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Abstract Biosynthesis of nanoscale materials has its own
advantages over other physical and chemical methods.
Using soapnut extract as reducing and stabilizing agent for
the synthesis of inorganic nanoscale materials is novel and
has not been exploited to its potential so far. Herein, we
report for the first time on the effects of sulphur substitution
on soapnut extract-mediated synthesis of nanoscale NdFeB
(S-NdFeB) permanent magnetic powders (Nd 15%, Fe
77.5%, B 7.5% and S with molar ratios: 0.1, 0.2, 0.3, 0.4,
and 0.5). To synthesize, a 10 ml of 10% soapnut extract was
added to 90 ml of respective chemical composition and
heated to 60 °C for 30 min and aged for 24 h. The dried
powder was sintered at 500 °C for 1 h. The characterization
of the as-prepared nanoscale S-NdFeB magnetic materials
was done using the techniques such as X-ray diffraction
(XRD), scanning electron microscopy (SEM) with energy
dispersion spectroscopy (EDS), Fourier transform infrared
spectroscopy (FT-IR), dynamic light scattering (DLS for
size and zeta potential measurements) and vibrating sample
magnetometer (VSM)-hysteresis loop studies. The results
revealed that particles were highly stable (with a negative
zeta potential of 25.7 mV) with irregular and spherical

< T.N. V. K. V. Prasad
tnvkvprasad @gmail.com

Department of Physics, Maharajas College (Autonomous),
Vizianagaram, Andhra Pradesh, India

Nanotechnology Laboratory, Institute of Frontier
Technology, Regional Agricultural Research Station,
Acharya N G Ranga Agricultural University, Tirupati,
Andhra Pradesh, India

Institute of Physics, Bhubaneswar, India

Department of Physics, Andhra University, Visakhapatnam,
Andhra Pradesh, India

shape (with measured hydrodynamic diameter 6.7 and
63.5 nm). The tetragonal structures of the formed powders
were revealed by XRD micrographs. Hysteresis loop studies
clearly indicate the effect of S concentration on the
enhanced magnetization of the materials.
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Introduction

Magnets have been fascinating mankind since ancient
times. There are a number of fields in which magnets are
being used including acoustics, heavy electrical devices,
data storage, and devices used for imaging through mag-
netization. Over ages iron-based magnetic materials have
been attracting the scientific community due to their unique
characteristics such as large remanence magnetization,
high-energy density, and enhanced coercive force. Among
iron-based ferromagnetic systems, NdFeB system (with
highest energy product BH max) was proved to be one of
the prominent ferromagnetic systems whose production is
under exploitation (Brown et al. 2002) and possesses
remanence of up to 1.45 T and a maximum coercivity of
2650 kA/m (Chopra et al. 2007).

Nowadays, nanoscale materials (size <100 nm in at
least one dimension) of all kinds have been told to be the
new-generation materials including magnetic materials.
There are notable differences in physical, chemical and
biological properties exhibited by nanoscale materials
compared to their bulk counterparts. Most importantly, at
nanoscale, the surface area of the material per unit volume
increases to several folds, which makes them more suit-
able for high-end applications like medicine, space
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research, etc. However, the magnetic properties of nanos-
cale materials were determined by their chemical compo-
sition, methods employed for synthesis, crystalline lattice,
crystalline defectiveness, particle size, shape and surface
morphology (Zeng and sun 2008; Rao and Cheetham
2011). As the demand of NdFeB magnets has been
increasing rapidly in various fields of life science due to
their excellent magnetic performance, it is required to
develop low-cost and eco-friendly synthetic routes to pro-
duce NdFeB magnets.

Various methods were employed (Shah et al. 2015) to
synthesize NdFeB ferromagnetic materials alone and with
co-substitution including melt spinning, atomization (Liu
and Zhao 2017), hydrogen disproportionate desorption
recombination (HDDR) (Gutfleisch et al. 2002) and
mechanically alloying to achieve enhanced magnetization
(Deheri et al. 2010). However, the methods of preparation
involve high-end chemicals with the lengthy procedures
with required skills (Jadhav et al. 2014)

Biosynthesis of nanoscale materials using various bio-
logical entities (microbes, plants, and bio-templates)
(Madhavi et al. 2013; Kotakadi et al. 2014) has been
developing as a special branch of nanobiotechnology at a
rapid pace. Using plant and plant materials for the syn-
thesis of inorganic nanoscale materials has advantages over
using other biological entities (Prasad et al. 2011; Sindhura
et al. 2014) in the synthesis protocol. Through biological
methods, with minimum energy using eco-friendly syn-
thetic routes, nanoscale materials could be produced
(Elumalai et al. 2011). Soapnut fruit is popular in Asia and
its extract has been used as a surfactant over ages. The fruit
extract is also used to inhibit tumour cells and exhibits
contraceptive activity (George and Shanmugam 2014).
Soapnut fruit extract contains various phenolic compounds,
flavonoids, and carbohydrates. Bharti et al. (2012) argue as
to recognize this extract as one of the potential candidates
for the synthesis of metallic nanoparticles and composi-
tions. However, reports on the use of soapnut extract for
synthesizing metallic nanoparticles are scarce. In the pre-
sent investigation, we report for the first time on the syn-
thesis of NdFeB ferromagnetic materials using soapnut
extract as reducing and stabilizing agent and also we have
evaluated the effect of sulphur substitution against boron
on the structure and magnetic properties of NdFeB per-
manent magnets.

Experimental

Materials

Neodymium (III) nitrate hexahydrate [Nd (NO;);-6H,0,
99.9%, Aldrich Chemicals], ferric nitrate anhydrous (extra
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pure, AR, ACS) (Fe(NO3);-9H,0), boric acid (extra pure,
AR, SRL, H3-BOs3), and sulphur powder (HIMEDIA) were
used as received without further purification and double-
distilled water (DDW) as solvent. Soapnuts (Dried, 100 g)
purchased from the local market in Tirupati, Andhra Pra-
desh, India and used as received.

Methods

Dried soapnuts (100 g) were milled to get fine powder
using a grinder. Then 10 g of fine soapnut powder was
added to 100 ml of distilled water (DW) and heated to
80 °C for 30 min. After heating, the solution was filtered
using filter paper (Whatman no. 1) and an aliquot (10%)
was collected for further experimentation.

Preparation of soapnut extract-mediated S-NdFeB
magnetic systems

The precursors of metal nitrates Nd (NOs)3-6H,O, Fe
(NO3)3-9H,0 and boric acid were taken in the volumetric
ratios of Nd:Fe:B—15:77.5:7.5 for the synthesis of Nd,.
Fe 4B phase. To prepare the S-NdFeB permanent mag-
netic system, 10 ml of 10% of soapnut extract was
thoroughly mixed with the mixture of 1 molar concen-
tration of individual elements at 15:77:7.5 volumetric
ratios of Nd, Fe, and B, respectively, with the substitution
of sulphur at a variation of 0.1, 0.2, 0.3, 0.4, and 0.5 in
the proportion of Boron (B) cumulating to no overall
change in the ratios. The mixture was heated to 60 °C and
cooled to room temperature, and further aged at room
temperature for 24 h. The precipitated S-NdFeB magnetic
particles were separated from the mixture through ultra-
filtration and dried. The S-NdFeB magnetic powders were
sintered at 500 °C for 1h. The formed nanoscale
S-NdFeB magnetic materials were stored for further
characterization assays.

Characterization of the prepared nanoscale
S-NdFeB magnetic powders

Dynamic light scattering spectroscopy (DLS for size
and zeta potential measurements)

Dynamic light scattering (DLS) technique was employed
using a particle sizing system [Nanopartica—SZ-100
(HORIBA)] at a wavelength of 633 nm from a 4.0 mW,
solid-state He—Ne laser at a scattering angle of 170°. The
hydrodynamic diameter (size) was measured from built-in
software for all the samples prepared (Takahashi et al.
2008).
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X-ray diffraction (XRD)

The XRD patterns of prepared samples were taken using an
X-ray diffractometer (Rigaku) operating in the reflection
mode with CuKa radiation (k = 0.1542 nm). The scanning
range was between 20 = 20-80 with a step size of 0.04.

Scanning electron microscopy (SEM) and energy
dispersion spectroscopy (EDS)

Surface morphological details of the prepared nanoscale
materials could be studied from SEM micrographs. The
SEM (Carl Zeiss, Neon 40, 1.1 nm @ 20 kV, 4-20 nA)
microscope was used in this study to reveal the surface
morphology, size, and shape of the prepared samples.

Fourier transform infrared spectroscopy (FT-IR)

The functional groups present on the surface of powders
and in solution were identified using Fourier transform
infrared (FT-IR) spectroscopy (Perkin—Elmer) in the fre-
quency range 4000—400 /cm by pelletizing a homogenized
powder of the synthesized particles and KBr (ratio 1:200).
The spectra were corrected by subtracting the spectrum of a
KBr blank pellet and were presented in the transmittance
mode (Song et al. 2009).

Vibrating sample magnetometer (VSM)-hysteresis
loop studies

A vibrating sample magnetometer (VSM) works on the
principle of Faraday’s law of electromagnetic induction.
The field available in between electromagnets is 2 T. The
system is calibrated with a cylindrical Ni specimen of
weight 0.0925 g at a uniform magnetic field of 5kOe to
give a saturation moment of about 56 emu/g calibration,
which could be maintained within +0.05%. The frequency
of vibration is 75 Hz. Typically around 20-50 mg of the
composite powder sample is used for VSM study. The
specimen is fastened in a non-magnetic holder of 3 mm
diameter, which is vibrated at a frequency of 75 Hz in a
uniform magnetic field generated by an electromagnetic
field.

Results and discussion

Biosynthesis of sulphur-substituted NdFeB
ferromagnets

Biosynthesis of metallic nanoparticles has advantages over
conventional methods (chemical and physical methods) in
terms of ease of procedure and attaining high purity of the

prepared nanoscale materials. There are a number of
reports available in the literature (Lu et al. 2007; Thakkar
et al. 2010) and, in all, synthesis of NdFeB magnetic
materials involves high-end chemicals, critical procedures
and requires high energy. Biosynthesis of materials,
nanoscale materials in particular, has so many advantages
over conventional chemical and physical methods in
obtaining the desired materials (Elumalai et al. 2011). Also
using plant products or plant extracts in the synthetic
protocol has many advantages over their counterparts in
terms of handling the precursors (Prasad et al. 2011).
Soapnut extract (composition of a variety of functional
groups including alcohols, thiols) (Sharma et al. 2011) has
the ability to reduce and stabilize the materials during the
respective processes and was successfully used in the
present study to prepare nanoscale S-substituted NdFeB
magnetic materials.

Dynamic light scattering spectroscopy (DLS for size
and zeta potential measurements)

Dynamic light scattering (DLS) technique is used to
measure the hydrodynamic diameter (HDD) of the parti-
cles. It is evident from Fig. la, b that the formed mag-
netic nanoparticles have mean diameter of 6.7-63.5 nm
and are uniformly distributed. The 1.5% substitution of
sulphur was found to be the best concentration for the
synthesis of sulphur-doped NdFeB nanomaterials. In
addition, prepared magnetic nanoparticles were highly
stabilized which is evident from the recorded zeta
potentials (Fig. 2). Higher coercivity can be achieved by
finer particles.

X-ray diffraction (XRD)

X-ray diffraction analysis was done for the confirmation of
expected fabrication and determination of crystal structure
of the prepared samples. X-ray diffraction patterns of
S-substituted NdFeB system is shown in Fig. 3. For each
peak, interplanar spacing ‘d’ was calculated using Bragg’s
law (n4 = 2d sinf) and was compared with interplanar
spacing ‘d’ in JCPDS database. The X-ray diffraction
patterns clearly indicate the Bragg’s reflections from the
planes (004)(220)(200)(222)(101) (11 1) assigned
to a tetragonal crystalline structure. The phase identifica-
tion and determination of crystallographic parameters are
matched with the JCPDS 39-0473 assigned for Nd,Fe4B.
It is evident from Fig. 3 that the c-axis is strongly oriented
perpendicular to the plane of the crystal because the peaks
such as 2 0 0 and 4 0 O which are the reflections of @ phase
have considerably high intensity (Tian et al. 2013). How-
ever, substitution of S does not affect the crystalline
structure of NdFeBs.
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Fig. 1 Particle size distribution (using dynamic light scattering) of S-substituted NdFeB magnetic materials. a 0.2% S-substituted NdFeB.
b 0.5% S-substituted NdFeB
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Fig. 2 Zeta potential of the synthesized S-substituted NdFeB magnetic nanoparticles. 1 S 0.2% NdFeB. 2 S 0.5% NdFeB
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Fig. 3 X-ray diffraction micrographs representing the indexed Bragg’s reflections of S-substituted NdFeB ferromagnetic materials. a 0S 0.2%
NdFeB. b S 0.3% NdFeB. ¢ S 0.4% NdFeB. d S 0.5% NdFeB and e S 0.0% NdFeB

Scanning electron microscopy (SEM) and energy
dispersion spectroscopy (EDS)

The scanning electron microscopy of the synthesized
NdFeB nanoparticles revealed the formation of NdFeB

particles in different nanometer range and the substitution
of sulphur in the proportion of iron varied the grain size
and structure significantly. The grain sizes averaging in the
range 6.7-63.5 nm were observed when the substitution
concentration of 0.3% of sulphur in the core proportion of
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<«Fig. 4 Scanning electron micrographs showing the surface morphol- the crystal system was taken. As the substitution increased

ogy, size and shape of the S-substituted NdFeB ferromagnetic 1,4t ().5%, we observed the grain size also increased which
nanoparticles. a S 0.2% NdFeB. b S 0.3% NdFeB. ¢ S 0.4% NdFeB. can be accredited to stretch caused by the sulphur mole-
d S 0.5% NdFeB and e S 0.0% NdFeB y p
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was recorded to be influenced by the sulphur doping
(Castaldi et al. 2002). The SEM images also showed the
different sulphur concentrations substitution in NdFeB
system leads to formation of particles with different sizes
and shapes which may find diverse applications. Concur-
rently, the energy-dispersive X-ray spectroscopy (EDS)
revealed that the substitution of sulphur was successful but
the peaks for the corresponding substitution may not be
very distinct as the substitution is very low at about 0.5%
only. The SEM images of the sulphur-doped NdFeB
nanoparticles are shown in Fig. 4.

Fourier transform infrared spectroscopy (FT-IR)

The FT-IR analysis of the S-substituted NdFeB nanopar-
ticles showed characteristic absorption peaks of different
functional groups ranging from disulphides (705-570 /cm),
polysulphides  (500-470 /cm), cyanate (2260-2240/
1190-1080 /cm), thiocyanate (2175-2140 /cm), ammo-
nium ion (3300-3030/1430-0390 /cm), nitrate ion
(1380-1350/840-815 /cm), hydroxyl group (3570-3200 /
cm), polymeric O-H (3400-3200 /cm), methoxy C-S
stretch (28202810 /cm), etc. (Wu et al. 2015). The FT-IR
spectrum shows the substitution of S in the NdFeB system
has greatly influenced the characteristic functional groups
of the magnetic nanoparticles when compared with non-
substituted control (Fig.5). The number of distinct
absorption peaks serves as a measure of the influence of
sulphur doping which shows a dramatic increase in a
number of peaks with an increase in sulphur concentration.
The variations also in the presence of absorption peaks of
the functional groups may be attributed to sulphur substi-
tution; as the concentration of sulphur increased, functional
groups also increased and their peak shapes fluctuated
greatly from broad to sharp and, in some instances, the
opposite was observed. The soapnut extract without any
faltering gave rise to different functional groups; as a
result, the bioapplicability of the NdFeB nanoparticles is
greatly improved.

Hysteresis loop studies

Magnetic materials are renowned by their behaviour in
external magnetic fields. For ferromagnets, the M(H) de-
pendence is characterized by domain wall movement and
magnetization rotation. According to the theory of Weiss, a
non-saturated ferromagnet contains a number of small
regions called domains, in which the local magnetization is
homogeneous and reaches the saturation value. Two
domains are separated by domain walls which are regions
of approximately 100 nm where the magnetization rotates
continuously. The variation of magnetic flux is created by
the vibration of the specimen in a DC magnetic field. The
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Fig. 6 Hysteresis loop studies of sulphur-substituted soapnut extract-
mediated NdFeB ferromagnetic materials. a 0% S-Substituted
NdFeB. b 0.3% S-substituted NdFeB and ¢ 0.5% S-substituted NdFeB

magnetization was measured by the pickup coils and direct
interface dedicated computer was used for the data acqui-
sition. The NdFeB nanoparticles synthesized with sulphur
substitution at variation 0.3% in the core proportion of
15:77.5:[7.0 +0.5] (NdFeB’s Boron) had coercive field
(H.) value of 36.539, saturation magnetization (M) of
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10.580E—3, remanent magnetization (M,) of 173.520E—6,
and saturation (H,) field (field at which M reaches 0.95 M,)
of 4729.22. In the case of sulphur substitution at 0.0%, H.
was found to be 22.865, M, 14.127E—3, M, 80.666E6, and
H, 4704.80 when compared with control, where coercive
field (H.) value is 10.973, saturation magnetization (M) is
11.649E—3, remanent magnetization (M,) is 34.231E—6
and saturation field (H,), field at which M reaches 0.95 M,
is 4709.90, suggestive of enhanced magnetization ability
after sulphur substitution (Fig. 6) (Rui and Shield 2006;
Calin et al. 2011; Shah et al. 2015).

Conclusion

Soapnut extract was proved to be one of the best biological
sources for the synthesis of sulphur-substituted NdFeB
permanent magnetic materials through the adoption of a
simple procedure with minimum energy consumption.
Sulphur substitution against boron in NdFeB magnetic
system has significant influence on surface morphological
and magnetic properties. The substitution of sulphur at
0.3% against boron was proved to be a most successful
concentration in achieving the significant multiple param-
eters including size, stability, and magnetization. The
synthesized sulphur-substituted NdFeB ferromagnetic
nanoparticles with enhanced magnetization could find
versatile applications in different fields including medical
diagnostics, non-chemotherapeutic cancer treatment and
magnetic film coatings.
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