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Barium Bismuth Oxide Borate (BBOB) has been synthesized for the first time using solution combustion
technique. SEM analysis reveal flower shape of the nanoparticles. The formation of the nanoparticles has
been confirmed through XRD & FTIR studies which gives the physical and chemical structure of the novel
material. The UV light absorption is observed in the range 200—300 nm. The present study highlights the
radiation shielding ability of BBOB for different radiations like X/Gamma rays, Bremsstrauhlung and
neutrons. The gamma shielding efficiency is comparable to that of lead in lower energy range and lesser
than lead in the higher energy range. The bremsstrauhlung exposure constant is comparably larger for
BBOB NPs than that of concrete and steel however it is lesser than that of lead. The beauty of BBOB
nanoparticles lies in, high absorption of radiations and low emission of secondary radiations when
compared to lead. In addition, the neutron shielding parameters like scattering length, absorption and
scattering cross sections of BBOB are found to be much better than lead, steel and concrete. Thus, BBOB
nanoparticles are highly efficient in absorbing X/Gamma rays, neutrons and bremsstrauhlung radiations.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

light weight, low cost, good thermal and mechanical strength. Use
of nanomaterials have become an attractive tool due to their po-

The use of radiation technology in everyday life is increasing
exponentially. A few to mention imaging, radiotherapy and radio
pharmaceuticals in medical, nuclear power generation, food irra-
diation, agriculture, industries etc. and the major concern is
contamination/leakage of radiations to the environment which
results in several radiation hazards. Different nuclear radiations are
being used in several fields wherein shielding plays an important
role in minimizing the radiation exposure and is one of the basic
principles of radiation protection [1]. Design of an appropriate
shielding material is a challenging task with respect to efficiency,
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tential properties like high surface area to volume ratio which will
enable more particles to accommodate and also becomes more
reactive when radiation interacts with matter. Strive for a novel
material that can replace the conventional materials is still fore-
going. Researchers are fascinated by using different combination of
materials like metal matrix composites, glass systems, polymer
composites and many more to explore the efficiency of the
material.

The authors have attempted to explore different fillers used in
attenuating X/Gamma rays, neutron and bremsstrahlung radiation.
Lead bismuth tungstate composite was prepared by Bayoumi et al.
[2] and the authors have reported that the ternary composite
(Pb0.82Bi0.12W04/W0.5Pb0.5Bi12020) proved to be the most
efficient radiation shield. Bismuth borate nanoparticles were pre-
pared by Zhou et al. [3] by sol gel technique and have reported the
high efficiency of the nanoparticle in absorbing gamma rays and
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neutrons simultaneously. Lead compounds like lead sulfate, lead
chloride, lead bromide, lead iodide and bismuth compounds like
bismuth chloride oxide, bismuth bromide, bismuth fluoride, bis-
muth iodide were considered by Sayyed et al. [4] and their radiation
shielding efficiency was studied. Sallam et al. [5] have investigated
the physical properties and radiation shielding parameters of bis-
muth borate glasses doped with 0.7 wt (%) of transition metals like
Cu, Co and Ni. Polydimethylsiloxane reinforced with bismuth oxide
radiation shields were fabricated by Yilmaz et al. [6] and their
thermal, mechanical and rheological properties were investigated.
Ambika et al. [7] have studied the role of bismuth oxide in
enhancing the gamma shielding ability of unsaturated polyester
based polymer composites. The photon shielding performance of
bismuth oxychloride doped polyester composites was investigated
by Sharma et al. [8]. Many others have used bismuth and bismuth
compounds as reinforcers and evaluated the gamma shielding ef-
ficiency of the compounds/composites [9,10].

The physical, optical and radiation shielding ability of PVA films
containing barium titanate were studied by Issa et al. [11]. Barium
iron nickel oxide nanocomposite was synthesized by solution
combustion method by Sathish et al. [12] for radiation shielding
applications. The structural, optical and radiation shielding ability
of BaZrO3 perovskite doped sodium borate glasses have been re-
ported by Abdel et al. [13]. Seenappa et al. [14] have attempted to
investigate the radiation shielding properties of barium com-
pounds BasN,, BaF,, Baly, BaS, BaSe and BaH,. The shielding rate of
barium sulphate was investigated using Monte Carlo simulations
and was compared to Lead by Kim et al. [15]. Barium ferrite
nanoparticles were synthesized by Reddy et al. [16], for radiation
shielding and display applications.

Concrete with ferroboron and boron carbide were investigated
for their neutron shielding ability by Sariyer et al. [17]. Sub-
ramanian et al. [18] have discussed the importance of boron and
boron compounds for nuclear applications. Rashad et al. [19] have
fabricated MgO and ZnO nanoparticles for shielding of gamma rays
and fast neutrons. Sikkora et al. [20]. have made attempts to un-
derstand the effect os bismuth oxide on structural, optical and
gamma/neutron shielding ability of portland cement pastes.
Neutron and gamma shielding parameters were estimated for
Al203/Pb02 nanoparticles by Ali et al. [21] Ozdemir et al. [22] have
attempted to study the effect of boron trioxide on mechanical,
thermal and neutron shielding ability of the EPDM composites.
Gungor et al. [23] have proposed a thermal neutron shielding
material consisting of EPDM and hexagonal Boron Nitride. Boron
doped PVA polymeric nanofibers were prepared by Ozcan et al. [24]
for absorption of neutrons in compact nuclear fusion reactors. The
neutron shielding efficiency was found to be high in polyethylene/
hexagonal boron nitride multilayered polymer composites by
Shang et al. [25]. Seenappa et al. [26] have studied the neutron
shielding parameters in some alloys such as AL-6XN, nicrosil, nisil,
terfenol-D, elektron and ferro-boron.

Several researchers have reported the potential properties of
bismuth, barium, boron and their compounds in absorbing X/
Gamma rays and neutrons respectively [7,18]. If we have a mixture
of all the three, then the material will excel in its performance.
Accordingly, the authors have chosen bismuth, barium and boron
compounds in the present study and synthesized Barium—Bismuth
Oxide-Borate nanocomposite for the first time using green syn-
thesis approach. The authors have made an attempt to study the
structure, morphology, optical and radiation protective qualities of
the novel material in detail.

2. Materials and methods

All the materials/chemicals used in the present study are of
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Fig. 1. Flow chart for the synthesis of Barium—Bismuth Oxide-Borate (BBOB) nano-
particles (NPs).
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Fig. 2. PXRD pattern of BBOB NP’s and (Inset: W-h plot).

analar grade. Stoichiometric amounts of Bismuth nitrate, Barium
Nitrate and Boron Nitride were taken and mixed with 25 ml of
freshly extracted Aloevera gel. The mixture was kept for stirring
using magnetic stirrer for homogeneous mixing and then placed in
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Fig. 3. Rietveld refinement (Inset: Packing diagram) of BBOB NPs.
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-g:l):fallite size, crystallinity, strain, dislocation density and structrual factor.
Crysallite size (nm) Crystallanity (%) Strainx 1073 Dislocation densityx 10'® (linm~?2) SF
Scherrer’s W-h
25.51 21.84 78.42 0.63 2.09 0.4231

a muffle furnace for combustion to happen at 500°C. Further, the
obtained sample was grinded and calcination was achieved by
placing the sample again in a muffle furnace at 500°C for 3hrs.
Thus, using green synthesis approach, a novel material, Bar-
ium—Bismuth Oxide-Borate (BBOB) was synthesized as shown in
Fig. 1 and further characterised for their structural, optical and ra-
diation shielding properties.

3. Results and discussion

The synthesized BBOB NP’s were confirmed through the various
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SEM MAG: 40.0 kx Det: SE 1pm
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characterization techniques such as PXRD, SEM, UV-Vis and FTIR
spectroscopy.

3.1. PXRD analysis of BBOB NP’s

X ray diffraction studies were conducted to study the physical
structure of the nanomaterial. Several diffraction peaks are
observed in Fig. 2 at 18.5, 22, 24.5, 27,28, 31, 32.5, 37, 38.5, 44.5, 49,
51, 55.5, 59, 65, 68 and 69.5 degrees, indicating the crystalline na-
ture of the novel material. All the peaks are found to be in agree-
ment with JCPD File N0.98-042-4596. Rietveld refinement revealed
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Fig. 4. (a—c) SEM image and (d) EDAX image of as-formed BBOB NPs.
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Fig. 5. FTIR spectrum of BBOB Nano particles (NPs).

Table 2 Lead shielding |
FTIR analysis. 3

SI. no Wavenumber (cm~') Remarks Reference

1 3412 stretch vibration frequency of O-H [27].

2 2410 C-N stretching vibrations [28].

3 1773, 1382 BO5 antisymmetric stretching vibrations [29].

4 816, 728 [BO3]3’ group stretching vibration [30].

5 539 [803]3’ group bending vibration [30].

the single crystal structure of the Barium—Bismuth Oxide-Borate
Fig. 3. Crystallite size and strain were calculated using Scherrer’s 12 cm 6cm
formula and W-H Plot. The crystallite size was found to be 25.51 nm

and 21.84 nm respectively. This difference in the value may be Fig. 7. Schematic diagram of the Experimental Setup (S: Source position, T: Target
sample, D: Detector, PM: Photomultiplier).
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Fig. 6. UV-Visible spectrum of BBOB Nano particles (NPs).
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Table 3
Comparison of measured shielding parameters for BBOB with that of theory.
E (MeV) ttenlp (cm?/g) TVL(cm) Zeg
0.276 Ex 0.29+0.02 1.86 2949
Th 0.22 239 22.83
0.365 Ex 0.20+0.007 2.77 2540
Th 0.12 3.65 18.09
0.511 Ex 0.13+0.01 5.37 14.82
Th 0.12 5.36 14.81
0.662 Ex 0.13+0.005 6.66 13.67
Th 0.12 6.64 13.66
1.173 Ex 0.04+0.001 9.72 12.46
Th 0.04 9.71 12.45
1.332 Ex 0.04+0.001 10.55 12.32
Th 0.04 10.54 1231

attributed to the strain effects being considered in W-H plot. The
values of various other parameters like crystallinity, strain, dislo-
cation density and structural factor are tabulated in Table 1.

3.2. SEM analysis of BBOB NP’s

SEM is a valuable tool which helps us to explore the size, dis-
tribution and shape of the nanoparticles. The morphology and
elemental composition of BBOB nanoparticles have been presented
in Fig. 4. It is evident from the figure that, the particles appear to be
like a flower. On the other hand, slight agglomeration has been
noticed in Fig. 4b. The formation of nanoflower shape particle has
been confirmed in the present study of 500 nm resolution (Fig. 4b).
In addition, the elemental composition of boron, oxygen, barium
and bismuth are 24.46, 19.37, 35.39 and 20.78 wt (%) respectively.

Nuclear Engineering and Technology 55 (2023) 1783—1790

3.3. FTIR analysis of BBOB NP’s

FTIR studies reveal the chemical structure of BBOB nano-
particles. The FTIR spectra of BBOB nanoparticles is shown in Fig. 5
in the range 400—4000 cm™. The presence of absorption peaks is
evident from the figure and the so called finger print region in the
range 400 cm~! and 1500 cm™ . The stretching, bending vibrations
assigned to the different functional group have been presented in
Table 2. The presence of C-N groups is due to the fact that the green
extract is used as the reducing agent in the synthesis. The formation
of BBOB nanoparticles is confirmed through the presence of all
these functional groups.

3.4. UV-Visible spectroscopic analysis of BBOB NP’s

The optical absorption spectra of BBOB nanoparticles is shown
in Fig. 6 and the inset graph is the Tauc’s plot. It is evident from the
figure that, the absorption of photon increases with increase in the
wavelength and peaks at three wavelengths 211, 219 and 226 nm
showing UV light absorption in 200—300 nm range. The energy
needed to excite an electron from valence band to conduction band
is found to be 2.8eV (Eg) from the Tauc’s plot. This may be attrib-
uted to the presence of bismuth, barium and boron in the mixture
[31-33]. The band gap of any semiconductor can be tuned by
varying the size of the particle. Smaller the size of the particle,
greater is the band gap due to quantum size effects and hence
smaller the wavelength of light emitted [34].

3.5. Gamma shielding characteristics

We have measured the X-ray/gamma absorption properties in
BBOB nano particles. Nal(Tl) detector coupled with MCA is used in
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Fig. 8. X-ray/gamma shielding parameters: (a) Mass attenuation coefficient vs energy (b) TVL vs energy c) Mean free path vs energy, (d) Effective atomic number vs energy,(e)
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Fig. 9. Comparison of thickness of materials required to stop 0.05 MeV, 2 MeV and
5 MeV.

the measurement. Further details of the experiment is explained in
the previous reports [12,35—37]. The experimental setup used for
the measurement of X-ray/gamma ray shielding properties of BBOB
nano particles is provided in Fig. 7.

The mass attenuation coefficient of the sample is calculated
from the measured integral intensities. The derivable of the
measured mass attenuation coefficient such as TVL and effective
atomic number is computed from measured mass attenuation co-
efficient. The comparison of the measured values with that of the
theory is as shown in the Table 3.

After the validation of present work, we have studied other
shielding parameters. The mass attenuation coefficient of BBOB
nanoparticle is found to decrease with increase in energy and peaks
at 0.09 MeV and further decreases with increase in energy due to
decrease in interaction cross section as evident from Fig. 8a. During

Nuclear Engineering and Technology 55 (2023) 1783—1790

the interaction, gamma photons transfer their energy through
several processes like photoelectric effect, compton effect and pair
production process, which are infact energy dependent. The tenth
value layer thickness is the essential parameter for any practical
applications. The relaxation length and TVL values increases with
increase in gamma photon energy and are presented in Fig. 8b and
c. Lower the relaxation length, higher will be the shielding effi-
ciency of the said material. The attenuation of gamma photons
depends on the atomic number of the absorber. Since, the material
is a compound which consists of bismuth, barium, boron and ox-
ygen, the Z of the material cannot be defined, hence we define
effective atomic number (Zgs) which decreases with increase in
photon energy as shown in Fig.(8)d. Similar trend of variation is
observed for electron density Fig. 8e. The radiation protection ef-
ficiency is maximum in the lower energy range and decreases
gradually with increase in energy Fig. 8f. The EABF values are found
to vary with respect to gamma photon energy and mean free path
as evident from Fig. 8g and h. EABF is observed to be minimum in
the lower energy range and further increases with increase in en-
ergy. All these variations may be attributed to the dominance of
photoelectric effect, compton effect and pair production processes
in the lower, medium and higher energy range respectively [38,39].
The gamma shielding ability of the nanoparticle is compared to that
of lead which is the conventional shielding material. The attenua-
tion coefficient and TVL values are comparable (lesser) to that of
lead. Hence, the BBOB nanoparticles can be used for low energy
gamma shielding applications.

For an instance, we have shown in Fig. 9, the thickness of the
synthesized novel material BBOB and lead required to reduce the
intensity of gamma photons to half of its actual intensity. The standard
and conventional shielding material lead requires 0.0076, 1.3268,
1.4305 cm to stop gamma rays of energy 0.05, 2, 5 MeV respectively,
whereas BBOB requires 0.0249, 3.8995 and 5.0288 cm. Thus, the HVL
values of the novel material is comparable to lead in lower energy and
greater than lead in higher energy range. Thus, the material servesasa
good candidate for shielding of low energy gamma rays.
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Fig. 10. Bremsstrahlung shielding parameters for Lead, concrete and steel at different energies: (a) Variation of bremsstrahlung efficiency/yield vs energy, (b) Comparison of bremsstrahlung
efficiency among lead, concrete and steel at 1.511 MeV, (c) Variation of bremsstrahlung dose rate vs energy, (d) Comparison of bremsstrahlung dose rate among lead, concrete and steel at
1.511 MeV, (e) Variation of specific bremsstrahlung constant vs energy & (f) Comparison of specific bremsstrahlung constant among lead, concrete and steel at 1.511 MeV.
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3.6. Bremsstrahlung characteristics

Usually high Z compounds/mixtures are preferred for the
shielding of X-ray/gamma radiations, because the absorption of X-
ray/gamma radiation is directly proportional to the atomic number
of the target medium. However, the disadvantage of using high Z
compounds/mixtures in the X-ray/gamma radiation shielding is the
production of secondary radiations such as bremsstrahlung. Radia-
tion shielding is required for the place where the nuclear reactions
are carried out. During the nuclear reactions, along with the X-ray/
gamma radiations, alpha and beta radiations are also emitted. There
is no issue with the emitted alpha particle which is simply absorbed
in the high Z compounds/mixtures. Whereas the beta which were
emitted during the nuclear reactions interacts with the high Z atoms
in the targets and produces the bremsstrahlung radiation which
comes in the X-ray region. The production of bremsstrahlung is also
directly proportional to the atomic number of the target. Eventually,
to absorb X-ray/gamma radiations effectively, secondary radiations
such as bremsstrahlung are produced. Thus, to design the shielding
for X-ray/gamma radiations, we must consider the secondary radi-
ations such as bremsstrahlung also. A good shielding material for X-
ray/gamma should not produce large amount of secondary radia-
tions also. Thus, in the present study, bremsstrahlung shielding
parameters such as bremsstrahlung dose rate, bremsstrahlung effi-
ciency and specific bremsstrahlung constant are also evaluated us-
ing the theoretical formalism explained in the previous work
[40—42] with the help of measured EDAX composition. The evalu-
ated bremsstrahlung shielding parameters is shown in the Fig. 10.

Bremsstrahlung efficiency signifies the quantity of secondary
radiation produced by the beta during interaction with the target
medium. Fig. 10a shows the variation of bremsstrahlung efficiency as
a function of energy of interacting beta particle for the synthesized
BBOB along with the traditional shielding materials such as lead,
concrete and steel. From this comparison (Fig. 10d) it is found that
bremsstrahlung production is large for lead when it compares with
the other materials studied. Meanwhile, bremsstrahlung effficiency
of BBOB NPs are less than that of lead. The energy of the brems-
strahlung radiations absorbed in the medium is given by brems-
strahlung dose rate. The variation of bremsstrahlung dose rate as a

Nuclear Engineering and Technology 55 (2023) 1783—1790

function of energy of the interacting beta is also given in Fig. 10b. The
comparison of bremsstrahalung dose rate among the studied ma-
terials (.10e) reveals that bremsstrahlung dose rate is larger for BBOB
NPs than that of the other studied materials. It is also found that from
the Fig. 10c, specific bremsstrahlung exposure constant is compa-
rably larger for BBOB NPs than that of concrete and steel howeveritis
lesser than that of lead. By studying the bremsstrahlung shielding
parameter it is observed that the synthesized NPs produces smaller
quantity of secondary radiation such as bremsstrahlung when it is
compared to lead meanwhile, bremsstrahlung absorption is also
large in the synthesized NPs. The good shielding material should
have the property of not producing secondary radiation (Brems-
strahlung) including good absorbing of primary radiations. In view
of this, the lower emission of bremsstrahlung radiation also
considered as the good characteristic of shielding material.

3.7. Neutron shielding characteristics

Neutrons interact with the material medium through absorption
and scattering processes. Hence, estimation of neutron shielding
parameters like neutron absorption cross section, scattering cross
section, scattering length and attenuation parameter are equally
important, since, the nanomaterial consists of both high Z and low Z
material. All these parameters are estimated using the data for ele-
ments adopted from previous work [43] and measured elemental
composition EDAX by following mixture rule. The evaluated neutron
shielding parameters for BBOB NPs are compared with that of con-
ventional shielding materials like lead, concrete and steel. The
relaxation length is found to be 4 fm which is less than that of lead,
concrete and steel from Fig. 11a. The scattering cross section, ab-
sorption cross section and scattering length is high compared to the
conventional materials as evident from Fig. 11b,c,d. Hence, proves to
be the best than any traditional shielding materials.

4. Summary
In the present study, solution combustion technique was used to

synthesize a novel nanomaterial Barium—Bismuth Oxide-Borate for
the first time. The nanoflower shape of the nanoparticle has been
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Fig. 11. Comaparison of neutron shielding parameters:(a) Neutron scattering length (A (fm)) (b) Neutron scattering cross section (o5 (barn)) (c) Neutron absorption cross section (gqp

(barn)) (d) Neutron attenuation parameter (k(cm?g™')).
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explored through SEM images. The formation of BBOB nano-
particles has been confirmed through FTIR studies. X ray diffraction
technique reveal the crystal structure of the said material. The ra-
diation protective qualities of the novel nanomaterial has been
discussed in detail and the results reveal that, BBOB nanoparticles
are highly efficient in absorbing low energy gamma photons and
also possess excellent neutron shielding ability compared to lead.
Moreover, emission of bremsstralung radiation is less compared to
lead. Thus, conventional material like lead, concrete and steel can
be replaced by BBOB nanomaterial as they are good absorbers of X/
Gamma rays, neutrons and bremsstrahlung radiations.
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