysisoil | Char | Gas | Pyrolysisoil | Char
Run 1 350 250 |33.0 420 [257 [333 415 |253 [33.1 41.4
Run 2 375 285 | 344 362 [289 |348 365 (292 |347 36.5
Run 3 400 30.6 |37.0 320 [309 |374 326|304 |368 32.4
Run 4 425 312 | 415 276|310 |421 270 |30.8 |41.7 27.1
Run 5 450 32.8 | 434 240 [326 [432 241 [33.0 [428 24.2
Run 6 475 33.9 |442 225|340 |44.2 216|333 |44.1 222
Run 7 500 36.6 |41.6 215 [36.6 |41.7 222|364 [418 21.8
Run 8 525 386 |39.1 214 (391 [397 221 (387 [397 21.7
Run 9 550 40.0 |38.0 213|404 |384 220 [402 [382 21.6
Run10 |575 443 |376 170|449 380 180 |449 (380 17.3
Runll | 600 51.8 |37.4 9.60 |525 [37.9 104 |526 |37.3 10.5
Table 4. Tests results of Madhuca longifolia pyrolysis in wt%
Unit Run 1 Run 2 Run 3 Run 4 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 Run 11
Input Biomass Gram 60.00 60.00 60.00 60.00 60.00 60.00 60.00 60.00 60.00 60.00 60.00
gas® Gram 15.18 17.34 18.42 18.60 19.68 20.22 21.90 23.28 24.12 26.82 31.38
Output® Pyrolysis oil Gram 19.86 20.82 22.20 25.08 25.86 26.52 25.02 23.70 2292 22.74 22.50
Char Gram 24.96 21.84 19.38 16.32 14.46 13.26 13.08 13.02 12.96 10.44 06.12
Mass in/mass out - 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Table 5. Mass balance. * Average from test 1, test 2 and test 3 in Table 4. "Computed by material balance.

contain higher concentrations of aldehydes and fatty acids at lower temperatures. On the other hand, aromatic
substances like catechol and phenol are likely to increase at higher temperatures. In this study, the pyrolysis oil
obtained at maximum oil yield conditions (475 °C) was taken for the physical and chemical characterization

study.
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Physical analysis

It was of interest to examine the physical properties of pyrolysis oil since it is very important to describe the
application of the produced oil. Table 6 demonstrates the physical characteristics of the produced pyrolysis oil and
other pyrolysis oils derived from various feedstocks. The table also compared the physical nature of conventional
diesel. The pyrolysis oil fraction had a distinct appearance compared to conventional diesel fuel. The pyrolysis
oil was dark brown and more viscous than diesel. In general, the typical pyrolysis oil has water components of
about 25 wt% or more. In contrast, the water content of the derived Madhuca longifolia oil was less than 20 wt%.
Viscosity is a crucial characteristic of pyrolysis oil, which represents the flow ability of any liquid. The higher
viscosity of the fuel disturbs the pumping and atomization during burning. Pyrolysis oil is derived from a variety
of biomasses under varying operating conditions and has a different range of viscosities. The viscosity of pyrolysis
oil derived from Madhuca longifolia residues shows 4.0 cSt, which is higher than the value obtained from Mimu-
sops elengi, sugarcane leaves, and napier grass. Despite being produced under the same operating conditions, the
bio-oil derived from two different feedstocks has different viscosities. For instance, at 50 °C, the viscosity of the
pyrolysis oil made from wheat straw, pine, and ensyn was shown to be 11 cSt, 46 cSt, and 50 cSt, respectively®>.
The variation in viscosity is determined by the structure and composition of the parent feedstocks. The density
of the pyrolysis oil is found to be another important physical characteristic. The density of the typical pyrolysis
oil is found in the range of 1000-1250 kg/m?>. This variation is primarily caused by the type of biomass used for
the pyrolysis process. The density of the Madhuca longifolia pyrolysis oil is found to be 995 kg/m? which is less
than all pyrolysis oils produced from the various feedstocks listed in Table 6. The water content in the pyrolysis
oil has some adverse effects while burning. The presence of water molecules reduces the calorific value of the oil
and is also responsible for corrosiveness and instability. The pyrolysis oil produced in this study has a pH value
of 4.7, which is consistent with other studies. The lower pH value indicated the existence of acidic chemicals.
The higher flash point of the pyrolysis oil (130 °C) indicates that it can be stored safely at room temperature.

Chemical analysis

Figure 5 displays the transmission mode FT-IR spectra for pyrolysis oil between 4000 and 400 cm™. The higher
amount of alcohols and phenols is shown by the O-H stretch at 3268.5 cm™. The existence of phenolic or
O-H groups holds major percentage in pyrolysis oil*’. The appearance of alkanes is shown by the C-H stretch
at 2835.5 cm™! and 2649.6 cm™!. The appearance of alkenes is exposed by the C=C stretch at 1574.7 cm™. The
existence of alcohol is shown by the C-O stretch at 942.1 cm™ and the appearance of aromatic compounds
is indicated by the C-H bend at 857.8 cm™. The bio-oil revealed an abundance of aliphatic compounds and

Madhuca longifolia Mimusops elengi
Property [This study] Albizia amara™ il Sugarcane leaves® | Napier grass® Waste paper® Diesel Unit
Appearance Dark brown # Dark brown Dark brown Dark brown # Yellowish -
Density 995 1050 1130 1089 1274 1205 855 kg/m?
Viscosity 4.0 4.2 1.42 0.69 2.32 20 2.3 cSt
Flash point 130 160 # # # 200 57 °C
Odour Smoky # Smoky # # # Aromatic -
pH value 4.7 3.6 4.22 2.12 2.3 1.5 - -
Calorific value 2227 18.63 18.14 27.39 19.79 13.10 43.6 M]/kg
Water content 19 # # 8.26 48.15 # - wt%

Table 6. Physical characteristics of Madhuca longifolia and other pyrolysis oils. *Not reported.
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Figure 5. FT-IR analysis of pyrolysis oil.
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alcohols. The functional groups of oxygenated C-O and O-H indicate that the pyrolysis oil was significantly
hydro-oxygenated, making it naturally acidic. The heating value of pyrolysis oil is reduced when oxygenated
functional groups are present. The existence of acids, phenols, alcohols, and aliphatic was also present in different
types of pyrolysis oil reported earlier®®®. GC-MS analysis can also be used to justify the aforementioned
functional groups in pyrolysis 0il*’.

In GC-MS, the volatile matter present in the oil sample is separated and identified using the NIST library. For
the analysis, the liquid sample is converted into a vapour which can be carried by a carrier gas (He). The sample is
then transported by the gas over a long, thin glass column coated with a chemical. As the vaporized compounds
are strapped into the column, they slow down when they interact with the stationary phase. Depending on their
individual chemical characteristics, different compounds will take different amounts of time to reach the end
of the column. After the separation process, the compounds are moved to the mass spectrometer (MS). The MS
acts as a sensor that recognizes the vaporized compounds and mass information. The structural and chemical
characteristics of molecules can be identified, measured, and ascertained using mass information. Generally,
pyrolysis oil has over 300 different components due to their complexity®. This analysis found more than 60
chemicals in the oil, but the peak areas of more than 0.1% are presented in Table 7. The substance found in
pyrolysis oil was formed by the cracking lignocellulosic content of the feedstock. Among several chemical
groups found in mahua pyrolysis oil, phenolic elements, saturated fatty acids, alkanes, alkenes and branched
hydrocarbons were found to be the majority in the oil. The most important substances in the oil are phenols and
their derivatives. At the retention times of 11.52 and 30.58 min, phenol and 3,4-dimethylphenol were identified

RT/min | Name of the compounds Chemical formula | Area %
6.25 2,5-Dimethyl-phenol CgH,,0 7.21
6.94 0-Cresol C,H;O 2.20
8.05 2-Methyl-benzo-furane CyHO 1.25
8.33 Octanoic acid CgH,,0, 2.01
10.08 2-Methoxy-4-methyl-phenol CgH,0, 2.68
11.52 Phenol CeHsO 4.94
13.50 Hexadecane C¢Hsy 0.97
14.81 4-Ethyl-2-methoxy-phenol C,H,,0, 3.10
16.07 Propanone C;HsO 2.88
17.00 Butanoic acid C,H;0, 3.14
17.97 n-Octadecanoic acid CsH360, 0.87
19.75 1,103,10 -Terphenyl, 50-phenyl- CyHyg 3.01
21.22 1,2-Benzenediol C¢H¢O, 3.55
21.58 Guaiacol C,H,0, 4.58
23.41 2,2'-dioxospirilloxanthin C,,Hs604 0.74
26.29 Hydroquinone C¢H:O, 1.99
27.77 3-Methoxy-phenol C,H,0, 2.24
28.60 y-Sitosterol C,H500 0.55
29.45 Syringol CsH,005 1.58
29.90 9-Tetradecenoic acid CHy0, 2.88
30.11 1,3,5 Trimethoxybenzene C4H,,04 2.97
30.58 Phenol, 3,4-dimethyl- CgH,,0 12.25
30.60 Chlorodecaborane C,H;3B)g 1.18
31.01 Tocopheryl methyl ether C,H500, 1.22
31.36 I-Limonene C4H,,0 2.66
31.92 2-Propanol, 1-(hexadecyloxy) CoHy0, 1.27
32.28 1,3-Dimethyl-4-azaphenanthrene CisH3N 2.55
32.76 Farnesol C;sHy,0 1.81
33.37 Campesterol C,gHy0 4.50
33.99 3-Hydroxy-2-methylpyridine C¢H,NO 1.28
34.28 Undecane C Hy, 2.10
34.50 Octadecanenitrile CgH3sN 1.08
35.14 Dodecylcyclohexanol CgH30 0.27
35.77 Piperidine-2,5-dione C;H,NO, 1.29
36.04 2,5-Piperazinedione, 3-benzyl-6-isopropyl- C,H;sN,0, 0.63
36.70 2-hexadecyloxy ethanol CgH340, 4.61
38.03 2-(2-Isopropenyl-5-methyl-cyclopentyl)-acetamide | C,,H;,NO 0.94

Table 7. GC-MS analysis of the pyrolysis oil.
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up to an area percentage of 4.94 and 12.25 respectively. Guaiacol occupies the area of 4.58% and Campesterol
occupies the area of 3.50%. Guaiacol is a potential component or precursor to green fuels®’. It is believed that
guaiacol provides 85% of the world’s vanillin supply. Whereas, campesterol can be used as a precursor for a
variety of steroid hormones. 2-hexadecyloxyethanol occupies an area of 4.61% at a retention time of 36.70 min.
It is used for various applications, including medicine®”. Farnesol appears in the pyrolysis oil at a retention time
of 32.76 min. Due to its antibacterial properties, farnesol has been used as an organic mite insecticide and as
an antiperspirant in cosmetic items. The GC-MS results indicate that derived pyrolysis oil has many fuel-like
components, which is suitable replacement for conventional fuel. Apart from that, the compounds identified in
the analysis can be separated to be used as feed material for chemical industries.

During the thermal pyrolysis process, the components of biomass decompose at different rates and with dif-
ferent reaction processes since the reaction is complex and partially dependent on reactor designs and thermal
processing parameters. Many studies have previously verified the interactions between the lignocellulosic content
of the woody biomass®*. Hemicellulose and lignin react with each other during pyrolysis to increase the formation
of phenolic compounds produced from lignin and inhibit the production of hydrocarbons. Lignin has a major
impact on cellulose during pyrolysis since it prevents levoglucosan polymerization, which lowers the formation of
char. On the other hand, the reaction between cellulose and hemicellulose has less of an impact on the production
and dispersion of pyrolysis products. The primary phase of cellulose pyrolysis is a series of disintegration and
polymerization processes that take place at temperatures below 300 °C and form lower molecular components
such as furan, hydroxyl acetaldehyde, glycoaldehyde, and formic acid. The main component of pyrolysis vapor
is often anhydrosugars, primarily levoglucosan, which are produced by the breaking of glycosidic linkages and
dehydrating processes®. Above 300 °C, levoglucosan endures relocation and hydration, which produces levo-
glucosenone. Further cyclization reactions resulted in the formation of stable oxygenated chemicals. The furanic
compounds present in the pyrolysis oil are obtained from hemicellulose-based pyrolysis. These compounds were
produced due to the dehydration of reducing sugars. The mannose and galactose present in the hemicellulose
endure a dehydration reaction to form the hydroxymethyl group®. The production of phenol, cresol, guaiacol,
and syringol are the primary results of lignin pyrolysis. Guaiacol has two distinct types of carbon-oxygen link-
ages, which are present in most of the lignin-derived compounds.

Characteristics of char

FT-IR analysis

FT-IR spectral characteristics of char are displayed in Fig. 6. The spectra were captured between 4000 and
400 cm™. There could be an acidic or alcoholic composition causing the strong O-H bond stretching vibration
at 3404.7 cm™'%2. The vibration at 1605.2 cm™ is indicative of the carboxylic acid in the char®. There are alkynes,
aliphatic, ketonic, esters and aromatic compounds within the char, which were recognized by the peaks appearing
at 1977.6, 1359.4 and 1075.4 cm™ respectively. According to Brodowski et al.%’, the reactive functional groups
present in char, likely O-containing carboxylic, are associated with the broad sensitive zones that engage with
polar organic elements and mineral phases. As a result, porous char has oxygen groups that may be good for soil
in order to enhance its physical characteristics.

Chemical composition

Table 8 displays the approximate composition present in char. Raw feedstock was converted into char, which led
to decreased volatile and moisture contents with increased fixed carbon and ash fractions. It has been suggested
that the fixed carbon in char is naturally resilient to biological degradation. Generally, pyrolysis char has higher
fixed carbon and lower volatile matters. The ash present in the char is cautiously attractive if it is used in soil for
agronomy and carbon sequestration. The pyrolysis char has fixed carbon content of 52.7% and volatile matter
and ash of 28.85% and 16.14%, respectively. Elemental analysis demonstrates that the pyrolysis of biomass
increased carbon content while decreasing hydrogen, oxygen and sulfur in char compared to feedstock material
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Figure 6. FT-IR spectra of char.
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Component | Moisture | Ash | Volatile matter | Fixed carbon®

Value in % 2.31 16.14 | 28.85 52.7

Table 8. Proximate analysis of char. *By difference.

(Table 9). Pyrolysis of Madhuca longifolia residues modified the constituent carbon molecules to produce char
with higher aromatic carbon and less hydrogen and oxygen®. The decrease in oxygen-containing species in char
may be due to dehydration and the decarboxylation process. Sulfur content in char may have decreased as a
result of organic sulfur decomposition at elevated temperatures. The H/C and O/C molar ratios were identified
as 0.623 and 0.373. It helps to determine the durability of the char against degradation. For char, a half-life of
over a 1000 years is anticipated when the O/C ratio is less than 0.2%. The volatile matter in char is made up of
molecules with greater H/C ratios, while the fixed carbon has a lower hydrogen concentration. The HHV of the
char components was identified as 21.2 MJ/kg.

Characteristics of gas

Table 10 shows the elements of the non-condensable gas fractions. The finding shows a variety of combustible
hydrocarbons. The components were identified as CH,, CO,, CO, O, and H, in different ratios. An average con-
centration of 33.1% of CO, was found in the gas, along with 6.8% of CO. Increased CO, production is primarily
caused by the water-gas shifting process of CO and breakdown of C-O and ~-COOH groups®. According to
Sowmya Dhanalakshmi and Madhu”, the reverse Boudouard process amongst char and produced CO, might be
the cause of the increased CO level. According to Tinwala et al.”}, the identification of CO and CH, in pyrolysis
gas is the outcome of the secondary cracking of produced volatiles and the production of higher CO, is also
caused by the deprivation of cellulosic content. This increased CO, percentage suggests that the Madhuca longi-
folia residues contain oxygenated elements and it is noteworthy that the concentration of CO in the pyrolysis
gas rose at higher temperatures due to secondary cracking process. The observations revealed that the pyrolysis
gas contains 17.3% flammable methane. Methane is formed at medium and elevated pyrolysis temperatures
due to deterioration of benzyl and methoxyl groups. On the other side, the formation of hydrogen is due to the
hydrolysis of aromatic components.

Applications of pyrolysis product yields

Biomass can be a valuable resource for the pyrolysis process, providing a variety possibilities to increase its
added value and produce bioproducts that are in high demand. Pyrolysis oil, or bio-oil, char, and gas are the
three main products derived from the pyrolysis process. Nowadays, the usefulness of pyrolysis oils as a renew-
able fuel is gaining more interest. The raw pyrolysis oil can be used as a low-grade fuel for furnaces and boilers.
The pyrolysis oils are generally more difficult to combine with synthetic fuels derived from petroleum. How-
ever, the substances derived from pyrolysis oils have a wide range of applications in the medical, cosmetic, and
pharmaceutical industries. The oil contains phenols and their derivatives, which are frequently utilized in food
preparation, transport, and colorants’. The fatty acid composition present in the oil can potentially be utilized
for producing natural pesticides. Anyhow, the pyrolysis oil made from Madhuca longifolia residues eventually
replaces fossil asphalt because of its considerable heating value. The calorific value of the oil indicates that it
is almost 40% more than that of diesel fuel, making it suitable for forestry residues. So the produced pyrolysis
oil can be used as a low-grade fuel for furnaces and boilers. The char produced in this study can be used as a
substitute for traditional solid fuels. Further study is needed to convert the produced char into activated carbon.
However, it can be compressed into charcoal briquettes or used to make gunpowder. The utilization of char is
largely contingent upon the composition of the material to be pyrolyzed. Due to the higher surface area and
porosity of the char, it is most frequently used as an adsorbent material. The pyrolysis gas can also be used as a
source for producing heat for various heating processes. The produced pyrolysis gas is a mixture of intriguing
molecules that includes considerable amounts of H,, CH,, and higher hydrocarbons. Moreover, post-treatment
might increase the amount of these molecules, making them a valuable source of biomolecules.

Component | C H N |S o* H/C |O/C |HHV
Value in % 604 |33 (09 |13 |341 |0.623 |0373 |21.2

Table 9. Elements of char. *By difference.

Component |H, |O, CO |CH, |CO, |N,
Value in % 26 |[109 |6.8 173 |33.1 |255

Table 10. Averaged gas composition of pyrolysis gas.
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Challenges and opportunities

The pyrolysis oil comprises hydrocarbons, oxygenated compounds, and nitrogenated compounds, as indicated in
Table 3. Compounds containing oxygen have the potential to lower its calorific value, stability, and flow ability.
The existence of nitrogenated compounds can lead to NOx emissions during combustion. So it is very essential
to improve the hydrocarbon ratios in pyrolysis oil. The extraction of oxygenated compounds from pyrolysis can
be done by various pyrolysis steps, including dehydration, decarbonylation, decarboxylation, and hydrodeoxy-
genation; however, studies on the extraction of nitrogenated compounds from pyrolysis oil are rare. According to
Li et al.”?, selective adsorption or hydrodenitrogenation can be used to remove nitrogenated compounds. These
methods can also ensure the pyrolysis oil has a better calorific value, higher hydrocarbon content, higher stability,
and a lower viscosity. Before solving the pyrolysis task, researchers need to think about the examination of pyroly-
sis mechanisms. To enhance current global kinetic systems, new experimental methods with molecular-level
understanding are required. During pyrolysis, the feedstock is heated, and the produced volatiles are collected
and quantified. But the characterization of liquid- and solid-phase intermediates was generally omitted as a result
of their shorter lifespans and complexity. Therefore, the absence of experimental data related to condensed-phase
intermediates may simplify the development of liquid- and solid-phase reaction mechanisms. It is also obvious
that the prediction of heat profiles of feedstock inside the reactor is difficult due to the lack of experimental data.
So, further study is needed to analyze the heat transfer phenomena of the lignocellulosic particle. In order to
increase the production of pyrolysis oil from Madhuca longifolia residues, catalytic pyrolysis have been suggested
on commercial and laboratory scales. Instead of a fixed-bed reactor, the residues can be pyrolyzed in other types
of reactors, such as fluidized-bed reactors, microwave-assisted reactors, ablative reactors, etc., to improve the
selective product output. Based on the research, an optimization study is also recommended.

Conclusion

Pyrolysis is a potential choice to produce alternative fuel by utilizing forestry residues. Madhuca longifolia resi-
dues contain a higher percentage of volatile matters (71.26%), lower moisture (5.98%), ash (4.50%), and sulfur
(1.20%) were pyrolyzed in a batch-type fixed-bed reactor at temperatures between 350 and 600 °C. The products
produced from the pyrolysis were analyzed using several analytical characterization techniques. The variations in
product yields have been noted between different operating temperatures, and the maximum pyrolysis oil yield
of 44.2 wt% was found at a temperature of 475 °C. The gaseous yield continuously developed, whereas the char
yield reduced as the temperature exceeded 475 °C. The FT-IR analysis of the pyrolysis soil showed the presence of
different functional groups such as O-H, C=0, C-H and C=C. The GC-MS analysis of the pyrolysis oil showed
the existence of different major chemicals such as 3,4-dimethylphenol, 2,5-dimethylphenol, phenol, guaiacol,
2-hexadecyloxy ethanol, campesterol and butanoic acid. The physicochemical characteristics of the pyrolysis
oil show that the presence of water-based molecules and its higher viscosity restrict its direct usage in furnaces
and engines; however, it can be used as a low-grade fuel and can be upgraded for further usage. The potential
applications of pyrolysis char as an adsorbent and biofertilizer were revealed by the qualitative examination. Gas
chromatography results of the pyrolysis gas demonstrated its use as gaseous fuel by confirming the presence of
combustible components.
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The data generated or analyzed during this study are available within the article.
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Abstract

This study investigates into the wear performance of the Al 7050 alloy, which can be enhanced by adding WC
nanoparticles as reinforcement. Friction force and wear resistance are important parameters in materials science
and engineering, which need to be considered. Through an analysis of the effects of nanoparticle reinforcement, this
study aims to address these significant issues. Wear tests were used to assess how the material behaved under
different circumstances, and the Al 7050 alloy’s wear resistance was significantly increased, when WC nanoparticles
were added. This reinforcement not only extends the lifetime of mechanical components but it also helps to achieve
the broader goal of creating sustainable engineering solutions. Optimization, which was guided by the Taguchi-

based design of experiments and had the dual goals of reducing frictional force (Fr) and specific wear rate (Swr), was
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a significant part of the study. It was demonstrated by the very encouraging results, that an appropriate set of
optimal parameters can significantly reduce wear and friction, which can improve engineering applications.
Additionally, machine learning techniques—more specifically, ANNs and linear regression—were applied to
forecast Swr and Fr. These models provided a data-driven approach to material reaction prediction without a great
deal of testing. The artificial neural network (ANN) model exhibited remarkable overall accuracy of 85.81%,
indicating its capacity to offer accurate and efficient techniques for the estimation of wear and friction properties.
Altogether, this work validates the potential of Al 7050/WC composites to increase wear resistance and to reduce
friction, and it marks a major advancement in materials science and engineering technology. The optimization of
input parameters and the use of machine learning models can be very beneficial for researchers and engineers.
These techniques provide more reliable, efficient, and sustainable engineering solutions for a range of industries. ©

2024, Scibulcom Ltd.. All rights reserved.

Author keywords

Artificial Neural Network; linear regression; optimization; weaanalysis; wear prediction

Sustainable Development Goals @ v
SciVal Topics ® v
Metrics 1%
References (12) View in search results format >

NI

BibTeX export v (@ Print X E-mail % Save to PDF

Create bibliography

L1 Shanmugapriya, Sivamaran, V., Padma Rao, A., Senthil Kumar,
P., Selvamani, S.T., Mandal, T.K.

Sol—gel derived Al,O3/Gr/HAP nanocomposite coatings on
Ti—6Al—-4V alloy for enhancing tribo-mech properties and
antibacterial activity for bone implants

(2022) Applied Physics A: Materials Science and Processing, 128 (8), art. no.
635. Cited 13 times.

http://www.springer.com/materials/journal/339

doi: 10.1007/s00339-022-05784-7

View at Publisher

L1 2 L6pez-Ojeda, L., Vargas-Gutiérrez, G.

High wear resistance and better pitting corrosion resistance
of AISI 316L stainless steel by a self-protective oxy-
nitrocarburizing paste (Open Access)

(2022) Journal of Materials Research and Technology, 16, pp. 1803-1813. Cited
5 times.
http://www.elsevier.com/journals/journal-of-materials-research-and-
technology/2238-7854

doi: 10.1016/j.jmrt.2021.12.118

View at Publisher

47



Sardar, S., Karmakar, S.K., Das, D.

High stress abrasive wear characteristics of Al 7075 alloy
and 7075/Al,03; composite

(2018) Measurement: Journal of the International Measurement
Confederation, 127, pp. 42-62. Cited 64 times.
doi: 10.1016/j.measurement.2018.05.090

View at Publisher

Naik, P, Acharya, S.K., Sahoo, P, Pradhan, S.

Abrasive wear behaviour of orange peel (biowaste)
particulate reinforced polymer composites

(2021) Proceedings of the Institution of Mechanical Engineers, Part J: Journal
of Engineering Tribology, 235 (10), pp. 2099-2109. Cited 21 times.
http://pij.sagepub.com/content/by/year

doi: 10.1177/1350650121991412

View at Publisher

Ikubanni, P.P.,, Oki, M., Adeleke, A.A., Agboola, O.O.

Optimization of the tribological properties of hybrid
reinforced aluminium matrix composites using Taguchi and
Grey's relational analysis

(2021) Scientific African, 12, art. no. e00839. Cited 34 times.

https://www.journals.elsevier.com/scientific-african

doi: 10.1016/j.sciaf.2021.e00839

View at Publisher

ZHANG, X.-M., CHEN, Z.-Y., LUO, H.-F., ZHOU, T., ZHAOQO, Y.-L., LING, Z.-C.

Corrosion resistances of metallic materials in environments
containing chloride ions: A review

(2022) Transactions of Nonferrous Metals Society of China (English
Edition), 32 (2), pp. 377-410. Cited 80 times.

https://www.journals.elsevier.com/transactions-of-nonferrous-metals-

society-of-china
doi: 10.1016/51003-6326(22)65802-3

View at Publisher

Hanish Anand, S., Venkateshwaran, N., Sai Prasanna Kumar, ].V., Kumar,

D., Ramesh Kumar, C., Maridurai, T.

Optimization of Aging, Coating Temperature and
Reinforcement Ratio on Biosilica Toughened in-situ Al-TiB,
Metal Matrix Composite: a Taguchi Grey Relational
Approach (Open Access)

(2022) Silicon, 14 (8), pp. 4337-4347. Cited 18 times.

http://www.springer.com/chemistry/inorganic/journal/12633?cm_mmc=AD-

_-Journal-_-PSE10941_V1-_-12633
doi: 10.1007/512633-021—01232-y

View at Publisher

548



L1 s Banerjee, T., Dey, S., Sekhar, A.P,, Datta, S., Das, D.

Design of Alumina Reinforced Aluminium Alloy Composites
with Improved Tribo-Mechanical Properties: A Machine
Learning Approach

(2020) Transactions of the Indian Institute of Metals, 73 (12), pp.
3059-3069. Cited 31 times.
http://www.springerlink.com/content/121470/

doi: 10.1007/s12666-020-02108-2

View at Publisher

19 Panneerselvam, T., Kandavel, T.K., Kishore, P.

Experimental Investigation on Cutting Tool Performance of
Newly Synthesized P/M Alloy Steel Under Turning Operation

(2019) Arabian Journal for Science and Engineering, 44 (6), pp.
5801-5809. Cited 28 times.
https://link.springer.com/journal/13369

doi: 10.1007/s13369-019-03763-4

View at Publisher

L1 10 Kishore, P, Kumar, P.M., Dinesh, D.

Wear analysis of Al 5052 alloy with varying percentage of
tungsten carbide

(2019) AIP Conference Proceedings, 2128, art. no. 040003. Cited 73 times.
http://scitation.aip.org/content/aip/proceeding/aipcp

ISBN: 978-073541870-7

doi: 10.1063/1.5117965

View at Publisher

Ll n Canakei, A., Ozsahin, S., Varol, T.

Prediction of Effect of Reinforcement Size and Volume
Fraction on the Abrasive Wear Behavior of AA2014/B4C,
MMC;, Using Artificial Neural Network

(2014) Arabian Journal for Science and Engineering, 39 (8), pp. 6351-6361. Cited
67 times.

https://link.springer.com/journal/13369

doi: 10.1007/s13369-014-1157-9

View at Publisher

[ 12 Pramod, R., Veeresh Kumar, G.B., Gouda, P.S.S., Mathew, A.T.

A Study on the Al,O3 reinforced Al7075 Metal Matrix
Composites Wear behavior using Artificial Neural Networks
(Open Access)

(2018) Materials Today: Proceedings, Part 2 5 (5), pp. 11376-11385. Cited 51
times.
https://www.sciencedirect.com/journal/materials-today-proceedings
doi: 10.1016/j.matpr.2018.02.105

View at Publisher

L Kumar Sahu, S.; Department of Mechanical Engineering, Veer Surendra Sai
University of Technology, Odisha, Burla, India; email:santhoshsahu5248@gmail.com 549
© Copyright 2024 Elsevier B.V., All rights reserved.



1ofl A Top of page

550



About Scopus

What is Scopus
Content coverage
Scopus blog
Scopus API

Privacy matters
Language

BAFERERTS S
BEEIRFIRE
BRZERFURA

MpocMOTp BEpCUM Ha PYCCKOM Si3blKe

Customer Service

Help
Tutorials

Contact us

ELSEVIER

Terms and conditions 1  Privacy policy 7 Cookies settings

All content on this site: Copyright (© 2025 Elsevier B.V. 7, its licensors, and contributors. All rights are reserved, including those for
text and data mining, AI training, and similar technologies. For all open access content, the relevant licensing terms apply.
We use cookies to help provide and enhance our service and tailor content.By continuing, you agree to the use of cookies 7.

551



ScienceDirect

Ceramics International
Volume 50, Issue 21, Part A, 1 November 2024, Pages 41472-41482

Influence of Nb>* and La>* ions on physical properties of the
quaternary TeO,-Zn0O-Nb,05-La,03 glass system

V. Kamalaker 9, N. Chanakya b 1. Hema Madhuri ®, N.Jahangeer ¢, M. Maheshwar Reddy €, Ch. Ramesh d P Muralikrishna ¢, G. Upender b O =

Show more v

o Share 99 Cite

https://doi.org/10.1016/j.ceramint.2024.07.463 7

Get rights and content 7

Abstract

Quaternary based tellurite glasses in the composition 75Te0,-10Zn0-(15-x)Nb,05-xLa;03 (0<x<9mol%) were synthesized through
the melt-quenching method. X-ray diffraction (XRD), Energy dispersive X-ray (EDX) alongside color mapping images, X-ray
photoelectron spectroscopy (XPS), Fourier transform infrared (FTIR), Raman, Differential scanning calorimetry (DSC), UV-Vis
absorption and DC conductivity studies were carried out to comprehend the influence of both Nb>* and La3* ions on the structural
dependent properties of the glasses. Both XRD and DSC patterns have affirmed the amorphous nature of all the glasses. XPS studies
asserted the stable oxidation states of all the constituent elements of the glasses. The Raman and FTIR analyses emphasized that
the TZNL glasses are comprised of TeO3, TeO3.1, TeO4 and NbOg units. The DSC analysis disclosed that the inclusion of La;03 content
in the place of Nb,05 has improved the thermal stability (AT) of the glasses and also prevented the crystallization. DSC studies
affirmed that these glasses have exhibited higher thermal stability, suggesting that these glasses might useful for optoelectronic
devices and optical fiber drawing applications. The optical band gap (E,p¢) and Urbach energy (AE) of these glasses were observed
to be non-linearly varied with the addition of La;03 content. DC conductivity (o) was observed to be decreased and the activation
energy (E,.t) was found to be increased with increasing La;03 content.

Introduction

In the modern world of science and technology, the tellurite (TeO,) glasses have drawn the wide attention due to their high
refractive indexes (n>2.0), high infrared transmittance including in the near IR region of the spectrum (0.35-6um) [1,2], low
phonon energy and high chemical durability [3], the possibility of varying the compositions of the glass within wide limits, and
higher solubility of the cations of rare-earth elements in comparison to B,03, P,O5 and SiO, glasses. These characteristics of TeO,
based glasses have rendered them promising candidates for optical fiber, lasers and optical amplifier devices [4]. The main
drawback of TeO, glasses is the low glass transition temperature (Tg) of 290°C which prevents its usage in suitable applications.
This can be partially eliminated by adding the high-melting oxides, like ZnO, Nb,05 and WO3 etc. to TeO, [5,6]. Hence, several
attempts were made to improve T, of TeO, based glasses. Importantly, TeO,-ZnO glasses have been extensively investigated for
their technological importance by reducing the optical band gap, and raising the refractive index [7]. Also, it was found that the
inclusion of Nb,05 to TeO, based glasses makes the glass to improve the vitrification and to increase the refractive index [8]. In the
literature, the numerous spectroscopic investigations have been reported on TeO,-Bi;0-ZnO, TeO,-Nb,05-Bi;03, and TeO,-TiO,-
Nb,Os5 glasses [[9], [10], [11]].

Importantly, La;O3 containing glasses have drawn the attention of researchers because of their significant usage as electrical,
luminescent and laser materials. As compared with Li*, Na*, K* and Mg?*, Ca*, Sr2*, Ba®* ions etc., rare-earth (RE) ions with higher
cationic field strengths [12] can effectively suppress the devitrification of the glass and also increase the glass transition
temperature (Tg) as well as the chemical stability [13]. Therefore, the RE ions are widely introduced to improve the properties of
the glass, among which La;05 is the most common RE oxide. The incorporation of La3* ions into TeO, based glass network
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increased the optical band gap (E,pt) and reduced the refractive index (n) [14]. On contrary, for ZnO-B,03 [15] and B,03-CoO [16]
glasses, it was found that the addition of LayO3 reduced the ‘Ep¢’ and increased the ‘n’.

In view of the above, we made an investigation in the present glass system TeO,-ZnO-Nb;0s-La;05 to increase Ty and to modify the
optical properties like optical band gap (Eqp¢) and refractive index (n) by varying heavy metal oxide Lay03 in the place of Nb,Os. The
inclusion of these oxides to TeO,-ZnO composition might provide a new glass system that might exhibit high thermal stability and
chemical resistance as compared with other well-known TeO, glasses. Furthermore, the incorporation of heavy metal oxides like
Nb,0O5 and La;03 could suppress the tendency of the glass towards the crystallization thereby enhances the thermal stability of
these glasses.

Hitherto there is no particular investigations were carried out on TeO,-Zn0O-Nb,05-La;03 glass system and also the correlation
between the physical and spectroscopic properties of these glasses. For this reason, we found it is interesting to carry out the
influence of La;03 on the structural, thermal, optical and electrical properties of niobium zinc tellurite glasses.

Section snippets

Experimental methods

The glasses with composition 75Te0,-10Zn0-(15-x)Nb,05-xLa;03 (x=0, 3, 5, 7 and 9mol%) were prepared by the melt quenching.
The detailed compositions of the prepared samples together with their codes are given below.TZNL1:
75Te0,-10Zn0-15Nb,05TZNL2: 75Te0,-10Zn0-12Nb,05-3La;03TZNL3: 75Te0,-10Zn0-10Nb,05-5La,03TZNLA4:
75Te0,-10Zn0-8Nb,05-7La;03TZNL5: 75Te0,-10Zn0-6Nb,05-9La,03

All the chemicals purchased from Sigma-Aldrich with 99.9% purity were used for the sample preparation. The details of ...

X-ray diffraction

Fig. 1 clearly demonstrates the crystal free XRD patterns of TZNL1, TZNL3 and TZNL5 glasses since these exhibited a characteristic
broad hump in between 20 and 30° for 26, arguably indicating the vitreous nature of the understudied glasses. The observed
patterns were found to be consistent with the previous literature [17,18]. ...

Energy dispersive X-ray spectra (EDX)

Recording EDX spectra is of essence to verify the purity of the chemical composition of the prepared glasses and it is illustrated in
Fig. 2a-c for a typical TZNL1, TZNL3 ...

Conclusions

New and transparent tellurite glasses with composition 75Te0,-10Zn0-(15-x)Nb,05-xLa;03 (x=0, 3, 5, 7 and 9mol%) were
prepared by the melt quenching. The measured BEs verified that TZNL glasses explicitly contain Te, Zn, Nb, La, and O elements
along with their most stable oxidization states. FTIR and Raman analysis clearly suggests the progressive formation of TeO3.1/TeO5
units at the expense of TeO4 units with increasing La;03 content. The structural alterations resulting from the formation ...
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Restoration of Magnetic Order in Heavy Metal Doped Spin Glass
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A systematic evolution of 4d-element triggered restoration of long-range magnetic order in a spin glass compound Mny 7Fey sNiGe,
Mny 7Fep.5_,Rh,NiGe, will be reported in detail with the help of x-ray diffraction, bulk magnetization and ac-susceptibility
measurements. The variation of lattice parameters, Mn-Mn bond lengths in the ab-plane and along c-direction with x will be
determined by analysing the room temperature x-ray diffraction patterns, complying with NizIn-type hexagonal structure. In
order to uncover the type of spin-glass behaviour, the frequency-dependent ac-susceptibility cusp and relative shift in the freezing
temperature will be analysed. Sherrington-Kirkpatrick criterion will be employed to understand the magnetic correlations with
increasing Rh concentration. Origin of ferromagnetism in x = 0.3, possible exhibition of exchange bias (field cooled or zero-field
cooled) in spin glass compounds of the series will be examined. Additionally, the effect of hydrostatic pressure on the spin-glass
compounds will be investigated with an intent to restore the ferromagnetism by affecting the Mn-Mn distance.

Index Terms—Magnetism, Heusler alloys, spin-glass, exchange bias, hydrostatic pressure

I. INTRODUCTION

ESTORATION OF hidden/masked/clustered long-range
magnetic order, using non-thermal external perturbations
is always a thought-provoking subject in condensed matter
physics. Loss of magnetism in an alloy with constituent
magnetic elements can be routed from the screening of spins
by the conduction electrons, formation of clusters, deficit
of exchange interaction strength, disordered spins due to
thermal fluctuations, prevention of magnetic order due to
large frustration parameter, correlated phase transition at the
quantum critical point, etc. Such hidden, otherwise masked,
magnetism may be restored with the help of external non-
thermal perturbations such as magnetic field H, pressure p
and substitution x. The tuning of atomic/magnetic interactions
through chemical pressure (i.e., replacement of constituent ele-
ment with a different magnetic/non-magnetic element), limited
to the solvability level though, is a commonly practiced means.
Heusler alloys have continued to be on the frontline re-
search for their multi-functional properties such as shape
memory effect, large magnetocaloric effect, exchange bias,
negative thermal expansion, spintronics, spin-filters etc. Some
of these are reported to show complex magnetic behavior
with various magnetic ground states such as ferromagnetic,
antiferromagnetic, ferrimagnetic, coexistence of two magnetic
phases, short-range order such as spinglass, magnetic glass
and re-entrant spin glass. Though, many potential compounds
have resulted from the interchanging of 3d-transition metals,
recently heavy metal (Rh and Pt) based Heusler compounds
have been reported to be a good fertile for the technological
applications by showing large spontaneous exchange bias [1]
and skyrmion characteristics [2].
Our present study aims to outline the evolution of struc-

tural transformation and long-range magnetic order with in-
crease of Rh concentration for Fe in a spin glass compound
Mny 7Feg 3NiGe and manifestation of short-range magnetic
correlations. Complete replacement of Fe by Rh resulted in a
long-range ferromagnetism with a saturation magnetic moment
of about 2.18 up/f.u.

II. EXPERIMENTAL METHODS

Polycrystalline Mng 7Feq 3_,Rh,NiGe with nominal com-
positions of x ranging from 0 to 0.3 are prepared by arc melting
the constituent elements (of at least 4N purity) in Argon gas
flow-environment. Room temperature x-ray diffraction patterns
are recorded on powder specimens using Cu-K, radiation.
Magnetization as a function of temperature and magnetic
field is measured using 70 kOe-SQUID-Vibrating Sample
Magnetometer down to 2 K and in fields up to 70 kOe. The
measurements were taken both in zero-field-cooled warming
(ZFC) and field-cooled-warming (FCW) methods where ZFC
and FCW carry their usual meaning.

III. RESULTS AND DISCUSSION

MnNiGe exhibits a martensitic transition from NisIn-
hexagonal (P63/mmc) to TiNiSi-type orthorhombic (Pnma)
structure below 470 K [3]. In addition, paramagnetic to
antiferromagnetic (canted-spin structure) transition at 346 K
(Tﬁ\{[) and to a ferromagnetic austenite transition (Té) at
205 K are reported [4]. A large difference of about 140 K
between T and T§ creates a room to tune the magnetic
and structural properties of MnNiGe. Recent report by Liu et
al. [5] reveals that the gradual replacement of Mn by Fe i..e.,
Mn; _,Fe,NiGe helps to establish NisIn-type hexagonal struc-
ture down to 2 K and enhances the ferromagnetic interactions.
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Fig. 1. ZFC (partly filled squares and circles) and FCW (continuous red line)
M-T of Mng 7Feg 3NiGe (x = 0) and Mng.7Rhg.3NiGe (x = 0.3). x = 0:
M-T exhibits a peak around T = 82.8 K before falling sharply to an almost
zero magnetization value, resembling a spin-glass-like behaviour. x = 0.3: M-
T shows a sharp rise below 120 K before reaching an almost temperature
independent behavior, depicting a typical ferromagnetic behaviour.

Nevertheless, the competing magnetic interactions resulted in
a spin-glass like state for the compositions above z ~ 0.26.
Though earlier study reports ferromagnetism in x = 0.3 [6], a
systematic evoluation of magnetic interactions with increasing
Rh concentration is unaccounted for in the literature.

Fig. 1 shows the temperature dependent ZFC and FCW
magnetization curves of two end compositions of the series
Mny 7Feq 3—,Rh,;NiGe i.e., x =0 and 0.3. x = 0 exhibits a peak
at about 80 K and a down-turn of magnetization to an almost
zero magnetic moment value along with a large bifurcation
between ZFC and FCW. This behaviour resembles the spin-
glass like nature. On the other hand, x = 0.3 exhibits a sharp
rise below 120 K and saturation at low temperatures, indicat-
ing ferromagnetic behaviour. Fig. 2 shows the magnetization
isotherms from O to 70 kOe measured at 2 K. M-H shows
non-saturating behavior for x = 0 as expected for spin-glass
compounds while x = 0.3 exhibits saturation above 13 kOe,
inferring to soft-ferromagnetic behaviour.

IV. SUMMARY

In the full paper, we discuss the systematic effect of
heavy 4d-metal Rh substitution on the spin glass behavior of
Mny 7Feq 3NiGe using the combined results of x-ray diffrac-
tion, dc-magnetization and ac-susceptibility measurements. At
room temperature, all the compounds are found to crystallize
in NigIn-type hexagonal austenite structure. The austenite
high-temperature paramagnetic to low-temperature spin-glass-
like transition is observed for x = 0, 0.1 and 0.2. A long range
ferromagnetic ordering is achieved upon complete replacement
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Fig. 2. M-H isotherms at 2 K. x = 0: M-H exhibits neither linear nor saturating
nature even in an applied field of 70 kOe. Non-saturation along with hysteretic
behaviour indicates spin-glass-like nature. x = 0.3: M-H increases sharply and
linearly up to a technical saturation magnetic field of about 13 kOe and attains
magnetic saturation in higher fields.

of Fe by Rh. Importantly, the spin-glass compounds are
expected to show spontaneous exchange bias i.e., in zero-field
cooled mode, because of inherent competing interactions.
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ARTICLE INFO ABSTRACT

Keywords: Constructing the room temperature (RT) based semiconductor gas sensors is pivotal for its commercialization. In
Gas feﬂsors this investigation, four well-known tungstate based CuWO4 ZnWO,, CAWO4 and SnWO, nanomaterials were
Semiconductors prepared by the hydrothermal method. These materials were characterized by XRD, FESEM, TEM, EDX, DFT, BET
g’:;t\;i(l):ungsmes surface area, XPS, FTIR and UV-Vis DRS. The selectivity alongside the response of these compounds were tested

by sensing gases like 1-butanol (C4H;¢0), acetone (C3HgO), ethanol (C2HgO), benzene (CgHg), toluene (CeHsCHg)
and xylene (CgHjp). The gas sensing studies performed on these compounds conclusively disclose that these
sensors have adequate sensitivity and response to detect the tested gases at RT. Among these compounds, owing
to unique crystal structure a-SnWO4 sensor exhibits an enormous selectivity with a response of 12.32 towards the
detection of toluene and the detection limit is 5 ppm. Compared to the other compounds, ShWO4 offers the
shortest conducting pathways viz. O-Sn-O-Sn/O-W-O-W-O which facilitated the effective charge transport for

Toluene and chemoresistance

sensing toluene gas at RT.

1. Introduction

An upsurge in the economic growth resulted from the rapid rate of
industrialization have led to the extensive emission of toxic, flammable
and volatile organic compounds (VOCs) like toluene, xylene, benzene, 1-
butanol, ethanol and methanol etc. [1,2]. As a consequence, an imbal-
ance occurs in the climate which is extremely harmful to the health of
living beings. The VOCs are found to be used excessively in wood
furniture, paints, varnishes, adhesives and cosmetics etc. [3]. Never-
theless, the prolonged exposure to the above-mentioned gases even at
very low concentrations (ppm) may affect the vital internal organs and
eventually causes various cancers [4,5]. Among VOCs, the toluene (up to
200 ppm) inhalation may cause skin irritation, lacrimation, irregular
heartbeat, dementia, ataxia, insomnia and various neurologic deficits
[6]. A short time exposure to the toluene above 200 ppm may cause
drowsiness, headache, nausea, visual impairment and many more to
quote and even a continuous exposure with a high ppm level may lead to
death also [7]. Therefore, it is the most pressing requirement of the
present time to detect this gas and warn the living beings in the

* Corresponding author.
E-mail address: upenderg@osmania.ac.in (G. Upender).

https://doi.org/10.1016/j.sna.2024.115094

industries surroundings in order to reduce the threat from this gas. To
detect these gases, the various techniques like gas chromatography,
laser absorption spectroscopy and gas sensors were developed [8,9].
Nonetheless, the gas sensors based devices have been considered as
promising to detect these gases because of its flexibility, inexpensive,
light-weight, portable and less power consumption [10]. At present, the
gas sensors based on semiconductor metal oxides (SMO) have been
drawing the wide attention of researchers.

Tungstate based SMO’s have potential applications in photo-
luminescence, optical fibres, scintillators, photocatalysts, lithium-ion
batteries, solar cells, gas sensors and supercapacitors etc. [11] because
of their significant physical, chemical, electrical and optical properties.
Among tungstate groups, CuWOy (indirect band gap, 2.2 eV), ZnWO4
(direct band gap, 3.91 eV), CdWO4 (indirect band gap, 3.27 eV) and
SnWOy (indirect band gap, 2.1 eV) have been well studied for several
applications because of their functional properties [12-15]. Impor-
tantly, these are cost-effective, high chemical stability and non-toxic. It
should be noted that all of these compounds are n-type semiconductors
(SC). CuWOy4, ZnWO4 and CAWO4 have common wolframite structure

Received 7 November 2023; Received in revised form 19 January 2024; Accepted 30 January 2024
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Fig. 1. Schematic of the synthesis of CuWOj,.

and thus preferred in this study. These compounds are capable of con-
verting Oy to O3 at RT which is crucial for detecting the gases at RT.
Especially much attention has been devoted to SnWO4 (stannous tung-
state) compound because of its structural versatility viz., a-SnWO4 and
B-SnWO4 [16]. But the former is more stable at temperature < 670 °C
and the latter is highly stable at temperature > 670 °C so the phase
transition occurs at 670 °C [16]. Keeping in view the potential appli-
cations of a-SnWO, than that of B-SnWO,, the former compound is
preferred in this study.

The literature survey has clearly shown that limited reports are
available on the gas-sensing properties of individual CuWO,4, ZnWOy,
CdWO4 and SnWO4 compounds and essentially no proper study was
available towards the gas sensing applications using these semi-
conducting compounds. The gas sensing response measured through
chemoresistance of any compound semiconductor is also a function of
the conducting pathway and electron density of these compounds. It is
noteworthy that even though all the compounds have the same
compositional formula i.e. MWO,4 (M = divalent metal cation) but their
functional properties are significantly different owing to their unique
crystal structure along with their cation/anion orientations. Particularly
SnWO4 has unique crystal structure among these four compounds.
Therefore, a detailed study on these compounds is essentially required to
further examine the gas sensing performance of these compounds. Apart
from this, hitherto no report is available in the literature on the toluene
gas sensing at RT by these compounds. Based on the aforesaid consid-
erations, we have undertaken the present study to thoroughly investi-
gate the gas sensing properties of these compounds at RT as an operating
temperature and also to study the influence of various parameters on
their gas sensing behavior. Their properties were studied by XRD, FE-
SEM, TEM, BET, XPS, FTIR, DFT and UV-Vis DRS and the proper gas
sensing mechanism is also discussed in detail.

2. Experimental section

The following chemicals used in the present study are analytical
grade and utilized without any further purification and purchased from
S.D. Fine-Chem. Ltd. Copper (II) nitrate trihydrate (Cu(NO3);.3H20),
Zinc (II) chloride dihydrate (ZnCly. 2H50), Cadmium chloride mono-
hydrate (CdCly-H20), Tin (II) chloride dihydrate (SnCly.2H20) and

Sodium tungstate dihydrate (NaaWO4.2H20).

2.1. Synthesis of MWO4 (M= Cu, Zn, Cd and Sn)

The hydrothermal method was employed in the synthesis of MWO4
(M= Cu, Zn, Cd and Sn) compounds. As shown in Fig. 1, at the beginning
the stoichiometric amounts of Cu(NOs3)2.3H20 and NayWO4.2H,0 were
dissolved separately in double distilled (DD) water under constant stir-
ring on magnetic stirrer. Then Na;WO4.2H,0 solution was slowly mixed
drop after drop with Cu(NO3),.3H,0 solution under constant stirring. At
this time the pH of this resultant solution was adjusted to 8.5 by adding
NaOH solution and stirred continuously for 1 h. Thereafter, the obtained
solution was shifted into Teflon-lined steel autoclave (100 ml) and
heated at 180 °C for 24 h. Now, this mixture was brought down slowly
to RT and this final precipitate was shifted to a beaker, washed with DD
water, and ethanol for several times. Later, this was dried at 80 °C for
overnight and then ground it into a fine powder. Likewise, the above
procedure was adopted to synthesize ZnWO4 and CdWO4 compounds
except the pH 7 was maintained. However, CuWO,4 powder was calci-
nated at 500 °C for 3 h to get the final phase of this compound.

2.1.1. Synthesis of SnWO4

In order to synthesize SnWO,, firstly the calculated individual
amounts of SnCl,.2H,0 and NayWO4.2H,0 were dissolved in HCl and
DD water, respectively under constant stirring. Secondly,
NapyWO04.2 Hy0 solution was added drop by drop to SnCl,.2H,0 solution
under continuous stirring for 30 min, thereafter ethylene glycol was
slowly added to this mixture whose pH was adjusted to 7 by adding
NaOH solution. Thirdly, this solution was poured into Teflon-lined steel
autoclave (100 ml) and kept in an oven at 180 °C for 24 h, subsequently
the resultant mixture was naturally cooled down to RT. Then the pre-
cipitate was washed with DD water as well as ethanol for several times
and dried at 80 °C. Lastly, it was ground into fine powder then calci-
nated at 300 °C for 3 h. Hereafter, CuWOy4, ZnWOQO4, CAWO4 and SnWO4
are referred to as CuW, ZnW, CdW and SnW, respectively.

2.2. Characterization techniques

The powder X-ray diffraction (XRD) patterns of these compounds
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Fig. 2. XRD patterns of CuW, ZnW, CdW and SnW compounds.

were recorded in the scan range 10 to 80° (20) on Rigaku MiniFlex 600
X-ray diffractometer with a Cu K, radiation source (A = 1.5406 i\).
Fourier Transform Infrared (FTIR) spectra were recorded in between
500-1200 cm ™! by IR prestige (Shimadzu, Japan) using KBr pellet
method. UV-Vis diffuse reflectance spectra (DRS) of the compounds
were recorded in the range 200-800 nm at RT using a JASCO V650
UV-VIS spectrophotometer in absorption and reflection mode wherein
BaSO,4 was used as reference. The morphology and elemental composi-
tions of the compounds were investigated with field emission scanning
electron microscope (FESEM, Carl Zeiss Evo 18). High resolution
transmission electron microscopy (HRTEM) images were recorded using
JEM — 2100 Plus Electron Microscope. The X-ray photoelectron spectra
(XPS) were carried out on Thermo Scientific K-ALPHA spectrometer

Sensors and Actuators: A. Physical 368 (2024) 115094

using Al K, radiation (1486.6 eV). The surface area of these compounds
was recorded using the BELSORB II instrument from the N3 adsorption-
desorption at liquid nitrogen temperature and the surface areas were
measured using Brunauer-Emmett-Teller (BET) technique. The details of
“density functional theory (DFT)” calculations are presented in Elec-
tronic Supplementary Information (ESI).

2.3. Gas sensor preparation

Firstly, a square glass substrate of 2.5 cm was ultrasonicated in DD
water then in acetone for 30 min each, subsequently dried in the air.
Secondly, the required amount of the gas sensing compound was added
with few drops of ethylene glycol and ground for an hour to make fine
paste. Thirdly, this paste was uniformly coated on the glass substrate and
dried at 80 °C. Finally, silver paste was applied on both edges of glass
substrate to form electrodes and heated at 200 °C for 3 h. The gas
sensing activity of the understudied sensors was evaluated on the basis
of “the chemoresistance phenomenon” with the help of Keithley 6517B
electrometer. The gas sensing kit is shown in ESI (Fig. S1). Using a digital
humidity controller (Humitherm, India), the relative humidity in the
sensor chamber was measured (60%) and then respective gas was
purged into the gas chamber. Consequently, the chemoresistance of the
respective sensor was recorded.

3. Results and discussion
3.1. XRD

The RT powder XRD of hydrothermally derived CuW, ZnW, CdW and
SnW compounds were recorded to study with regard to their phase
purity and crystallinity. The recorded XRD data of each compound is
depicted in Fig. 2. The CuW exhibited its typical peaks at 20 = 15.3°,
19.1°, 28.7°, 30.1°, 31.6°, 32.1° and 55.6° which are matched with their
corresponding Bragg’s crystal planes (010), (100), (1-1-1), (111),
(020), (—111) and (1-11) respectively [17]. The CuW consists of
triclinic (anorthic) unit cell whose space group is P1 (JCPDS card No
88-0269) [17]. The lattice parameters of CuW are a = 4.7044 A, b

<
3
+
A

C
g

\s)

-
%8

Fig. 3. Unit cells (VESTA view) of (a) CuW, (b) ZnW, (c) CdW and (d) SnW compounds.
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Fig. 4. FESEM images of (a) CuW (b) ZnW (c) CdW (d) SnW (e) EDX spectra of SnW and (f) wt% of Sn, W and O.

= 4.8756 }D\, ¢ =5.8362 A and it has 2 formula units [18]. The Bragg
peaks of ZnW positioned at 19.0°, 23.8°, 24.5°, 30.6°, 36.3°, 41.2°,
48.6°, 51.8°, 64.5° and 71.4° which are correlated to (100), (011),
(110), (111), (002), (121), (220), (—202), (—311) and (041) respec-
tively. The obtained diffraction patterns of ZnW were observed to be in
accordance with the monoclinic phase of ZnW (JCPDS card No.
15-0774) together with space group P2/c and it has 2 formula units
[19]. The lattice parameters of ZnW are a = 4.702 ;\, b =5.718 f\, ¢
= 4.93 A [20]. The CdW displayed XRD peaks at 15.26°, 17.76°, 23.46°,
29.13°,29.72°, 30.64°, 35.51°, 47.57°, 50.28°, 51.67° which are clearly
correlated with their corresponding Bragg planes of (010), (100), (110),
(—111), (111), (020), (002), (022), (—202) and (221) respectively. The
observed XRD patterns indicate that CdW is crystallized in monoclinic
lattice with wolframite structure with space group P2/c (JCPDS card No.
14-0676) [21]. The lattice parameters of CdW are a = 5.0595 [o\, b
= 5.8668 Z\, ¢ = 5.0762 A and it has 2 formula units [22]. The charac-
teristic peaks of SnW positioned at 20 = 15.2°, 25.0°, 28.3°, 30.6°, 32.7°,
35.9°, 53.1° and 60.0° are indexed to crystal planes (020), (111), (121),
(040), (210), (002), (161) and (123). The appeared peaks confirm that
the prepared SnW has grown in the orthorhombic crystal structure
together with ‘e’ phase whose space group is Pnna (JCPDS card No.
29-1354) and it has 4 formula units [23]. The lattice parameters are a
=5.627 A,b=11.649 A, c = 4.997 A [24]. It is well-established fact in
the literature that a-SnW (a-SnWO,) phase is thermodynamically more

stable at lower temperature than $-SnWOg4. The cell volumes of CuW,
ZnW, CdW and SnW are 132.86, 132.54, 150.68 and 327.54 A%,
respectively. The diffraction patterns observed for CuW, ZnW, CdW and
SnW are found to be well correlated with the literature. The intense
diffraction peaks seen in Fig. 2 clearly indicate the high crystallinity of
these compounds. Moreover, the absence of the additional peaks
asserted that all the compounds have grown in the single phase only.
Especially, a-SnW is free from quite dominant phases of SnO, SnO; and
WO3. The average crystallite size of all the compounds were computed
by considering the full width at half maximum (FWHM) of the highest
intense Bragg peak using the below Debye-Scherrer’s formula.

b 091

" peosd M

where D is an average crystallite size, A is X-rays wavelength, p is FWHM,
0 is diffraction angle of the crystal plane in radians [25]. The average
crystallite size of CuW, ZnW, CdW and SnW were estimated to be 39, 14,
25 and 12 nm, respectively. The unit cells, drawn by VESTA, of CuW,
ZnW, CdW and SnW are presented in Fig. 3.

3.2. FESEM, TEM and surface area analysis

Since the surface morphology have critical impact on electrical,
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Table 1
EDX elemental analysis of CuW, ZnW, CdW and SnW.
Cuw ZnW Cdw SnW
Element wt% Atom% wt% Atom% wt% Atom% wt% Atom%
w 53.13 12.99 43.60 8.60 50.38 14.78 49.98 18.88
(0] 25.62 71.98 35.20 79.60 21.25 71.62 13.80 59.92
Cu 21.25 15.03 - - - - - -
Zn - - 21.20 11.80 - - -
Ccd - - - - 28.37 13.61 - -
Sn - - - - 36.22 21.19

Fig. 5. Elemental colour mapping images of SnW.

optical, and gas-sensing behaviour, thus, morphology of the compounds
are included here and were examined with FESEM. Fig. 4(a-d) shows the
surface morphology of CuW, ZnW, CdW and SnW. It can be seen that
both CuW and SnW compounds are composed with nanospheres of
varied sizes whereas both ZnW and CdW compounds are made of
nanorods of varied sizes. As shown in Fig. 4(a-d), CuW has more
agglomerated nanospheres grown like cauliflower as compared to SnW,
on the other hand, ZnW and CdW have exhibited a compact arrangement
of nanorods. The elemental analysis, EDX spectra, recorded on typical
SnW is illustrated in Fig. 4(e) which explicitly demonstrates the exis-
tence of Sn, W and O elements only whose respective wt% is displayed in
Fig. 4(f). No impurities were noticed during the EDX scan, asserts that
SnW has formed in its pure form. This is also true for CuW, CdW and
ZnW. In addition, the wt% and atomic% of Cu, Zn, Cd and Sn, W and O
are presented in Table 1. The color mapping images of a typical SnW
(Fig. 5) were also recorded not only to check Sn, W and O distribution
but also to examine the presence of impurities. The green (Sn), blue (W)
and red (O) color spots noticed in all the images clearly signifies that
these elements exits homogeneously, uniformly and equally distributed
throughout SnW compound and is necessary for obtaining reliable and
repeatable gas sensing activity.

TEM images and its selective area electron diffraction (SAED) pat-
terns together with lattice spacing of CAW and SnW compounds were

recorded and depicted in Fig. 6(a-d). The CAW consist of nanorods with
an average diameter 25-40 nm. Similarly, the SnW contains nano-
particles with an average diameter 12-15 nm. Fig. 6(c,d) display the
SAED patterns of CAW and SnW corresponding to (100), (—111), (002),
(022), (221) and (111), (040), (051), (331) crystal planes, respectively.
In addition, Fig. 6(e-f) depicts HRTEM image wherein the lattice fringes
of (100), (—111), (022) crystal planes of CAW and (111), (040), (051)
crystal plane of SnW were observed and their respective lattice spacing’s
are estimated to be 0.51, 0.32, 0.19 nm and 0.36, 0.28, 0.21 nm. In
addition, the high resolution FESEM images of CuW and ZnW are also
incorporated in ESI (Fig. S2).

Fig. 7 presents the BET adsorption-desorption isotherms of CuW,
ZnW, CdW and SnW compounds and BET surface area of these com-
pounds are respectively measured to be 20.4, 19.6, 17.8 and 24.2 m?/ g,
suggesting that SnW has slightly high surface area than the remaining
compounds. The more surface area of SnW is ascribed to the less
agglomeration of nanospheres than that of CuW. Also, this observation is
consistent with FESEM image analysis.

3.3. X-ray photoelectron spectroscopy (XPS)

The binding energy (BE) of the elements presented in all the com-
pounds were evaluated with reference to BE of C 1s (284.68 eV) [26].
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Fig. 6. TEM images and SAED patterns of CdW (a,c) and SnW (b,d) and HRTEM images of CdW (e) and SnW (f).

Fig. 8(a-d) illustrates the survey spectra of CuW, ZnW, CdW and SnW,
respectively. The respective BE positions with regard to the elements of
CuW, ZnW, CdW and SnW compounds are manifestly suggests that no
impurity elements are present except the chemical elements belonging
to these compounds. Thus, XPS analysis has testified the purity of all the
compounds. Fig. 9(a) is the high resolution (HR) XPS of Cu 2p wherein
BE peaks occurred at 935.5 and 955.1 eV because of Cu 2p3, and Cu
2pi1,2 respectively, suggesting Cu (+2) chemical state. Besides, the
appearance of satellite peaks at 943.1, 949.1 and 962.7 eV also clearly
substantiate the +2 chemical states of Cu ions [27,28]. Fig. 9(b) presents
HR XPS of Zn 2p in which the two intense peaks positioned at 1021.6

and 1044.8 eV are attributed to Zn 2ps/» and Zn 2p;/y respectively,
asserting +2 chemical state of Zn [29]. The HR XPS of Cd 3d is depicted
in Fig. 9(c), the appearance of 404.9 and 411.7 eV, respectively origi-
nated from Cd 3ds,z and Cd 3ds/2, confirming Cd (+2) chemical state
[30]. Fig. 9(d) illustrates HR XPS of Sn 3d, it has two BE peaks situated at
490.5 and 498.9 eV, respectively linked to Sn 3ds,5 and Sn 3ds, clearly
avowed the Sn (+2) chemical state [23]. The HR XPS of both W 4f and O
1s were recorded for SnW compound and are shown in Fig. 9(e) and
Fig. 9(f), respectively. Fig. 9(e) contains two BE peaks observed at 39.1
and 41.1 eV respectively ascribed to W 4f;,» and W 4f5,5, obviously
indicates W (+6) chemical state [31]. Fig. 9(f) exhibits BE peaks at 532.8
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Fig. 8. XPS survey spectra of (a) CuW, (b) ZnW, (c) CdW and (d) SnW.
and 534.9 eV are respectively associated with lattice oxygens of
Sn-O/W-0 and chemisorbed oxygens of OH /O3 [32]. The BE’s of W 4f of
CuW, ZnW and CdW and O 1s of CuW, ZnW and CdW are also included

in ESI (Fig. S3). BE’s of all the respective constituent elements of CuW,
ZnW, CdW and SnW compounds are given in Table 2.

3.4. FTIR spectra

FTIR spectra of CuW, ZnW, CdW and SnW compounds (Fig. 10) were

recorded to determine various metal oxygen vibrations together with
type of bonding that are present in these samples. The IR spectrum of
CuW has predominant IR bands which are observed at 467, 538, 588,
713, 808 and 908 cm . The peaks situated at 808 and 908 cm™! could
be assigned to stretching vibration of W-O of WOg octahedra or O-W-O
vibrations. The band at 467 cm™! could be due to Cu-O-W vibrations,
538 and 713 cm ™! are attributed to Cu-O stretching vibrations [28,33,
34]. The band at 588 cm ™ is owing to W-O-W linkages. The ZnW shows
IR bands at 468, 532, 663, 837 and 878 cm~ . The IR bands located at
468 and 532 cm ™! are assigned to in-plane deformation of longer W-O
bonds in WO3 groups [35,36]. The band 663 cm™® is assigned to
Zn-O-W stretching vibrations [37]. The bands at 837 and 878 cm ! are
originated either from W-O symmetric stretching vibrations or from
symmetric stretching of O-W-O in WOg octahedron [38]. All the char-
acteristic absorption peaks of CAW are found to exist in its IR spectrum
(Fig. 10). The peaks positioned at 410 and 460 cm™! are connected to
the in-plane deformation of the WO3" group, the peaks noticed at 521
and 585 cm™! are believed to be originated from Cd-O stretching vi-
brations of CdOg. The peak situated at 717 em ! is associated with W-O
stretching vibrations, the intense peak 835 cm™! is owing to Cd-O-W
stretching vibrations. The strong peak at 889 cm™! is linked to the
symmetric stretching of O-W-O in WOg [21]. FTIR spectra of SnW show
the vibrational bands at 451, 543, 715, 895 and 956 cm~l. The
451 cm™! is attributed to the presence of Sn-O-W linkages. IR band
located around 543 cm™! is assigned to Sn-O stretching vibrations and
the strong IR band about 715 cm™! is originated from W-O stretching
vibrations of (WO(,)Z' octahedron. The 895 and 956 cm ! are linked to
symmetric stretching of W-O-W or O-W-O in WOg groups [24,39].

3.5. UV-Vis diffuse reflectance spectra

To determine the optical properties of CuW, ZnW, CdW and SnW
compounds, UV-Vis DRS measurements were performed as depicted in
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Fig. 9. High resolution XPS spectra of (a) Cu, (b) Zn, (c) Cd, (d) Sn (e) W and
® 0.

Fig. 11 (a-d) and their respective inset images. As illustrated in Fig. 11(a)
(inset), CuW absorption bands lies between 300-530 nm with the center
peak situated at 315 and other bands located at 590 and 785 nm [31].
The main transitions involved are named as the ligand to metal charge
transfer which are hereafter called as LMCT and also due to
metal-to-metal charge transfer which are termed as MMCT [40]. The
valance band (VB) of CuW is mainly resulted from Cu 3d and O 2p or-
bitals while its conduction band (CB) is majorly dominated by W 5d than
the other orbitals such as O 2p, Cu 3d [41,42]. From the earlier reports,
it is understood that Cu 3d orbitals have more energy than O 2p, hence,
Cu 3d orbital appears to be dominant on the top of VB than O 2p [41].
The absorption seen at 315 nm arises from the electronic transitions
from O 2p (VB) to W 5d orbitals (CB) in WOg octahedron. Besides, the
absorption bands at 590 and 785 nm are ascribed to the electronic
transitions from O 2p (VB) to Cu 3d (CB) within CuOg octahedron and
intra-band d-d transitions of Cu®>" ions, respectively. As depicted in
Fig. 11 (b) (inset), ZnW exhibited the prominent bands centered at 291
and 381 nm which show an intense absorption capability over the entire
spectrum [43]. The VB of ZnWOy is constituted with the hybridization of
Zn 4s, W 5d and O 2p orbitals while the CB is composed mainly with the
hybridization of W 5d and O 2p [44]. The absorption bands noticed at
291 and 381 nm are originated the electron transfer from O 2p to W 5d
and charge transfer might occur from oxygen defects to W 5d,
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respectively.

As displayed in Fig. 11 (c) (inset), the CdW has absorption bands at
288 and 320 nm [21]. The VB of CdW is mainly composed of O 2p and W
5d with a lighter contribution from Cd 5s and Cd 4d and its CB is made of
O 2p and W 5d wherein W 5d contributes to top of CB [45,46]. The band
288 nm caused by LMCT which is assigned to the electron transition
from O 2p (VB) to W 5d (CB). Besides, CAW has oxygen defects which
create energy levels in between VB and CB. These are accountable for
the absorption band 320 nm. As presented in Fig. 11 (d) (inset), the SnW
exhibited the absorption bands at 291, 442 and 562 nm [47]. The DFT
calculations presented in Fig. 12 (i-ii) illustrates the band structure and
density of states of SnW which discerns that Sn 5s together with O 2p
orbitals contributes to VB while W 5d orbitals are majorly contributing

CuW

ZnW

CdW

Transmittance (a.u.)

SnW

L] T T T
1200 1000 800 600 400
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Fig. 10. FTIR spectra of CuW, ZnW, CdW and SnW compounds.
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Fig. 11. Kubelka-Munk plots of (a) CuW, (b) ZnW, (c¢) CdW and (d) SoW
compounds. (Insets of each figure show their respective UV-Vis DRS spectra).

Table 2

Binding energies (eV) of CuW, ZnW, CdW and SnW compounds.
Compound Ols W2 W72 Cuyn Cug/» Zny 3 Zny/> Cds/z Cds/2 Snz o Sns
Cuw 530.8 37.6 35.5 955.1 935.5 - - - -
ZnW 530.3 37.5 35.4 - - 1044.8 1021.6 - - -
Cdw 531.3 36.7 34.7 - - 411.7 404.9 - -
SnwW 532.8 41.1 39.1 - - - 498.9 490.5
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Fig. 12. The electronic band structure (i) and the density of states of SnW (ii).

to bottom of CB with minor contributions from O 2p and Sn 5s. The
strong absorption band 291 nm is attributed to the electron transitions
from the deeply located O 2p — W 5d [48]. The other broad and intense
absorption band 442 nm is mainly ascribed to the electron transition
from the combined hybridized orbital O 2p + Sn 5s— W 5d or Sn 55 — O
2p whereas the weak absorption band 562 nm is assigned to an electron
transition from Sn 5s to W 5d state, but this transition may occur with
less probabilities since it is s — d transitions [48]. The optical band gap
(Eg) values of CuW, ZnW, CdW and SnW were computed using the
Kubelka-Munk function, shown in Fig. 11(a-d), in accordance with the
compounds direct/indirect band gap transitions. The obtained Eg values
of CuW, ZnW, CdW and SnW, respectively are 2.2, 3.91, 3.27 and 2.1 eV,
denoting that SnW has the lowest band gap than the rest of the
compounds.

3.6. Gas sensing properties

The gas sensing properties of CuW, ZnW, CdW and SnW compounds
were investigated at RT as an operating temperature. Preparing RT gas
sensors is crucial since it plays an essential role in its wide commercial
usage, thus, these compounds were tested at RT. Initially, the selectivity
of CuW, ZnW, CdW and SnW compounds was tested for sensing of an
individual volatile organic compound (VOC) gases like 1-Butanol
(C4H100), Acetone (C3HgO), Ethanol (CyHgO), Benzene (CgHg),
Toluene (CeHsCHs), Xylene (CgHjo) (a total of 6 gases). This was done
by recording the resistance change of these gas sensing compounds in
the presence of air and gas as a function of time and this phenomenon is
termed as chemoresistance. As per the literature, a typical 100 ppm of
each gas concentration was chosen to examine the efficacy of these
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Fig. 13. Selectivity of CuW, ZnW, CdW and SnW sensors at RT of various
gases (100 ppm).

sensing compounds. Initially, the sensor was placed in the chamber and
measured its resistance as a function of time using 6517 B keithley (R,)
and then each gas of 100 ppm was purged into this chamber and
measured the resistance change of the sensor (Rg). The response (S) of all
the sensors is computed by S = R,/R (since R, > Ry for n-type) [49]. All
the obtained results were illustrated in Fig. 13. These results demon-
strated that all the sensors showed the response for all the tested gases,
however, SnW sensor displayed the highest selectivity with the highest
response (12.32) for CsHsCH3 gas. The ‘S’ of SnW is observed to be in the
order of CeHsCH3 > CgHig > CgHg > C4H100 > C2HgO > C3HgO. In
general, the response time (t;¢5) is equal to the time taken by the sensor
to detect 90% of the total resistance change in the presence of air (base
resistance) and after injecting the gas. Similarly, the recovery time (t;ec)
is the time taken by the sensor to reach 90% of the base resistance (in
air) after withdrawal of the tested gas. As displayed in Fig. 14, the
tres/trec Of CuW, ZnW, CAW and SnW towards CgHsCH3 were measured
to be 161/44, 143/56, 68/34 and 105/90 s. The resistance graphs of
CuW, ZnW, CdW and SnW sensors for the remaining gases are depicted
in ESI (Fig. S4(i-v)). These results establish the fact that SnW sensor
improved the C¢HsCHj3 sensing drastically at RT than the existing
literature (Table 3). The dynamic response is essential in order to check
the efficacy of the sensors. For this purpose, the response of SnW sensor
at different ppm level of the analyte gas i.e., 5, 10, 25, 50, 75 and 100
were recorded. Thus, Fig. 15 depicts the dynamic response-recovery
behaviour of SnW sensors towards C¢HsCHs. The repeatability for any
gas sensor is considered as key factor, hence, the same was conducted in
five cycles and presented in Fig. 16. In this study, every time 50 ppm of
CgHs5CH3 gas purged into the gas chamber and recorded the response of
SnW sensor. The obtained results ensured that the sensor has nearly the
same response and also substantiate that these sensors have a prominent
repeatability towards CsHsCHs. Since the stability of any gas sensor play
pivotal role for its practical use, thus, the stability measurements were
also highlighted in the present study. Fig. 17 reflects the response values
of these sensors recorded for every 10 days. After 30 days, the response
values has slightly changed by few degrees, conclusively demonstrating
that this SnW sensor is more reliable candidate to detect C¢HsCH3 even
after 4 cycles at RT. Moreover, the efficiency of this sensor for CsHsCHg
gas detection is also compared with the earlier reports in the literature
and a detailed comparison is presented in Table 3. It is clearly demon-
strated that among all the mentioned sensors, SnW sensor has man-
ifested the detection of the lowest ppm up to 5 ppm, hence, it exhibits
superior sensing ability for toluene gas at RT.

3.6.1. Gas sensing mechanism
When SnW sensor is placed in the gas sensing chamber, the oxygen
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Fig. 14. Response and recovery of (a) CuW (b) ZnW (c) CdW and (d) SnW at RT.

Table 3
Comparison of toluene gas response with other compounds in the literature.
Sensor Toluene Operating Response  Ref.
Concentration Temperature (Ra/Rg)
(ppm) Q)
Au/ZnO 100 377 1 [50]
nanoparticles
NiO/Fe;03 8000 RT 33 [51]
ZnO hexagonal 700 RT 5.11 [52]
nanotubes
3D-TiOy/ 500 RT 42.9 [53]
graphene-CNT
ZnFey04 100 300 10 [54]
NiO/SnO, 50 330 11 [55]
Pd-ZnO 100 240 11 [56]
Pt-WO3 100 220 8 [57]1
In,03 nanotubes 100 340 10.9 [58]
Co304 100 150 6.08 [59]
SnWO4 100 RT 12.32 Present
work

molecules presented in the air are chemisorbed, hereafter it is referred to
as Oz (ads), on the surface of SnW layer (Eq. 2). As a consequence, these
05 (ads) molecules oxidize the conduction band (CB) of SnW sensor
thereby the former becomes negatively charged as O3 (ads) (Eq. 3) ox-
ygen anions (Fig. 18(i)-a,c) as a consequence electron depletion layer
(EDL) forms around SnW particles in which the electrons might over-
come the surface barrier potential. Basically, the adsorbed oxygen
molecules grab the electrons mainly from W 5d orbitals in CB of SnW
wherein these electrons are transferred from O 2p + Sn 5s (VB) due to
the lower band gap of SnW (2.1 eV). In addition, oxygen vacancies of
SnW also reduce the adsorbed oxygens as SnW is endowed with
adequate oxygen vacancies essentially acts as electron donors. When
SnW sensor is exposed to toluene gas, the O3 (ads) molecules on the
sensor surface strongly interacts with these gas molecules thereby re-
leases plentiful electrons back into CB of SnW (Eq. 4). Thus, the width of
the EDL decreases (Fig. 18(i)-b,d) as a result the resistance of SnW sensor
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Fig. 15. Dynamic response-recovery of SnW sensor at RT.

decreased. Furthermore, SnW sensor has more surface area than the
other compounds which might facilitate more active sites for adsorption
of more oxygen molecules. The barrier potential (work function) of SnW
(4.4 eV) is moderately lower than that of other compounds CuW
(5.65 eV), ZnW (5.02 eV) and CdWO4 (4.5 eV) as a result the electrons
are easily migrated onto the surface to interact the adsorbed oxygens
[22,60,61]. The SnW sensor offers multiple conducting path channels
for the electrons to flow in between anode and cathode electrodes than
CuW, ZnW and CdW since it has distinctive structure than the rest of the
compounds. SnW is made of regular repeated Sn-O and W-O layers
whereas CuW, ZnW and CdW have no such pattern. In SnW, the atoms
that exist in ‘bc’ plane than that of ‘ab’ and ‘ac’ might contribute more to
the conducting path channels. These are termed as the shortest bond
distances on crystal plane ‘bc’ than that of the remaining crystal planes.
From Fig. 3(d), it is viewed that the ‘bc’ plane has O-Sn-O-Sn and
O-W-0O-W-O and O-Sn-O-W-O/0-W-0O-Sn-O conducting path channels.
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Fig. 17. Stability of SnW sensor for 30 days at RT.

However, 0-Sn-O-Sn/O-W-O-W-O has the shortest route against
0-Sn-0-W-0/0-W-0-Sn-O, clearly suggesting that the charge transport
takes place effectively via the former route than that of the latter (Fig. 18
(ii)). On the other hand, CuW, ZnW and CdW have O-W-O-Cu-O-W-O,
O-W-0-Zn-O-W-O and O-W-O-Cd-O-W-O conducting paths, respec-
tively. These long path ways might provide higher resistance than
0-Sn-0-W-0/0-W-0-Sn-O to the charge carriers as a result SnW sensors
offers higher response as compared to CuW, ZnW and CdW sensors. The
SnW sensor has the other following advantages over CuW, ZnW and
CdW. The SnW has more formula units (Z = 4) than CuW (Z = 2), ZnW
(Z = 2) and CdW (Z = 2) as a result SnW has more electron density than
CuW, ZnW and CdW, therefore, the higher is the electron density higher
is the response. Importantly, Sn 5s (lone pair electrons) contributes to
both VB and CB which leads to effective hybridization among Sn 5s, O 2p
and W 5d orbitals in SnW whereas this kind of hybridization lacks in the
other sensing CuW, ZnW and CdW compounds. The SnW is endowed
with the lowest Eg in comparison to CuW, ZnW and CdW and is also
accountable for SnW to exhibit the significant response at RT. When
SnW sensor exposed to CcHsCH3 gas which releases more electrons by
reacting with Oy, than the rest of the gases (except CgHio) (Egs. (4) -
(9)), thereby it increases the electron density in the CB of SnW, reducing
the potential barrier and diminishes the resistance of this sensor and
improves the response. Furthermore, C¢gHsCH3 gas has relatively low
activation energy in comparison to CgHjo at RT. Therefore, SnW has
exhibited more response to CgHsCHg3 than that of other tested gases.
[62-65].
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Fig. 18. A schematic illustration of the plausible mechanism of toluene gas
sensing (i), the electron conducting pathways in SnW (ii).
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4. Conclusions

In summary, XRD analysis vividly demonstrated that hydrothermal
derived CuWO4, ZnWO4, CAWO,4 and SnWO,4 nanomaterials were grown
in triclinic, monoclinic, monoclinic and orthorhombic crystal structures
respectively. FESEM images indicated the rod like morphology for ZnW
and CdW whereas spherical like structures for CuW and SnW com-
pounds. The DFT and UV-Vis DRS analysis of SnW are well correlated.
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BET surface analysis of CuW, ZnW, CAW and SnW compounds were
respectively measured to be 20.4, 19.6, 17.8 and 24.2 m?/g, suggests
that SnW has more surface area against other compounds. The higher
response with the lowest detection limit of 5 ppm for toluene gas sensing
at RT by SnW is ascribed to its shortest transport route of O-Sn-O-Sn and
O-W-0O-W-O. In comparison to the other compounds, SnW has a unique
crystal structure wherein Sn-O layers alternatively stacked with W-O
layers as a result it exhibited improved gas sensing at RT. The highest
sensitivity and stability of SnW for toluene gas sensing at RT as
compared to the other compounds is resulted from the interplay be-
tween the crystal structure and hybridization of Sn 5s, O 2p with W 5d.
The lower work function of SnW (4.4 eV) than CuW (5.65 eV), ZnW
(5.02 eV) and CdWOy4 (4.5 eV) is also another significant parameter for
the highest gas sensing.
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ABSTRACT

We report on the magnetic behaviour of Nds;Ges by investigating through magnetization, neutron diffraction and muon spin relaxation
measurements. Temperature dependent-magnetization, muon depolarization rate (1), initial asymmetry (Ao) and the stretched exponent
(B) show a clear anomaly at the Néel temperature Tx ~ 54 K. However, the short-range correlated ferromagnetic interactions below Ty are
inferred from the diffuse scattering mechanism as revealed by zero-field neutron diffraction data. Narrow first order phase transition is due to
the competing interaction of a high temperature weak-antiferromagnetic and low temperature glassy states. Magnetic field-induced reentrant
spin glass state from a magnetic glass state is observed, before it transforms to a ferromagnetic state.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000636

I. INTRODUCTION

NdsGes is reported to exhibit dual magnetic transitions; AFM
order (Tx ~ 50 K) and a second AFM order (T; ~ 30 K).'” The
second AFM transition is determined on the basis of the disappear-
ance of a critical field (H ), remanent magnetization and a cusp in
x(T) at 26 K.” The observation of an easy destruction of zero field
cooled (ZFC)-T transition in field-cooled (FC) mode (in an applied
field of 100 Oe) and absence of a specific heat anomaly at T (both
under ZFC and FC) lead us to believe a spin-glass like structure
coexisting with long-range AFM order. In NdsGes, antiferromag-
netic order is reported to occur at a temperature (52 + 2) K.! The
strongly coupled degrees of freedom in NdsGes are inferred from

the field-induced sudden jumps in isothermal magnetization, spe-
cific heat versus magnetic field and field-dependent resistivity below
T by Maji et al.

Maji et al.,* point out that the glassy state formation below
Ty is due to geometric frustration originating from the triangular
arrangement of Nd atoms in the 6g position, using y,., magnetic
relaxation and thermoremanant magnetization measurements. At
T < 10 K, magnetic structure of NdsGes is of the spin wave type.” In
the present work, we have reported/confirmed temperature driven
first order phase transition and cluster-glass behaviour below 30 K
and a weak antiferromagnetic state at 50 K. Neutron diffraction mea-
surements suggest short-range magnetic correlations while NdsGe;
undergoes a field-induced ferromagnetic state eventually.
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Il. EXPERIMENTAL METHODS

NdsGes was prepared by arc-melting method as discussed in
Ref. 4. X-ray diffraction (Cu-K, radiation) pattern was collected at
room temperature. The magnetization was measured using 7 T/2 K
SQUID-VSM (Quantum Design, USA), in ZFC, field-cooled cool-
ing (FCC) and field-cooled warming (FCW) modes. Powder neutron
diffraction (ND) time of flight and muon spin relaxation (uSR)
measurements were performed on WISH diffractometer and EMU
instrument at ISIS, Rutherford Appleton Laboratory, United King-
dom respectively. uSR measurements were performed down to 2 K
in zero field (ZF) and longitudinal field (LF) configurations. Muon
relaxation function is given by P;(t) = [Ne(t) — aNg(t)]/[Ne(t)
+ aNg(t)], in which « is the calibration constant.

Ill. RESULTS AND DISCUSSION
A. Magnetization and neutron diffraction

NdsGes crystallizes in MnsSis-type hexagonal structure
(P63/mcm) as evident from the Rietveld refined® x-ray diffraction
pattern shown in Fig. 1(a). The lattice parameters a = b = 8.7512(3)
A and ¢ = 6.6341(2) A are in agreement with those reported in
Refs. 2, 4, and 7. Figure 1(b) depicts the magnetization as a func-
tion of temperature M(T). In 200 Oe, ZFC curve shows two peaks
around 46.5 and 32.8 K which are in agreement with the litera-
ture.” However, FCC magnetization does not exhibit a peak at T,

I Bragg reflections
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FIG. 1. (a) Rietveld refined x-ray diffraction of NdsGe; at T = 300 K; crystallizing in
the hexagonal structure. (b) M(T) measured in a ZFC, FCC and FCW protocols.
Inset: An enlarged view of FCC and FCW magnetization curves, showing a narrow
thermal hysteresis. (c) Refined neutron diffraction pattern at 3 K, after H is made
zero from 60 kOe. The magnetic peaks are indicated by arrows enclosed in a box.
(d) Magnetic structure. 4d (Nd) and 6g (Nd,), depicted in blue and green, order
ferromagnetically along c-direction with unequal moments 1.81(4) u5 and 1.66(3)
g, respectively.
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indicating that the low-T phase is more susceptible to the magnetic
field due to prevailing FM interactions in the paramagnetic state
(note that T~ Bw, Weiss temperature). T is the AFM tran-
sition while T: (Tf hereafter) is ascribed to spin-glass freezing
temperature.”

Figure 1(c) shows refined ND pattern at 3 K on d-spacing scale,
measured after reducing the field to zero from 60 kOe. The mag-
netic peaks are indicated by arrows in the box. As evident from
the magnetic structure of NdsGes shown in Fig. 1(d), Nd; at 4d-
position possesses 1.81(3) u while Nd; at 6g-position has 1.66(3)
ug- This infers to the field-induced ferromagnetic state. The mag-
netic moment 1.72 u,/Nd, at 3 K in the irreversible state, obtained
from the refinement agrees well with that of from the magnetiza-
tion data. However, magnetic fields of the order of 500 kOe are
required to reach the magnetization saturation (Ms = 3.5 yj, of Nd*?)
in the c-direction.” At H = 0 kOe, after applying 60 kQOe, the nearest
neighbour Nd;-Nd; (4d-4d) inter-atomic distance and Nd;-Nd,
(4d-6g) inter-layer distance are found to be 3.3150(1) and 3.7581(2)
A respectively. These values are slightly less compared to zero-
field values. Under 60 kOe, the inter-layer distance is observed to
reduce from 3.7866(2) to 3.7553(1) A. The decrease in the inter-layer
distance can cause an enhancement of ferromagnetic interactions
between the 4d and 6¢ positions.

B. Muon spin relaxation

tial asymmetry, A is the muon decay rate and f8 is the stretched
exponent. A non-decaying function is used as the background (BG)
function as the muon stops in the silver sample holder, fixed at
BG = 0.013 746 for the present case. Figure 2(c) shows the temper-
ature variation of initial asymmetry Ao (T). It is nearly independent
of temperature down to 60 K below which it abruptly increases.
Nevertheless, Ao decreases rapidly between 0.2 (at 50 K) to 0.06 (at
30 K). At low temperatures, Ao varies very weakly with temperature.
The rapid decrease of initial asymmetry below 60 K is suggestive of
antiferromagnetic order while Ao is constant in the paramagnetic
state. Further, a diverging relaxation rate A(T) from T = 92 K is
shown in the Fig. 2(d) 1 is 0.11 ys™" at 92 K and reaches to a value
of about 1 us™" while approaching Tx. A in the paramagnetic state
fits well to the critical scaling law A(T) = A(0)[(T/Tx) — 1] Pese "2
where T is the antiferromagnetic ordering temperature and f3, ¢
(not to be confused with the stretched exponential f) is the critical
exponent; T and B g, being equal to 54 K and 0.43, respectively.
While the obtained T from the fit is in close agreement with the
magnetization measurements, the critical exponent is indicative of
three-dimensional Heisenberg model (B, = 0.367)."° Further
reducing the temperature below 30 K, A exhibits a plateau down to
9 K with a value of ~0.2 ys™". Thereafter, A drops to 0.04 us™" at
2 K. This transition, also reflected in A¢(T) and B(T), is in good
agreement with the freezing temperature observed in ZFC magneti-
zation. Figure 2(e) shows the temperature variation of the stretched
exponent 8. B (= 1 at T > 100 K) decreases with decreasing tem-
perature, exhibits a minimum of less than ~0.2 around the Néel

Shown in Figs. 2(a) and 2(b) are the zero-field (ZF) asymmetry g

oy @) A(t) plots for the temperatures below and above T, respectively. 2
v A(t) curves are fit using a stretched exponential form of the muon <
—, decay function; A(t) = Ay exp[—(At)P] + BG*' where A is an ini- 5
2
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FIG. 2. ZF-time dependence of asymmetry for temperatures (a) below and (b)
above Ty. The data is fit using stretched exponential function. (c) The temper-
ature variation of the initial asymmetry, Ag(T). Loss of Ay is evident below Ty.
(d) A(T), showing an abrupt increase of A at the magnetic transition tempera-
ture while recovering below Ty. Again A exhibits a slope change near T;. Critical
scaling fit to A(T) in the paramagnetic region gives Ty ~ 54 K. (e) The temper-
ature dependence of the stretched exponent f3. It exhibits a minimum at Ty and

becomes temperature independent (ﬁavg ~ 0.6) below T; ~ 30 K.

temperature, but then recovers, reaching a value of ~0.6 at approx-
imately Ty. Below Ty, f3 exhibits a plateau, with an average value
of ~0.6. Though, the reduced f3 indicates the spin-glass behaviour,
it is twice that of reported for a concentrated spin glass (8 ~ 1/3
below Tg).”'"'»'*"" In this case, B(T) should be somewhat less
than 1 and should be independent of temperature. However, in
NdsGes, the low-temperature glassy state is a result of competing
ferro and antiferro-magnetic interactions. §, ., ~ 0.6 below the freez-
ing temperature for NdsGe; may be the result of the same local
cluster-moment environment for the muon relaxation below Tt with
a unique single relaxation time and competing ferromagnetic and
antiferromagnetic interactions. 1017

C. Glassy behaviour

In re-entrant spin glass (RSG) systems; (i) a second order phase
transition (SOPT) occurs from high-T long-range order to low-T
glassy state with overlapping FCC and FCW curves (no thermal
hysteresis),'"” (ii) large thermomagnetic irreversibility (TMI)* in
low fields due to ZFC and FCC separation starts to decrease with
increasing H and becomes zero when the high-T long-range order
phase is established below Tf, (iii) ZFC-magnetization relaxes with
time while that of FCC does not relax and (iv) the sign reversal
of CHUF (cooling and heating in unequal fields) protocol*' does
not seem to affect the RSG transition except that the absolute TMI

ARTICLE pubs.aip.org/aip/adv

changes monotonically with sign. On the other hand, in MG sys-
tems; (i) a marked thermal hysteresis between FCC and FCW arises
due to arrested kinetics of first order magnetic phase transition,
(ii) TMI is observed to increase with H, (iii) FCC magnetization
relaxes with time while ZFC does not relax, (iv) low-T magnetic
behavior is affected by the sign inequality of the CHUF protocol
(discussed later) and (v) M(H) virgin curve (H: 0 — Hma) lies,
completely or partially, outside the envelope (Hmax = 0 = —Hmax
0 > Hynae).

Figures 3(a)-3(f) show M(T) measured in ZFC, FCC and FCW
processes. ZFC-M(T) in 200 Oe shows two peaks around 46.5
and 32.8 K respectively, denoted as Tx (Néel temperature) and T,
which are in agreement with the literature.” As the field strength is
increased, M(T\) increases significantly and the peak becomes more
pronounced and sharper while the peak at Tx smears out. How-
ever, FCC-M(T) does not show a peak at T in 200 Oe indicating
that the low-T phase is more susceptible to magnetic field. This also

. (b) 500 Oe

—a—FCC

—a—FCC

\ v— FCW

20 24 28 32 36 40
T(K)

L L | T TR A P
0 50 100 150 0O 50 100 150 200
T(K)

FIG. 3. (a)—(f) ZFC, FCC and FCW M(T) in a few representative fields. Ty gets
smeared out while ZFC-M(T,) is enhanced as H is increased. FCC and FCW
curves saturate below 15 K. Insets: Enlarged view of FCC and FCW. Above 15 K
and below 40 K, a narrow but distinct thermal hysteresis of FCC and FCW is
noticed up to about 10 kOe, above which it vanishes.
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FIG. 4. (a) Left-panel: Mcyur (T) in different labeled measuring fields (Hmeas)
after cooling the system in 25 kOe (Hcool ) - For negative CHUF sign, two transitions
while one transition for positive sign are noticed in terms of peaks represented by
dMcnue/dT in the right panel. (b) TMI-H phase diagram. TMI increases up to Her
and decreases thereafter (see text for explanation).

points out that the ZFC state is not an equilibrium state of the sys-
tem. Eventually in higher fields, T is suppressed and ferromagnetic
state emerges. The enlarged view of FCC and FCW from 20-40 K is
shown in the insets of Figs. 3(a)-3(f). It is observed that the FCC and
FCW curves exhibit a narrow thermal hysteresis in the temperature
range T € [15, 40 K]. The measurements were repeated to con-
firm the narrow thermal hysteresis betweeen FCC and FCW curves.
Eventually, the thermal hysteresis ceases out in high magnetic
fields.

Figure 4(a) shows magnetization, measured using CHUF pro-
tocol. Every time, the sample is cooled in the presence of 25 kOe
(Heool > Her) from 300 to 2 K and Mcuur(T) is measured in
different magnetic fields as shown in the left panel of Fig. 4(a).
Field-induced irreversible behaviour of FM state is evident from
Mchur > Mzgc in fields of H < H¢ while the magnetization values
are comparable when H > Her. Mcrur(T) exhibits two recognizable
transitions [i.e., two peaks in dMcuur/dT respectively at 26 and 52 K
shown in Fig. 4(a)-right panel] for negative CHUF (Hmeas < Heool)
while one transition (i.e., one peak in dMcuur/dT) for positive
sign (Hmeas > Hcool). This behaviour is in resemblance of MG state
in H < H.; while RSG state in H > H;.

An investigation of magnetic relaxation and dynamic behavior
of ac-susceptibility by Maji et al."*” suggests RSG state. Nonetheless,
the thermal hysteresis between FCC and FCW, initial increase of
TMI with H up to a certain field [Fig. 4(b)] and non-overlapping of
ZFC and FCC curves hint the presence of MG with ZFC state being
the non-equilibrium state. Furthermore, the virgin curve is observed
to lie partly outside the envelope at 2.2 K.* However, the separation
between virgin curve and envelope is small compared to some of the
typical phase coexistence compounds; doped-CeFe,.””’

IV. SUMMARY

Summarizing, the magnetic properties of NdsGes have been
studied using magnetization, neutron diffraction and muon spin
relaxation (4SR) measurements. NdsGes; undergoes an antiferro-
magnetic transition at Ty ~ 54 K, followed by a low temperature
glassy state. Zero-field neutron diffraction studies reveal short-range
ferromagnetic correlations. Besides, a field-induced reentrant spin

pubs.aip.org/aip/adv

glass state from a magnetic glass state is reported before the system
transforms to a ferromagnetic state.
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Highlights

* NHs, CH,0 gases of each 5ppm were predominantly detected by these
sensors at RT.

* 2:1Co304/GDC and 1:2 Co304/GDC exhibited rapid response than
parent compounds.

* Ajg mode from Raman analysis revealed the formation of defects in
heterostructures.

O species played crucial role than 0% and O~ atRTin
chemisorption and in gas sensing.

* Heterostructures exhibited the high repeatability, stability, sensed
multiple gases.

Abstract

The development of the room temperature (RT) gas sensors is absolute need. Hydrothermally and sol-gel derived Co304 and
Gdp1Cep 90,5 (GDC) were used to fabricate the novel heterostructures in the ratio of 1:1 Co304/GDC, 2:1 Co304/GDC and 1:2
Co304/GDC. These samples were scientifically analysed through X-ray diffraction (XRD), Field emission scanning_electron

microscope (FESEM), Energy dispersive X-ray (EDX) spectra, X-ray photoelectron spectroscopy (XPS), Fourier transform infrared

spectroscopy (FTIR), Raman, UV-Vis-Diffuse reflectance spectra (DRS) and photoluminescence (PL). XRD, XPS together with FTIR
and Raman spectra are the testimonial of the formation of Co304, GDC and their heterostructures. Interestingly, the performed gas
sensing studies conclusively disclose that these sensors have adequate sensitivity to detect the tested gases at RT. Furthermore, Oy
species played crucial role than O?~ and O~ in chemisorption and gas sensing mechanism. Additionally, 2:1 Co304/GDC and 1:2

Co304/GDC exhibited an enormous selectivity and highly responsive towards the detection of formaldehyde (CH,0) and ammonia
(NH3), respectively. 2:1 Co304/GDC/1:2 Co304/GDC offered the high response (S) of 106.59/83.52 for CH,0O/NHj3 gas. In fact, the
formation of anisotype p-n/n-p rather than isotype p-p/n-n junctions in 2:1 Co304/GDC and 1:2 Co304/GDC endowed these two
heterostructures to exhibit quick response even at low ppm of selected gases. The outcome of this work might provide strategy for

the design of novel sensing materials to detect multiple gases.
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Introduction

The ever-lasting progress in the science and technology has been considered as a two-edged sword since on one hand it comforts
human beings on the other hand it imbalances the ecology. Various industries have been releasing volatile organic gases (VOCs)
into the atmosphere resulting severe environmental pollution. Among various air pollutants, ammonia (NH3) was recognised as
combustible and equally hazardous. A few ppm level of NH3; might severely impact the internal and external organs thereby
making human beings highly susceptible to epidemics. Adding to this, prolonged exposure to NH3 might result in blindness as well
as enema of the lungs, eventually leads to death. In this regard, Occupational Safety and Health Administration (OSHA) declared
that the permissible NH3 subjection limit at working places is about 10min towards 35ppm [[1], [2], [3], [4]]. This is the reason
why NH3 gas sensors are essentially in demand for air quality monitoring. Besides, formaldehyde (CH,0) is also creating serious
threat to living beings by damaging eyes, nose and respiratory tract at low ppm concentrations [5]. Therefore, NH3 and CH,0
sensors with high response, more selectivity, long-term stability and preferably low detection limit are highly in demand.
Nonetheless, most of the developed sensors operate at high working temperatures (>100°C). Hence, it is still a challenge to develop
a new type of gas sensors with a high response to detect low ppm level of these gases at room temperature as an operating
temperature. On the contrary, the gas leakage in industries has become most common issue. In order to prevent such tragedies in
the industries an early detection of such gases is necessary.

In the recent past, metal oxide semiconductors (MOS) have extensively investigated in sensing such gases at ppm or ppb levels. In
the last decade, to further improve the response sensitivity, enhance the response time (t;.s) with high durability and reduce the
operating temperature of semiconductor (SC) gas sensors and its composites based on transition metal oxides (TMO) were
explored extensively. Semiconductor materials such as SnO, [6], In,O3 [7], WO3 [8], ZnO [9] have proven to be excellent gas
sensors. However, p-Co304 has gained widespread attention of the scientists due to its multiple oxidation states which is prone to
adsorb more oxygen in the atmosphere resulting high sensing ability towards many VOCs [10]. Equally, in the recent past n-CeO,
has emerged as the novel compound for the gas sensors applications [11] and also explored on a large scale for several applications
including catalysis and the opto-electronic devices, owing to its multi valence including 4f shell electron [12]. Indeed, several
attempts were made, especially rare-earths doping, to tailor the properties of CeO, to optimize its gas sensing performance. At
large, Gd3* added to CeO, has proven to amplify its catalytic and transport properties and also yielded the better gas sensing [[13],
[14], [15], [16]]. Adding to this, recently, our group reported that Gd3* doped CeO, (GDC), prepared by pulsed laser deposition, is
highly effective gas sensor towards the detection of acetone gas [17]. Some of the recently developed NH3, CH,0 and the other gas
sensors have highlighted the importance of the gas sensing by the various materials [[18], [19], [20], [21], [22], [23], [24], [25]]. Our
extensive scientific search disclosed that no detailed investigation was reported so far on p-Co304 coupled with n-GDC.

In view of the above, the present investigation was aimed to deal with gas sensing properties of p-Co304 integrated with n-Gd
doped CeO, (GDC) by forming p-n junctions. The different ratios were designed, using p-Co304 with n-GDC, vis-a-vis 1:1 Co304/
GDC, 2:1 Co304/GDC, 1:2 Co304/GDC with a view to fabricate for the detection of multiple gases with low ppm at RT as an
operating temperature. The reason behind making compounds by these ratios is to incorporate varied p-n/p-p/n-n junctions in the
respective heterostructures. By viewing the compounds, it is apparent that unequal proportions of p-n junctions might form in
both 2:1 Co304/GDC, 1:2 Co304/GDC than that of 1:1 Co304/GDC which certainly causes these heterostructures to exhibit more
response to detect the gases at low detection limit.
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Starting materials

The chemicals such as Co(NO3),.6H,0 (S.D. Fine Chem. 98.5%), CO(NH;), (S.D. Fine Chem. 98.5%), (NHy4),[Ce(NOs)g] (S.D. Fine
Chem. 95%), GA(NO3)3.6H,0 (Sigma-Aldrich Chem. 99.9%), HNOj3 (S.D. Fine Chem. 99.5%), (CH,OH), (S.D. Fine Chem. 97%), CgHgO~
(S.D. Fine Chem.), C;Hs0H (S.D. Fine Chem.), C3HgO (S.D. Fine Chem.), NH4OH (S.D. Fine Chem. AR 25%) were used as received in the
synthesis of the compounds. ...

Co304 nanoparticles

Co304 nanoparticles were prepared through well-known one-pot hydrothermal method. The ...

X-ray diffraction

The crystal phases were identified with XRD technique and the investigated XRD traces of all the compounds are presented in Fig.
2(i) wherein Co304 exhibited peaks at 26=19°, 31.3°, 36.8°, 38.5°, 44.8°, 55.7°, 59.3° and 65.2° which are indexed to crystal planes
(111), (220), (311), (222), (400), (422), (511) and (440), respectively [26,27]. The Co304 has cubic-spinel crystal geometry with
Fd-3m space group (JCPDS card No.43-1003) along with a lattice constant 8.0837 A with formula units ...

Gas sensing properties

In order to determine the sensors efficacy, in fact it is essential to measure the sensor's selectivity. To establish this fact, 100ppm of
few volatile organic reducing gases like Acetone (C3HgO), Ammonia (NH3), Methanol (CH30H), Ethanol (C;HgO), Benzene (CgHg),
Formaldehyde (CH,0) and the operating temperature as RT were selected to investigate the response of Co304, GDC, 1:1 Co304/
GDC, 2:1 Co304/GDC and 1:2 Co304/GDC sensors and the obtained results were illustrated in Fig. 12. Among the ...

Gas sensing mechanism

In p-Co304, the Fermi level (E¢) lies close to VB while in n-GDC the Fermi level inclined towards CB. As reported, the work functions
(¢) of p-Co304 (GDC) are 6.1eV (4.6eV) [63,64]. When p-Co304 is combined with n-GDC in accordance with 2:1/1:2 ratios, since ‘¢’
of p-Co30y4 is larger than GDC, at the intimated interface the electrons from CB (Ce 4f+0 2p) of n-GDC migrates to VB (Co 3d+0 2p)
of p-Co304 wherein the diffused electrons, especially Ce3* 4f electrons combine with holes along ...

Conclusions

In a nutshell, RT based gas sensors using Co304 and GDC were successfully synthesized. All the employed experimental
investigations notably advocated the formation of Co304 and GDC along with their heterostructures. Using these compounds, three
tuneable ratios viz., 1:1, 2:1 and 1:2 were designed to improve the gas sensing performance. The research findings discerned that
O; species were instrumental in NH3/CH,O0 detection mechanism. Amongst all the compounds, 2:1 Co304/GDC and 1:2 Co304/GDC

CRediT authorship contribution statement

D. Satya Vardhan: Conceptualization, Characterization analysis, Writing - original draft. Ch Sameera Devi: Methodology,
Resources. P. Nagaraju: Resources, Validation. P. Muralikrishna: Funding acquisition, Formal analysis. B. Vijaya Kumar:
Investigation, Visualization. G. Upender: Supervision, Writing - review & editing. ...

Declaration of competing interest

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

Acknowledgements

The one of the authors (Dr. G. Upender) profoundly thank Science and Engineering Research Board (SERB, under DST, Government
of India) for providing the financial support under SURE scheme (File No. SUR/2022/003708). ...

579



Recommended articles

References (78)

Leila Vatandoust et al.

Fabrication of ZnO-MWCNT nanocomposite sensor and investigation of its ammonia gas sensing properties at room
temperature

Synth. Met. (2021)

Madhukar Poloju et al.
Improved gas sensing performance of Al doped ZnO/CuO nanocomposite based ammonia gas sensor
Mater. Sci. Eng. B (2018)

Jebran Ahmad et al.
Designing copper-nickel hybrid nanoparticles based resistive sensor for ammonia gas sensing
Mater. Chem. Phys. (2023)

I-Ping Liu et al.
Ammonia sensing performance of a platinum nanoparticle-decorated tungsten trioxide gas sensor
Sensor. Actuator. B Chem. (2019)

Yan Chen et al.

Design and evaluation of Cu- modified ZnO microspheres as a high performance formaldehyde sensor based on
density functional theory

Appl. Sur. Sci. (2020)

Caihong Fang et al.

Coralloid SnO, with hierarchical structure and their application as recoverable gas sensors for the detection of
benzaldehyde/acetone

Mater. Chem. Phys. (2010)

Aijun Yang et al.

Single ultrathin WO3 nanowire as a superior gas sensor for SO, and H5S: selective adsorption and distinct I-V
response

Mater. Chem. Phys. (2020)

Mingli Yin et al.
One-pot synthesis of Co-doped ZnO hierarchical aggregate and its high gas sensor performance
Mater. Chem. Phys. (2015)

D.N. Oosthuizen et al.

Gas sensors based on CeO, nanoparticles prepared by chemical precipitation method and their temperature-
dependent selectivity towards H,S and NO, gases

Appl. Surf. Sci. (2020)

Noriya Izu et al.
Resistive oxygen gas sensors based on CeO- fine powder prepared using mist pyrolysis
Sensor. Actuator. B Chem. (2002)

v | View more references

Cited by (5)

Nanostructured hexagonal S-doped CeO<inf>2</inf> for effective Rh-B and MB dye degradation

2025, Journal of Molecular Structure

580



ELS

Citation Excerpt :

...Specifically, the Ce possesses 6 s, 5d, and 4f states while the O ions have 2p states. The VB in pure CeO2 (CS-0) resulted from a combination of Ce
5d and O 2p states [49], whereas VB in S-doped CeO2 might have a significant contribution from S 3p orbitals apart from the above-mentioned
states. On the other hand, the CB is predominantly composed of Ce 4f, Ce 5d, O 2p and S 3p orbitals....

Show abstract v

Hydrothermal synthesis and gas sensing properties of lamellar Nickel Titanate
2025, Journal of Alloys and Compounds

Show abstract v

Selective trimethylamine sensors based on Co<inf>3</inf>0<inf>4</inf> modified WO<inf>3</inf> spheres
2024, Journal of Alloys and Compounds

Citation Excerpt :

...Compared with n-type materials, some p-type metal oxides have abundant oxygen adsorption, good redox behavior, and high catalytic efficiency,
so they have obvious advantages of low operating temperature and high selectivity, especially for the selective oxidation of volatile organic
compounds (VOCs) [22-26]. In p-type MOS materials, Co304 is considered an excellent material for dye degradation, energy storage, and gas
detection due to its significant catalytic and oxygen adsorption properties [27-29]. In this paper, MOF derived Co304 nanoparticles were grown on

WO3 spheres by a simple solution treatment....

Show abstract v

Novel p-Co<inf>3</inf>0<inf>4</inf>/n-SnWO<inf>4</inf> Heterostructure: Room Temperature Ethanol Gas Sensor
A

2024, Journal of Inorganic and Organometallic Polymers and Materials

High Sensitivity Bi<inf>2</inf>0<inf>3</inf>/Ti<inf>3</inf>C<inf>2</inf>T<inf>x</inf> Ammonia Sensor Based on
Improved Synthetic MXene Method at Room Temperature
2024, Sensors

View full text

© 2023 Elsevier B.V. All rights reserved.

'VIER

All content on this site: Copyright (© 2025 Elsevier B.V,, its licensors, and contributors. All rights are reserved, including those for text and data mining, AI training, and similar technologies. For all open access content, the

Creative Commons licensing terms apply.

RELX™

581



ScienceDirect

Nuclear and Particle Physics Proceedings
Volumes 339-340, November 2023, Pages 114-119

Full Length Article

Natural background outdoor gamma radiation levels and
mapping of associated risk in Siddipet district of Telanagana
State, India

K. Vinay Kumar Reddy ¢, G. Srinivas Reddy °, P. Muralikrishna €, S. Shravan Kumar Reddy °, B. Sreenivasa Reddy @ & &=

Show more v

o Share 99 Cite

https://doi.org/10.1016/j.nuclphysbps.2023.08.006 #

Get rights and content 7

Abstract

Studies on natural background outdoor environmental radioactivity levels were conducted in Siddipet district of Telangana state,

India. The investigation was carried out in the major villages/mandal head quarters of the district using scintillation detector
(Nal(T1)) based uR- survey meter. The exposure rates measured on ground level and at 1 m height from ground (in uR.h™!) were
converted into absorbed dose rates (in nGy.h™!) and annual effect doses (mSv) using appropriate conversion factors. The natural
background radiation levels at 1 m height were found to vary from 139 nGy h™! to 435 nGy h™! with an average of 235447 nGy h™!.
The background radiation levels were observed to follow the normal distribution with a little deviation at the outliers. The excess
lifetime cancer risk (ELCR) was also estimated.

Introduction

The natural background radiation is categorized into external and internal. The external radiation is incident directly on the body
while in case of internal it enters into the body by ingestion/inhalation and damages the tissues within the human body. Natural
background gamma radiation is of terrestrial origin. It comes under external radiation. Internal radiation is due to radon/thoron
and their progeny as well as the radiological dosage derived from primary radionuclides through food, drink, and other
environmental exposures [1]. Natural background gamma radiation is of significant role in total dose due to natural sources [12].
The source of radiation exposure is the presence of primordial radionuclides existing at trace elements in soils and materials used
for construction. The variability of the radiation levels is dependent of geochemical composition of rocks which cause the
formation of soils. With certain exceptions, such as shale, high radiation levels are connected with volcanic rocks like granite and
low radiation levels are with sedimentary rocks [2]. The existence of trace amounts of the naturally occurring radioactive elements,
uranium, thorium, and potassium in soil and rocks is the main cause of external exposure in the outdoors. The presence of
radionuclides in the building materials as well as the surrounding geology can be the main causes of the indoor exposures [13].

In the model villages of Erravalli and Narasannapet in the Siddipet district of Telangana state, India, studies were held to estimate
the radiation levels in indoor environs under the double bed room housing project [14]. The levels of natural background gamma
radiation in the indoor environs of the model villages were identified to have a few abnormalities. Further, the study revealed that
indoor radiation levels in these villages were elevated and comparable to the values obtained across the nation, but comparable to
the natural background gamma radiation levels observed elsewhere in the state (Hyderabad and other places) [15], [5], [3]. Keeping
in view of the above, it was planned to extend the study to the entire district of Siddipet. The present paper deals with the natural
background gamma radiation levels in different villages / mandals (administrative head quarters for a group of few villages) of
Siddipet district of Telangana state in indoors and outdoors. This study will be useful in supplementing the available nationwide
data and to assess the radiation burden receiving by the population of this area in finding the safe human habitat.
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Experimental

The study area of district has a total area of 3,842.33 square kilometers with the latitude and longitude of 18.10° N and 78.85° E
respectively. The location is under the vicinity of Karimnagar granulitic terrain (KGT). Geological properties of the study area also
include the presence of granitic rocks from the Peninsular Gneissic Complex. The special significance of the present work lies in
observing the influence of constructions of major irrigation projects on natural background gamma ...

Results and discussion

The levels of natural background gamma radiation across the Siddipet district of Telangana state, India involve the implementation
of uR-survey meter. Table 1 presents the average of natural background radiation levels at different mandals in outdoors of the
study area. The estimated natural background gamma radiation levels on ground were identified to vary between 148 nGy h™! and
487 nGy h™! with an average of 243+54 nGy h™!. The same measured at 1 m height was observed to vary from 139 nGy h ...

Conclusions

The outdoor natural background radiation levels were estimated in Siddipet district of Telangana state, India. The levels, doses and
excess lifetime cancer risk were observed to be higher in the study area. The elevated levels can be attributed to the local geological
formations. The granitic rocks, good host for radioactive elements, present in the region result in the higher activity concentration.
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Abstract

In the current study, PANPs were synthesized in a greener way
using Platycladus orientalis leaves extract (PO) as a reducing agent
with stabilizing ability. UV-Vis Spectroscopy (UV-Vis), Fourier
Transform Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD),
Transmission Electronic Microscopy (TEM) and Dynamic Light
Scattering (DLS) were implicated in the characterization of
nanoparticles. The structural and the morphological studies were
determined using TEM and XRD analysis while UV-Vis and FTIR
studies further confirmed the presence of optical, physical and
chemical properties. The images of TEM manifested spherical NPs
with an average size of 8 £ 3 nm. Phytochemicals present in the
leaf extract enabled the reduction of Pd*2 to Pd® and also acted
as a stabilizing agent. Later, the catalytic property of PANPs,
reduction of dyes like Rhodamine B (RhB), Methyl Orange (MO)
and Crystal Violet (CV) was investigated. This green preparation
method of making small spherical shaped PANPs were

successfully applied for the reduction of organic dyes.
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Highlights

» Silver nanoparticles (AgNPs) were synthesized in an eco-friendly
manner using leaf extract from Bryophyllum pinnatum.

* The synthesized nanoparticles were characterized using FTIR, XRD, UV-
Visible spectroscopy, and EDX analysis.

* The antibacterial activity of the CCF-BP-AgNPs was tested against
harmful bacteria, including Escherichia coli, Bacillus subtilis, and
Staphylococcus aureus.

* The nanoparticles were produced from natural, environmentally
friendly, and easily accessible raw materials.

» The photocatalytic activity of the coated cloth was assessed by
observing the degradation of the organic dye Congo Red (CR) under
simulated sunlight.

Abstract

Growing concern regarding microbial infections has prompted significant research into antimicrobial textiles. This study presents a
green, eco-friendly approach to imparting antimicrobial properties to cellulose cotton fabric (CCF) by depositing silver
nanoparticles (AgNPs) synthesized using Bryophyllum pinnatum (BP) leaf extract as a natural reducing agent. To improve the
durability of AgNPs on CCF, an environmentally friendly method was used to synthesize AgNPs, which were subsequently applied
to biocompatible CCF using BP leaf extract as a natural reducing agent. Owing to the presence of phytochemicals, the AgNPs were
rapidly produced with a uniform size and shape under ambient conditions. The synthesized nanoparticles were characterized
using techniques such as ultraviolet-visible spectroscopy, Fourier-transform infrared spectroscopy (FTIR), scanning electron
microscopy (SEM) coupled with energy dispersive X-ray (EDX) spectrophotometry, and X-ray diffraction (XRD) analysis to confirm
their size (average size 60.4+8.5nm), morphology, and crystalline structure. Subsequently, the CCF was coated with these AgNPs
using an eco-friendly deposition method. The mechanical properties of the treated fabric were assessed to ensure that the coating
process did not compromise the fabric’s integrity or safety for human use. The results indicated that the CCF-BP-AgNPs retained
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its mechanical strength and exhibited no cytotoxic effects, regarding it suitable for various applications in healthcare, apparel, and
household textiles. The antibacterial activity of the CCF-BP-AgNPs was evaluated by measuring zone inhibition against Escherichia
coli, Bacillus subtilis, and Staphylococcus aureus. The photocatalytic activity of the coated cloth was assessed by observing the
breakdown of organic dye Congo Red (CR) in simulated sunlight. Interestingly, the CCF-BP-AgNPs demonstrated effective
photocatalytic degradation of CR, revealing its potential for wastewater treatment and environmental remediation applications.
The fabric’s antimicrobial properties remained intact throughout the photocatalytic process, enabling disinfection and pollutant
breakdown to occur simultaneously.

Graphical abstract

Schematic representation of the formation of silver nanoparticles on CCF.

Download: Download high-res image (109KB)

Download: Download full-size image

Introduction

Nanotechnology alters and enhances numerous advancements and initiatives: data innovation and prescription, transportation,
energy, nutrition security, and several ecological applications. The subsequent section provides an overview of the rapidly
developing advantages and uses of nanotechnology. The use of metal nanomaterials and nanocomposites in biological, biomedical,
pharmaceutical, and textile applications in our daily lives is an emerging field of nanotechnology. Researchers have recently
concentrated on formulating “smart fabrics” incorporating flexible nanoscale sensors and electronics for health monitoring and
solar energy storage devices. Additionally, they are merging various metal nanomaterials and nanoparticles into assorted
household and personal care materials to enhance their functionality, such as the incorporation of antibacterial silver nanoparticles
(AgNPs) in soap [1], [2]. The addition of AgNPs to cellulose cotton fabric (CCF) is of great importance in a wide range of
multifunctional applications, including sportswear, clothing, fashion, undergarments, medicine, and textiles [3], [4], [5], [6], [7].
Several researchers have to explored means of to adding AgNPs to CCF by chemically reducing Ag ions with NaBHy, glucose, citrate,
ascorbates, and hydrazine and subsequently using a coating method [8], [9], [10]. In the past decade, there has been a significant
focus on employing green techniques to synthesize AgNPs from environmentally sustainable materials, aiming to address the
previously mentioned issues. Furthermore, the use of these materials not only reduces silver ions to AgNPs, but also generates
AgNP stability. In addition, coating with AgNPs provides strong binding ability and uniform distribution on CCF, thereby improving
their long-term antibacterial properties, which can keep us healthy [11], [12].

Green chemistry’s holistic approach towards sustainability and safety renders it important. We can improve the environment,
economy, and health by incorporating green chemistry into scientific research, industry, and education [13], [14], [15], [16], [17],
[18]. Over the last few decades, most research groups have concentrated on the fabrication of AgNPs because of their versatile and
unique physicochemical properties, variety, and broad range of applications in diverse fields. Among the few nanometal particles
(NMPs) used in biomedical applications, AgNPs stand out as one of the most fundamental and interesting NPs. Researchers have
proven the potential anti-bacterial, anti-fungal, anti-cancer, and mechanical properties of AgNPs. Researchers are currently using
the bio-reduction method to obtain NMPs from multiple plant parts, such as the leaves, flowers, pods, fruits, stems, strips, and root
extracts [19], [20], [21], [22], [23], [24], [25], [26], [27], [28]. During production, phytochemicals and polyphenols in different plant
parts aid NMPs bio-reduction and stabilization. These chemicals also exhibit antibacterial and medical uses. Chandra et al. [21]
used biosynthesized Terminalia chebula (TC) leaf extract for biomedical applications yielded superior results revealing that the bio-
synthesized TC-SNPs were effective at killing bacteria and especially effectual against human pathogens like Bacillus subtilis (ATCC
6633) and Escherichia coli (ATCC 25922). Espenti et al. developed a strategy to bio-reduce the amount of silver in nanoparticles by
extracting the bark of the Syzygium cumini (SC) plant. AgNPs were rapidly synthesized using the eco-friendly aqueous extracts of SC
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stem bark. In addition to reducing Ag ions, the SC extract controlled the size of the AgNPs it produced, resulting in an average size
of approximately 14nm. Evidence of AgNPs production was provided by investigations using TEM, UV-visible spectroscopy, FTIR,
and DLS. The produced nanoparticles exhibited improved antibacterial activity against Bacillus subtilis and Escherichia coli [29].
Espenti et al. reported the bio-reductive production of nanosized AgNPs utilizing L. acidissima aqueous leaf and bark extracts. The
investigation yielded nanoparticles with average diameters of 25£26 and 12+14nm for the leaf and bark extracts, respectively.
Synthesized AgNPs proved more efficient against E. coli and B. subtilis. In addition, UV-vis spectrometric analysis derived the rate
constant (kops) [30].

Tropical and subtropical countries are home to Bryophyllum pinnatum (BP), also known as the alive plant, wonder leaf, or cathedral
chimes. It shares a certain characteristic with a few other members of its genus: copious smaller-than-expected plantlets on the
borders of its phylloclade’s [31]. BP leaves exhibit various biological activities, such as anthelmintic, immunosuppressive,
hepatoprotective, anti-diabetic, anti-nociceptive, anti-ulcer, anti-inflammatory, antioxidant, nephroprotective, anticonvulsant,
analgesic, neuropharmacological, antihypertensive, and antipyretic properties [32], [33], [34]. Moreover, they are abundant in
alkaloids, flavonoids, terpenoids, saponins, tannins, phenols, and glycosides [35]. The multifunctional phytochemicals found in BP
leaf extract inspired our synthesis of AgNPs, which we subsequently applied to CCF. Finally, we examined the performance of CCF-
BP-AgNPs as antibacterial agents and Congo Red (CR) removal from industrial textiles to determine their prospective use in
industrial textiles.

The increasing prevalence of microbial infections necessitates innovative solutions in antimicrobial textiles. Traditional chemical
methods of synthesizing AgNPs pose environmental and health risks, underscoring the requirement for green alternatives. This

study introduces a novel, eco-friendly means of synthesizing AgNPs using BP leaf extract, which is rich in bioactive phytochemicals.

The BP-synthesized AgNPs were incorporated into CCF, resulting in a durable, biocompatible antimicrobial textile. The significance
of this approach lies in its adherence to green chemistry principles, ensuring safety and sustainability while providing effective
antibacterial and photocatalytic properties. This dual functionality positions the CCF-BP-AgNPs as a promising solution to
healthcare and environmental applications.

Section snippets

Materials

Sigma-Aldrich provides silver nitrate (AgNO3), which was acquired at an impurity level of 299.5%. BP leaves that had just been
harvested were collected from areas surrounding Tamil Nadu. Aldrich Chemical Ltd. in Mumbai, India, and the local textile market
supplied nutrient agar (AR) and CR dye respectively. Double-distilled water (DDW) was utilized for all experiments. ...

Fabrication of CCF-BP-Ag nanocomposite

In the present study, a CCF-BP-AgNPs nanocomposite was developed using a “green approach” method. First, we produced AgNPs
from aqueous Ag ions using an aqueous BP leaf extract, which contains numerous phenols, tannins, glucosides, terpenoids, and
flavonoids that potentially aid in the reduction process. During reduction, the color of the solution turns brown, clearly indicating
the formation of AgNPs using BP as a reducing agent (graphical abstract). Thereafter, we analyzed the synthesized ...

Conclusion

The current work describes a simple means of producing AgNPs utilizing aqueous BP leaf extract. The proposed approach is
compatible with green chemistry principles, as the plant extract is a two-in-one molecule that potentially reduces the number of
AgNPs produced while also keeping them stable. BP extract enables the simple manufacture of BP-Ag-NPs. According to green
chemistry principles, the synthesis approach is effective since the plant extract possesses two qualities. For example, ...
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Abstract

This study investigates the synergistic effects of graphene oxide (GO) and limestone calcined clay cement (LC3) on
the mechanical properties and durability of concrete. Various concrete mixes were prepared, including a reference mix,
conventional concrete with 0.04% GO, and LC3 mixes with different clinker to calcined clay ratios (50:30, 45:35, and
40:40), both with and without GO. The mechanical properties were evaluated through compressive strength and split
tensile strength tests, while durability was assessed using rapid chloride permeability, rapid chloride migration, water
absorption, and corrosion rate measurements. The results revealed that the incorporation of GO in conventional concrete
significantly improved both mechanical and durability properties. Among the LC3 mixes, the 45:35 clinker to calcined
clay ratio exhibited the best performance. The combination of GO and LC3 resulted in remarkable enhancements, with the
LC3 mix containing 0.04% GO and a 45:35 clinker to calcined clay ratio demonstrating the highest strength and durability
performance. A strong positive correlation between compressive strength and split tensile strength was observed, and a
power function equation was derived to predict split tensile strength based on compressive strength. The findings highlight
the potential of combining GO and optimized LC3 for the development of sustainable and high-performance concrete with
enhanced mechanical properties and durability.

Keywords Graphene oxide - Limestone calcined clay cement - Mechanical properties - Durability - Synergistic effects -
Sustainable concrete

1 Introduction of ordinary Portland cement (OPC), the essential binding

agent in concrete, poses a significant environmental chal-
Concrete, the world’s most extensively utilized construction ~ lenge, contributing to nearly 8% of the world’s total CO,
material, is projected to see a surge in production, reach-  emissions [3]. In an effort to curb the ecological footprint
ing an astounding 18 billion tonnes annually by the mid-  of cement production and foster sustainable building prac-
dle of the 21st century [1, 2]. However, the manufacturing tices, there is an increasing focus on developing innovative
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ABSTRACT

This study examines the scour depth induced by turbulent wall jets and proposes novel mathematical formulations to predict the depth
of scouring. Through a comprehensive gamma test, key parameters influencing the scour depth are identified, including the apron length,
densimetric Froude number, median sediment size, tailwater level, Reynolds number, and Froude number of the jet. Regression analysis is
subsequently conducted to establish relationships between the dependent parameter and the aforementioned independent variables. A com-
parative analysis is then undertaken between the measured scour depths and those predicted by existing equations from previous studies.
Furthermore, predictive models leveraging the support vector machine, artificial neural network with particle swarm optimization, M5 tree
algorithm, gene expression programming, and adaptive neuro-fuzzy inference system (ANFIS) are developed using the collected data. Statisti-
cal metrics are employed to evaluate the performance of each model and the regression equation. The effectiveness of each model in predicting
scour depth is demonstrated. Notably, ANFIS yields a coefficient of determination of 0.809 and a root mean square error (RMSE) of 1.585.
Multi-nonlinear regression analysis exhibits a coefficient of determination of 0.752 and an RMSE of 0.421, while the M5 tree achieves a coeffi-
cient of determination of 0.739 and an RMSE of 1.874, demonstrating superior performance compared to other machine learning techniques
and regression equations employed in this study.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0203444

I. INTRODUCTION high-velocity fluid jet impinges on a boundary wall or a submerged
structure, causing turbulence and changes in the flow characteristics.

Scouring refers to the erosion or removal of sediments from The maximum scour depth caused by turbulent wall jets depends on

the bed of a water body, such as a river or channel, due to the kinetic various factors, including the velocity and discharge of the jet, sedi-
energy of flowing water. Among varieties of scouring mechanisms, ment properties, bed material composition, and the geometry of the

a scour hole due to turbulent wall jets is one that occurs when a channel or water body. Additionally, scour depth is influenced by

AIP Advances 14, 055008 (2024); doi: 10.1063/5.0203444 14, 055008-1
© Author(s) 2024
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Abstract

Comprehensive and proper management of fecal sludge (FS) is an ongoing concern in many
nations. Decentralized fecal sludge treatment plants (FSTPs) are effective in this regard;
however, many have experienced strong public opposition based partly on suspicion of
malodor. Fecal sludge and freshly generated fecal matter (FM) samples from various FSTPs

were collected, characterized, and investigated for biomethane potential. The homogenized
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Abstract

Concrete is the mostly used construction material in the modern world. However, with the rise of
urbanization, heavy use of concrete has started to threaten the humankind due to its disastrous effect on
environment. Steel and concrete industries are one of the major CO2 producing industries. Statistics
show that an average person uses 1 m3 of concrete in a year making it the most used material and the
cement production on global scale may reach 4800 Million Metric tons by 2030 and India being the
second largest producer in 2018 with 290 million metric tons. To control this a new environment-
friendly structural materials should be utilized instead of ordinary concrete to cope with environmental
problems. This has led to the search for alternate sustainable materials to replace Cement.

With good success, mineral admixtures have been used to partially replace cement. The technical
advantage of using these mineral admixtures is the improvement of many properties in the fresh and
hardened phases, including enhanced durability in acidic environments and higher ultimate strength of
Concrete. GGBS (Ground granulated blast furnace slag) reaction is both hydraulic and pozzolanic
because of the particle shape and increased hydration, GGBS concrete has greater particle packing.
Curing of concrete place a major role on strength development and durability of concrete. Improper
curing can affect the concrete performance and durability easily. In conventional curing this is achieved
by external curing applied after mixing, placing and finishing. Water is maximum utilized commodity
and because of this the day- by-day level of the water table is going down. If water has to be purchased
for construction works, the cost of construction rises much higher. Also, in case of concreting works
done at heights, vertical members, sloped roofs and pavements, continuous curing is very difficult.

The performance of self-curing concrete using PEG as self-curing agent with different molecular
weights concluded that addition of hydrophilic chemicals in water which is mixed in concrete reduces
the evaporation of water.

The research identifies Durability properties of the concrete higher for mix C20G1.5P at 7, 14, and 28
days for M20 and M40 grades, However, for the M60 grade, the mix ratio CL0G1P demonstrates the
highest strength, suggesting the influence of concrete grade in combination with Ground Granulated
Blast Furnace Slag (GGBS) and Polyethylene Glycol (PEG 400). Increasing the supplementary
cementitious material and self-curing agent strength and durability of concrete increases and up to
certain point and then decreases. In addition, the micro structural analyses have been carried out for

IJFMR23057985 Volume 5, Issue 5, September-October 2023 1
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Abstract

Curing of concrete nothing but maintaining adequate moisture levels in the preliminary stages of concrete to development
its respective properties. However, practical limitations are making difficult to curing. Consequently, researchers have
explored the self-curing agents asa solution. These agents aim to decrease water evaporation from the concrete and enhance

its water retention ability compared to conventional concrete.

The present investigation involves the use of self-curing agent viz., polyethylene glycol (PEG) of molecular weight 400
(PEG 400) for dosages of range from 0% to 2% by weight of cement added and Ground granulated blast furnace slag
(GGBS) added 0% to 40% by replacing cement. Self-curing concrete containing GGBS was developed for M20, M40 and
M60 grades of concrete. Compressive strength, split tensile strength and flexural strength properties of self-curing concrete
containing GGBS and conventional concrete are evaluated. There is an increase about 10% - 15% in mechanical properties

of self-curing concrete containing GGBS mixes observed when compared to conventional concrete.

Keywords: Self-curing concrete; Conventional concrete; Polyethylene glycol (PEG-400); Compressive strength; Flexural

strength; Split tensile strength.
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Abstract

Concrete utilization is increased with the rapidly growing construction in-
dustry, compaction is the main exertion that arisen in the concrete. Self-com-
pacting concrete (SCC) is a flowable concrete that can flow under its own weight
in the congested reinforcements without any need for external vibration. As the
lesser usage of aggregates leads to the decrease in stiffness of SCC which may
cause the earlier formation of cracks, adding fibers increase the stiffness of SCC,
and also it has a lot of consequences for finding out fresh and mechanical prop-
erties. This study mainly focuses on the application of Artificial Neural Networks
(ANN) to predict the fresh and mechanical properties of steel fiber reinforced
SCC. In the proposed model nine input parameters and seven output parame-
ters are considered for modeling. For training and testing of the data along with
regression analysis was performed using MATLAB using the ANN tool. It is
used for the complete modeling and one hidden layer and ten neurons and 1000
epochs. The model performance was evaluated based on three metrics sets which
includes correlation coefficient (R?), root mean square error (RMSE) and mean
absolute percentage error (MAPE). The obtained correlation coeflicient value will
be between 0.9 and 1, which implies good accuracy of prediction.

Keywords

Artificial neural network, Self-compacting concrete, Steel fibers, Regression
analysis, Nanotechnology

Introduction

Concrete is a key building material that has historically proved useful all over
the world. Around the world, especially in the industrial regions, there has been
a significant increase in the usage of concrete. For the incorporation of nanopar-
ticles in nanofibers, three main techniques were identified. The most commonly
mentioned one is direct blending electrospinning, where the nanoparticles are
encapsulated and/or entrapped in the nanofibers [1, 2]. Now, in present days
there is an alternative for the usage of conventional concrete in regard to it saves
time as well as better quality in both fresh and hardened states. The alternative
and new construction material is SCC. SCC is one of the novel concrete varieties
that has recently seen widespread use. The development of SCC, among other
trends and advancements in the construction sector, offers a standard potential
and attractive interest to use secondary raw materials and byproducts as mineral
additives (fly ash, GGBS, metakaolin, etc.) [3-5]. SCC is also acknowledged as
self-consolidated concrete which eliminates the compaction of concrete without
vibration and not affecting its engineering properties. SCC was developed to
reduce the cost of skilled labor, manpower and eliminates the compaction prob-
lems. SCC avoids noise pollution due to vibration by compacting itself. In addi-

Rao et al.
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Abstract

The stress—strain behavior of graded glass fiber reinforced concrete (GGFRC) is a crucial
factor in its performance and appropriateness for diverse applications. In the present study,
experimental and analytical methods were used to develop a model for the stress—strain
behavior of GGFRC under uniaxial loading. The experimental program is designed to
investigate the impact of mono glass fibers (3, 6, 12, and 20 mm) with varying volume
fractions (0.1%-0.5%) and graded glass fibers (combinations of 3+ 6+ 12+ 20 mm) on the
behavior of concrete of M50 grade. By grading glass fiber lengths in the concrete, GGFRC's
pre-peak strength and post-peak deformation have increased, allowing the composite to
control the various scales of cracking. A uniaxial compressive stress—strain model has been
developed utilizing the fiber reinforcing index to predict the stress—strain curves of GGFRC
in compression. The fiber reinforcing index, which is a measure of the quantity of fiber
reinforcement in the material, is used as a variable in the current model to observe how it
impacts the material's behavior. This would help evaluate the material's behavior under
uniaxial compressive loading conditions and then use that data to develop a mathematical
model that can predict the material's response under other conditions. Finally, it can be
concluded that there is a significant correlation between the experimental results and the
proposed analytical model.
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Abstract

Air pollution has been recognized as a significant environmental risk factor with potentially
adverse effects on women’s reproductive health. This study presents the existing literature
on air pollution exposure and its link to spontaneous abortion (SAB) utilizing a systematic
literature review (SLR) and bibliometric analysis (BA). Firstly, SLR was employed to collect
relevant articles based on specified inclusion/exclusion criteria and formulated research

questions. Secondly, BA was used to map and assess research trends, current knowledge, and
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OPEN A study on waste PCB

fibres reinforced concrete
with and without silica fume made
from electronic waste

M. Vishnu Priyan'*, R. Annadurai', George Uwadiegwu Alaneme 23>,
Durga Prasad Ravella®, S. Pradeepkumar® & Bamidele Charles Olaiya?

This research goal is to appraise the effect of electronic waste on concrete properties by examining
the mechanical properties of concrete reinforced with waste printed circuit boards (PCBs). PCB

fibres, each 50 mm long, were mixed in varying proportions (1-5% by weight of cement). Silica fume
(SF) was used as a 12% weight replacement for cement to conserve the properties of PCB fibre-
reinforced concrete while tumbling cement consumption. Following a 28-day curing period, the

fresh and hardened characteristics of PCB fibre-reinforced concrete were juxtaposed with those of
conventional concrete. The experimental results led to the conclusion that 5% by weight of cement is
the most effective proportion of PCB fibres to include in both PCB fibre-reinforced concrete and silica
fume-modified PCB fibre-reinforced concrete. The addition of PCB fibres and silica fume significantly
increased the mechanical strength of the concrete, making it suitable for high-strength concrete
applications. Based on a similar investigational research design, an artificial neural network model was
created, and it played a critical role in predicting the mechanical properties of the concrete. The model
produced accurate results, with an R-squared (R?) value greater than 0.99.

Electronic waste (e-waste) is a significant issue worldwide, with millions of electronic devices becoming obsolete
yearly'. Over the next ten years, India is predicted to create 500% more e-waste than it does now, according to
the UN Environment Programme (UNEP). Electrical waste equipment (EWE) is being manufactured more
widely because of the quick technical improvements in electronic items. This leads to the production of novel
products at competitive prices. Valuable metals, man-made chemicals, and hazardous materials that present
serious threats to the environment and society are stored at EWE?. Advanced countries have included legal and
regulatory measures that encourage resource reuse in their waste management programs. On the other hand,
a number of developing countries have not made comparable progress in this area®™. In emerging economies,
households inefficiently dispose of electronic waste (EWE), resulting in pollution and health hazards. The act
of disposing of material waste in neighbouring fields is a common occurrence, leading to the contamination
of local sediments, dirt, dust, and vegetation due to inappropriate disposal of electronic trash, resulting in the
presence of dangerous substances. This electronic trash consists primarily of screens of LCD (11.9%), comput-
ers (18.8%), cell phones (21.3%), and CRT monitors (7%), which are produced by both electrical devices and
electronic instruments, manufacturing firms and residents. However, only a scant 10% of this electronic waste
is actually being recycled*. The management of this trash may be achieved by implementing recycling methods
using diverse technologies, or alternatively, it can be appropriately dealt with via garbage dumps or incineration
processes™. Nevertheless, inadequate methods of waste disposal and insufficient equipment have the potential
to have detrimental effects on both the natural environment and human health. The act of reusing electronic
garbage, often referred to as e-waste, may be described as the process of repurposing a product in a manner that
deviates from its original intended design and use?’. The implementation of prolonging the product’s life answers,
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Abstract. The present research aims to examine the impact of steel fiber inclusion (ranging
from 0% - considered as reference, 0.08%, 0.16%, 0.24%, to 0.32%) on the mechanical and
fracture characteristics of notched geopolymer concrete unreinforced beams (GCUB). These
beams are prepared using fly ash and GGBFS (Ground Granulated Blast Furnace Slag), and the
findings are compared with those from plain cement concrete unreinforced beams. The
investigation encompasses various parameters including compressive strength, bending
strength, split tensile strength, fracture energy (GF), crack mouth opening displacement
(CMOD), and stress intensity factor (KIC). The primary focus is to assess how the inclusion of
crimped steel fibers influences the ability of geopolymer concrete to arrest cracks. The
outcomes obtained from the study underscore the effectiveness of crimped steel fibers in
mitigating crack propagation and averting brittle fractures within notched geopolymer concrete
unreinforced beams. The results indicate notable enhancements across all fracture and
mechanical parameters upon the introduction of steel fibers. This points towards the positive
impact and efficiency of steel fibers in augmenting the behavior of geopolymer concrete,
making it more resistant to crack propagation and brittle failure.

Keywords: Geopolymer concrete; Steel fiber; Mechanical properties; Fracture energy; CMOD

1. Introduction

Concrete, a widely employed synthetic material globally, has manufacturing processes that lead to
significant carbon dioxide emissions and depletion of natural resources [1]. The present global
challenge revolves around environmental deterioration, with greenhouse gases serving as major
contributors to this issue. Carbon dioxide-based gases, contributing to over 75% of global warming
agents, pose a significant concern. Notably, the cement and concrete sectors account for nearly 8% of
total carbon dioxide emissions [10,14].

To foster a more sustainable environment, the utilization of alternative cementitious materials is
crucial. Opting for geological-origin materials or industrial byproducts as substitutes for cement can
mitigate its adverse binding impacts [7]. An effective approach involves the utilization of alkaline
activator solutions to enhance binding properties. Geopolymer concrete (GPC), formed from
geological materials or activated industrial waste through alkaline solutions like sodium or potassium
hydroxide and silicate solutions, offers a viable alternative [9,11,12].

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1

604



ASMI-2023 IOP Publishing
IOP Conf. Series: Earth and Environmental Science 1280 (2023) 012004 doi:10.1088/1755-1315/1280/1/012004

Investigations on Strength and Durability Properties of
Recycle Aggregate and Fly Ash in Concrete

Lotla Sandeep Reddy', Thunuguntla Chaitanya Srikrishna**and G.V.Praveen*

'Department of Civil Engineering, Sreenidhi Institute of Science and Technology, Ghatkesar,
Telangana State, India.

? Department of Civil Engineering, Chaitanya Bharathi Institute of Technology (A), Gandipet,
Hyderabad, Telangana State, India.

*Corresponding Author email-id :chaitanya civil@cbit.ac.in

Abstract.In this investigativestudy the Natural Coarse Aggregate (NCA) were put back with
Recycled Course Aggregate (RCA) at peculiar proportions, the mechanical performance and
durability properties of concrete are examined. The inclusion of fly ash (FA) is also introduced
as stand—in of Cement. The present investigation aims to determine the effect of RCA as an
stand-in material to NCA and to analyze the fresh properties like workability, density and
hardened properties like Compressive Strength, Flexure Strength, Split Tensile Strength and
durability properties like Water permeability and Sorptivity. Mix is formulated for water
cement ratio 0.40. The specimens were casted of replacing virgin aggregate with RCA by 10%
and 20%, and cement with FA by 10%, 20% and 30%. All the specimens are cured for 7 and
28 days as per requirement later they are tested.The acquired data are then compared between
the strength of NCA of concrete and the proportion of RCA and FA. The outcome view is in
such a way that the workability of concrete will decline as the replacement of RCA increases,
by which it should limited to a fixed percentage (10% or 20%). The density of concrete is not
altered by the put back of FA, but raise in percentage of RCA replacement could alter the
density of concrete. In case of Compressive, Flexure and Split tensile strength of concrete the
optimum strength obtained for 10% FA and 10% RCA for 7 and 28 days was similar to that of
100% NCA and 0% FA and durability studies also gave the optimum results for the same
replacement.

Keywords:Recycled Coarse Aggregate; FlyAsh;Mechanical properties; Sorptivity.

1. Introduction

Concrete is the primeutilized civil engineering building material. The main components which are
required to produce the concrete are fine aggregate, coarse aggregate, cement, and water. It is
employed in a wide range of civil engineering projects, including infrastructure, low and high-rise
buildings, defense structures, and environmental protection structures. Concrete production
necessitates the use of components such as cement, aggregates, and water. The term "sustainable" is
becoming increasingly popular around the world[3]. Construction that is environmentally friendly, a
fast remedy can have a direct impact on improving community livelihood problems.

The way to this aim requires first and foremost minimizing the environmental impact of concrete
manufacture by substituting recycled mineral resources for virgin mineral materials, as well as
lowering global CO, emissions. [4,5]. Recycling is the process of converting discarded materials into
new products.The approach utilized here comprises a significant substitution of NCA for RCA

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd 1
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The present paper aims to find the strength and durability properties
of hybrid fiber reinforced concrete under marine conditions, and to
investigate the effect of hybridization of fibres on properties of
concrete. where the fibers to be used are steel fiber and
polypropylene fiber and to find the proper corrosion less hybrid fiber
reinforced concrete by adding the chemical admixture i.e
CHYRSCO OPTIMA 9313 and MICRO SILICA to produce a
moderate water reduction, better flow and retention of HYRC. Water
to cement ratio increases there is a chance of high extend of having
concrete permiablity, so in this investigation water to cement ratio is
about 0.38 % only. The literature study reveals that there is very little
literature on the durability aspects of marine conditions on hybrid
fibers reinforced concrete hence lot of research is to be done.
Present experimental investigation is done up to M40 grade
concrete mix design. The compressive strength is one of the most
important features of concrete,Compressive strength was
investigated, the mix design also affected the water-cement ratio
The planned technique allows the designer to estimate
characteristics such as compressive strength and workability of the

concrete
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As a result of urbanization, high rise structures with subversive
parking and storage levels are becoming increasingly common.
Seismic energy dissipation systems are presently used for a wide
range of structures all around the world. Basements that are difficult
to clean. The primary purpose is to evaluate the situation. The
efficacy of horizontal dampers in the ground level of a high rise
building on top of a basement. One of the various types of dampers
available is visco-elastic dampers (VE). Dampers are used in this
Equivalent static & Response spectrum analysis. An attempt has
been made to determine the variance in natural period by integrating

energy dissipation devices and comparing different models.

Topics

Spectroscopy.
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Concrete is a building material that cannot be avoided in the
construction business. Massive constructions need a significant
volume of concrete and substantial foundations. By substituting
normal-weight concrete with light, durable, environmentally friendly,
and sustainable concrete, the structure’s self-weight may be
reduced. Foam concrete is a material that can meet all of the
following criteria. Cement, fly ash, and foaming agent are all
ingredients in foamed concrete, which is a cement-based slurry that
has been physically blended with a stable and uniform foam. This
research investigates the target densities of foamed concrete (FC).
The purpose of this investigation is to assess foamed concrete of

low and medium densities.
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ABSTRACT

The discharge estimation in rivers is crucial in implementing flood management techniques and essential flood defence and drainage sys-
tems. During the normal flood season, water flows solely in the main channel. During a flood, rivers comprise a main channel and
floodplains, collectively called a compound channel. Computing the discharge is challenging in non-prismatic compound channels where
the floodplains converge or diverge in a longitudinal direction. Various soft computing techniques have nowadays become popular in the
field of water resource engineering to solve these complex problems. This paper uses a hybrid soft computing technique - artificial
neural network and particle swarm optimization (ANN-PSO) and multivariate adaptive regression splines (MARS) to model the discharge
in non-prismatic compound open channels. The analysis considers nine non-dimensional parameters — bed slope, relative flow depth, relative
longitudinal distance, hydraulic radius ratio, angle of convergence or divergence, flow aspect ratio, relative friction factor, and area ratio — as
influencing factors. A gamma test is carried out to determine the optimal combination of input variables. The developed MARS model has
produced satisfactory results, with a mean absolute percentage error (MAPE) of less than 7% and an R? value of more than 0.90.

Key words: ANN-PSO, gamma test, MARS, non-prismatic compound channel

HIGHLIGHTS

Using traditional methods to estimate discharge in non-prismatic compound channels provides unsatisfactory results.
Discharge is estimated in non-prismatic compound channels using two soft computing techniques ANN-PSO and MARS.
Influencing parameters for the prediction of discharge are identified using the Gamma test.

[}
[}
[}
® Different model performances have been carried out for different ranges of width ratio and relative flow depth.

NOMENCLATURE

Qs discharges carried by the floodplain.

Q measured discharge

Quc discharges carried by the main channel
Ry, hydraulic radius of the floodplain

Ry hydraulic radius of the main channel
So  bed slope of the channel

Manning’s roughness coefficient

total flow depth over the main channel
bankfull depth of the main channel
wetted perimeter

hydraulic radius

area of the compound channel

relative friction factor

area ratio

SRR E
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ABSTRACT

The present research focusses on a comparison of experimental and numerical approaches for flow over fixed artificial rigid grass bed chan-
nels. Various flow parameters like longitudinal velocity, depth-averaged velocity (DAV), boundary shear stress (BSS) and secondary current are
analysed and compared with seven numerical models: standard, realizable and renormalization group (RNG) k- models and standard, shear
stress transport (SST), generalized k- (GEKO) and Baseline (BSL) k-o models. To evaluate the strength of the seven applied models, the error
analysis has been performed. It is found that the RNG k—e and SST k-» models provided better results for both the DAV and BSS prediction,
but the RNG k- model is found to be the most suitable for predicting the DAV and the SST k-w model for BSS as compared to the other
models. For the longitudinal velocity profiles, both the RNG k-e and SST k- models are found to provide good agreement with experimental
results at the centre of the channel, whereas the SST k-o model is more accurate near the wall. Overall, the SST k-w model has predicted the
results with good accuracy for all the flow parameters considered in the present study.

Key words: ANSYS Fluent, experimental results, grass bed, k- and k-» models, statistical error analysis

HIGHLIGHTS

® A comparative study of all the seven sub-models pertaining to the k—» and k-e groups was performed.

® DAV and BSS profiles are presented using the discussed turbulence models, CES and compared with the experimental results.

® Statistical error analysis is performed.

® The RNG k—= model estimated the depth-averaged velocity more accurately, whereas the SST k-w model is found to be more accurate in
predicting the boundary shear stress.

1. INTRODUCTION

Hydraulic structures in open channels necessitate a thorough understanding of flow characteristics to ensure proper design. Par-
ameters such as mean flow pattern, depth-averaged velocity (DAV) distribution, secondary flow properties, boundary shear stress
(BSS), turbulent characteristics and conveyance capacity play a crucial role during the design process. In the study of turbulent
flows in open channels, hydraulic engineers often rely on experimental and numerical investigations to understand the various
flow components (Guo & Julien 2003; Yang ef al. 2004; Sahu ef al. 2014; Devi & Khatua (2016); Khuntia et al. (2018a,b); Tajnesaie
et al. 2020; Khuntia ef al. (2021); Devi ef al. (2021); Qasim ef al. 2022). Various research has been carried out on the flow and
turbulent structure and it influences the riverine habitat (Bornette & Puijalon 2011), water quality (Dosskey ef al. 2010), soil ero-
sion and stability (El Bouanani ef al. 2022; Ikhsan et al. 2022) and river planform disorderness (Nandi ef al. 2022a).

With the advancement of computational techniques, numerical methods have become valuable tools for solving complex
hydraulic engineering problems. Even with sophisticated turbulence models, accurately predicting turbulent structures and
BSS in free surface flows remains a difficult task (Shnipov 1989; Yang et al. 2004; Yang & Lim 2005; Guo & Julien

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY-NC-ND 4.0), which permits copying and
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