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a b s t r a c t

In this study, nano-scaled shielding materials were assembled and fabricated by doping different weight
percentages of Nano-mercuric oxide (N-HgO) into Nano-Bentonite (N-Bent) based on using (100-x% N-
Bent þ x% N-HgO, x ¼ 10, 20, 30, and 40 wt %). The fabricated N-HgO/N-Bent nanocomposites were
characterized by FT-IR, XRD, and SEM and evaluated to evaluate their shielding properties toward gamma
radiation by using four different g-ray energies form three point sources; 356 keV from 133Ba, 662 keV
from 137Cs as well as 1173, and 1332 keV from 60Co. The g-rays mass attenuation coefficients were plotted
as a function of the doped N-HgO concentrations into N-HgO/N-Bent nanocomposites. The computed
values of mass attenuation coefficients (mm), effective atomic number (Zeff) and electron density (Nel) by
the as-prepared samples were found to increase, while the half value layer (HVL) and mean free path
(MFP) were identified to decrease upon increasing the N-HgO contents. It was concluded also that the
increase in N-HgO concentration led to a direct increase in the mass attenuation coefficient from 0.10 to
0.17 cm2/g at 356 keV and from 0.08 to 0.09 cm2/g at 662 keV. However, a slight increase was observed in
the identified mass attenuation coefficients at (1172 and 1332 keV).
© 2022 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

Ionizing radiation like gamma radiation and high energy X-rays
are two of the most known dangerous radiations due to their
ionizing powers and risky effects on the human tissues as well as
ability to cause cancer and death [1,2]. Gamma radiation and X-rays
as well as fast neutrons are produced as a result from various nu-
clear activities as nuclear power plants and hospital X-rays radi-
ology rooms [3,4]. Recently nanomaterials have been introduced
into a great number of nanotechnological applications including
radiation shielding field [5,6]. Some nanomaterials and nano-
composites have been reported for implementation in radiation
shielding of different ionizing energies. Therefore, several research
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papers were mainly focused on investigating of the gamma radia-
tion shielding by using different materials including concretes,
clays, polymers, and heavy metal oxides as PbO, CdO, CuO, Bi2O3,
BaO, SrO, and others [7e28].

Tyagi et al., have reported a review article about the utilization
of various kinds of industrial wastes such as cementitiousmaterials,
slags, mines wastes, polymers & glass waste, to replace the con-
stituents of radiation shielding concretes [10]. Asal et al., have
prepared ceramic bentonite clay-based materials for application in
gamma radiation shielding by using different gamma rays energies
from different radiation point sources (137Cs, 251Am, 57Co, 60Co, and
88Y). The linear and mass attenuation coefficients of the prepared
ceramics were varied from 0.479 to 1.06 cm�1 and from 0.238 to
0.443 cm2/g, according to the applied thickness [11]. Agaret.al, re-
ported a new kind of Pd-Ag alloy as gamma radiation shielding
material. The mass attenuation coefficient was measured by using
diverse photon energies from 81 keV to 1333 keV and the results
indicated that Pd-75/Ag-25 alloy produced themaximum efficiency
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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towards gamma rays (about 53% at 81 keV) as well as the lowest
half-value layer [12]. Nikbin et al., studied the addition of nano
bismuth oxide with different percent 0, 2, 4, and 6% to heavyweight
concrete and the effect of different temperatures as 25, 200, 400,
and 600 �C on the gamma-ray shielding and the mechanical
properties were reported. The outlined results indicated that the
addition of nano bismuth oxide improved gamma rays shielding
and mechanical properties at high temperatures [13]. Sayyed et al.
have studied the effect of Sb2O3 addition as a dopant material to
soda-lime glasses and the results indicated that the added Sb2O3
enhanced the shielding of glasses [14]. The synergistic effect of
nano cadmium oxide and nano bentonite doping concentrations on
polypropylene ternary nanocomposites to enhance gamma radia-
tion shielding was also investigated and reported [15]. A newly
designed glass system composed of B2O3-Na2O-BaO-HgO possess
effective optical and physical properties was implemented towards
nuclear shielding [16] A new glass system of borate doped with
mercury oxide to study its direct influence on the optical and ra-
diation shielding properties was reported, the results indicated that
the sample contains 15 wt% HgO had the highest mass attenuation
coefficient, between 0.0271 and 33.4872 cm2 g�1 [17]. Clays were
also explored as shielding materials towards low energy photons
the results indicated that photons energies below 60 keV were
attenuated, however, the energies of the photons above 150 keV it
was preferred doping the clay with a high Z element to increase the
shielding efficiency, the clay had a density 1.99 g/cm3 with thick-
ness of 2 cm was found to attenuate 90% of the incident photons
from Am-241s [18]. Epoxy, and its composites with Al2O3, and
Fe2O3 were applied to increase the gamma radiation shielding, the
results indicated that at energy 1.333 Mev epoxy alone has a mass
attenuation coefficient of 0.0584 cm2 g-1 and after the addition of
15% of Al2O3 become 0.0579 cm2 g-1, and in case of Fe2O3 become
0.0584 cm2 g-1 [19]. Mahmoud et al. tested the effects of the con-
centration and particle size of PbO on the mechanical and gamma-
ray shielding properties of standard ceramic tiles and the results
revealed that as the content of PbO (particularly PbO in nanoscale)
increased, so did its mechanical performance as well as shielding
capabilities [20]. Diverse composites of tungsten (VI) oxide and
hydroxyethyl methacrylate-co-styrene were used and investigated
to enhance thermal and radiation shielding properties [21]. Two
clay materials; ball clay and kaolin were applied toward gamma
radiation shielding [22]. Composites of clay and polyethylene were
also studied for gamma radiation shielding [23]. Glass-based-
zirconolite silicate material was investigated towards radiation
shielding by using XCOM, and FLUKA simulation program [24]. In
addition, other materials have been recently established and
investigated as gamma radiation shielding materials [25e28].

To the best of our knowledge, focused research studies on radia-
tion shielding properties by using compositematerials includingHgO
nanoparticles are limited [17]. Therefore, thepresent study is devoted
to assemble new nanocomposite (N-HgO/N-Bent) via doping
different weight percentages of N-HgO (x¼ 10, 20, 30, and 40%) into
N-Bent (100-x%) to produce a diverse percentage of the nano-
composites N-HgO/N-Bent. The as-prepared N-HgO/N-Bent systems
were also aimed to characterize by FT-IR, XRD, and SEM to confirm
their structural and morphological features. The efficiency and ben-
eficiary of using N-HgO/N-Bent as effective radiation shielding nano
system for g-rays was also listed as the main targets in this study via
evaluation of a number of important parameters as the mass atten-
uation coefficients (mm), effective atomic number (Zeff), electron
density (Nel), half value layer (HVL) and mean free path (MFP).

2. Theory

In this study, Zeff, Nel, atomic cross sections (st.a) and electronic
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cross-section (st,e) values were obtained from Eqs. (1)e(5) by using
the weight proportion (wi), and (mm)i, Avogadro's number (NA),
atomic mass (N), and element fractional abundance (i) with respect
to the number of the atoms (fi) and finally, the element atomic
number (Zi) [28].

mm ¼
X

i

wiðmmÞi (1)

st:a ¼mmN
NA

(2)

st:e ¼ 1
NA

X fiNi

Zi
ðmmÞi ¼

st:a
Zeff

(3)

Zeff ¼
st:a
st:e

(4)

Ne ¼ mm
st:e

(5)

Where N¼P
Aini, Ai represents the atomicweight of the element(i)

and ni represents the number of molecule formula units. On the
other hand, the half values layer and the mean free path are
calculated from Eqs. (6) and (7), where m is the linear attenuation
coefficient

HVL¼ lnð2Þ
m

(6)

MFP¼ 1
m

(7)

3. Experimental details

3.1. Materials and chemicals

In this work, the employed chemicals were implemented
without any purification. Sodium hydroxide (FW 40.0 g/mol, and
assay >99.0%) was purchased from BDH Company, UK. Mercury
chloride (HgCl2, FW 271.52 g/mol and assay >99.97%) was pur-
chased from Alpha Chemika, India. Nano bentonite (H2Al2O6Si, FW
180.1 g/mol and assay >95.0%) was purchased from Sigma-Aldrich,
USA.

3.2. Combustion synthesis of N-HgO

Synthesis of N-HgO was established in two steps. The first step
included the synthesis of Hg(OH)2 bymixing two solutions of HgCl2
and NaOH in deionized water (25.0 mL of 0.1 mol/L NaOH solution
and a 100.0 mL of 0.01 mol/L HgCl2 solution). This solution was
stirred at 50 �C and a yellow precipitate of mercury hydroxide was
formed. This was filtrated, washed with deionized water several
times to remove the excess NaOH and final Hg(OH)2 product was
dried at 80 �C for 4 h. The second step is related to the combustion
of Hg(OH)2 at 450 �C in a muffle furnace in presence of glycine
based on 1:1 mass ratio and the orange N-HgO crystals product was
finally formed [31,32].

3.3. Fabrication of different N-HgO/N-Bent nanosystems

N-Bent was first activated by 100 mL of 0.01 mol/L NaOH for
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45 min at 80 �C and N-HgO powder was then added with
different weight percentages to produce 10, 20, 30 and 40% of N-
HgO/N-Bent nanosystems. All mixtures were stirred for 90 min at
90e110 �C to evaporate water content and the formed yellowish
orange paste from this reaction was dried at 85 �C. Finally, the
produced N-HgO/N-Bent nanosystems were ground to a fine
powder.

The different N-HgO/N-Bent samples were prepared by pressing
under 150 bar for 45 s using GRIMCO PRESSES under 50 tons
compression press hydraulic model 50-1818-D to obtain disk with
diameter ¼ 2.6 cm, and thickness ¼ 0.25 cm. Five different thick-
nesses, 0.25, 0.5, 0.75, 1.0, and 1.25 cm, were obtained by using the
selected number of disks.

3.4. Characterization of the as-prepared N-HgO/N-Bent
nanosystems

N-HgO, N-Bent, 10% and 40% N-HgO/N-Bent nanosystems as two
selected percent concentrations of N-HgO in the nanomaterials
were characterized by using diverse techniques including FT-IR,
XRD and SEM as specified in Table 1.

3.5. Experimental method for mass attenuation coefficients

Using emitted 0.356, 0.662, 1.173, and 1.332 MeV gamma pho-
tons from 133Ba, 137Cs, and 60Co point sources, the gamma-ray
shielding parameters of the prepared samples were measured.
The mass attenuation coefficients (mm) of the samples were
measured by a NaI (Tl) scintillation detector (Fig. 1) with the
following specification (7.5% resolution at 0.662 MeV emitted from
137Cs to 0.5 mm thickness of Al window). Measurement of each
sample was followed about 4 h and each measurement was
repeated 3 times.
Table 1
Characterization and specifications of different techniques.

Instrument Name Model Data

Fourier-transform infrared
spectrophotometer

BRUKER Tensor
37

FT-IR spectrum

X-ray diffraction (XRD) Shimadzu lab x
6100, Japan

The XRD pattern of the assembled
composites and their components

Scanning electron
microscope SEM

JSM-lT200, JEOL
Ltd

SEM images

Fig. 1. Narrow beam geometrical setup consists of Pb collimator, radioactive source, Nal det
high-tension power supply (EHT).
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4. Results and discussions

4.1. Structural and morphological characterizations

4.1.1. FT-IR characterization
In this study, N-HgO, N-Bent, 10% and 40% N-HgO/N-Bent

nanosystems were characterized by using FT-IR spectroscopy as
illustrated in (Fig. 2a, b, c, and d), respectively in the range
400e4000 cm�1. The investigated N-Bent (Fig. 2a) was found to
exhibit the following characteristic peaks. The peak at 3631.12 cm�1

is referring to the stretching vibrations of the octahedral Al3þ cat-
ions which are coordinated with hydroxyl groups [29,30]. Three
peaks at 458.11, 527.55, and 797.59 cm�1 are assigned to the pres-
ence of Si-O in-plane, octahedral vibrations of AleOeSi and
bending SieOeSi. Also the peak at 797.59 cm�1 is due to the AleO,
and SieO vibrations out of plane [29,30]. The broad and strong peak
at 1035.81 cm�1 is ascribed to the silicate structure of N-Bent clay
[29,30]. The two peaks at 1643.41 and 3453.73 cm�1 are related to
the stretching and bending vibrations of the �OH groups as well as
the adsorbed H2O molecules on the surface of N-Bent [29,30]
(Fig. 2b) shows the FT-IR spectrum of N-HgO and refers to the ex-
istence of two peaks at 475.47, and 588.31 cm�1 which are assigned
to the HgeO vibrations modes as an indication for the formation of
HgO nanocrystals [31,32]. The stretching vibrations of �OH group
and adsorbed water on the N-HgO surface were observed at
1464.02 and 2359.98 cm�1 [31,32]. On the other hand, the FT-IR
spectra of as-prepared 10% and 40% N-HgO/N-Bent nanosystems
are represented in (Fig. 2c and d), respectively. It is evident that
they exhibited the same previously mentioned and assigned peaks
in both N-HgO, and N-Bent with basic differences in their in-
tensities according to the variation in doping percentages. How-
ever, N-Bent was found to exhibit small shifts in most characteristic
peaks due possible bond formation with the doped N-HgO.
Conditions Technique

400e4000 cm�1 Using KBr pellets

40 kV, 30 mA, and l ¼ 1 Å using target Cu Ka with
secondary monochromatic. 2q ¼ 10�e80� .

X-ray technique

Imaging mode Sputtering coating
(JEOL-JFC-1100E)

ector preamplifier (PA), amplifier (Amp), multi-channel analyzer (MCA) and the extra-



Fig. 2. FT-IR spectra of (a) Bentonite, (b) N-HgO, (c) Bentonite including 10% N-HgO, and (d) Bentonite including 40% N-HgO.
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Fig. 3. XRD patterns of Bentonite, N-HgO and their corresponding nanocomposites.

Fig. 4. SEM images of (a) N-HgO, (b) Bentonite, (c) Bentonite including 10% N-HgO, and (d) Bentonite including 40% N-HgO.
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Table 2
Chemical composition by weight, thickness, density and weight fraction of elements of the prepared N-HgO/N-Bent samples.

Sample Name Chemical Composition (wt
%)

Thickness Density Weight fraction of elements

HgO Al2H2Na2O13Si4 (cm) g.cm�3 Hg Al H Na O Si

1-Hg 0 100 0.25 2.447 0.0000 0.1278 0.0048 0.1089 0.4925 0.2660
2-Hg 10 90 0.25 2.664 0.0926 0.1150 0.0043 0.0980 0.4507 0.2394
3-Hg 20 80 0.25 2.976 0.1852 0.1022 0.0038 0.0871 0.4088 0.2128
4-Hg 30 70 0.25 3.239 0.2778 0.0895 0.0033 0.0762 0.3669 0.1862
5-Hg 40 60 0.25 3.647 0.3705 0.0767 0.0029 0.0653 0.3251 0.1596

Table 3
Mass attenuation coefficients of the prepared N-HgO/N-Bent samples.

Sample name Mass Attenuation Coefficients in cm2/g

356 keV 662 keV 1173 keV 1332 keV

1-Hg 0.10020 0.07663 0.05830 0.05452
2-Hg 0.11588 0.07910 0.05864 0.05461
3-Hg 0.13218 0.08221 0.05931 0.05531
4-Hg 0.14783 0.08505 0.05943 0.05518
5-Hg 0.16351 0.08799 0.05989 0.05596

E.A. Allam, R.M. El-Sharkawy, A. El-Taher et al. Nuclear Engineering and Technology 54 (2022) 2253e2261
4.1.2. XRD characterization
The X-ray diffraction analysis of N-Bent, N-HgO, 10% and 40% N-

HgO/N-Bent nanosystems were also investigated as illustrate in
(Fig. 3) The XRD pattern of N-Bent illustrates series of peaks at
2q ¼ 21.0, 26.0, 27.0, 36.0, 37.0, and 54.0�, which are corresponding
to the planes (110), (210), (124), (144), (102), and (220), respectively
[29,30]. These peaks provide a good evidence for the presence of
aluminum silicate structure in N-Bent. Also the peaks refer and
consequently confirm that the clay is composed of quartz (Q) with a
trigonal structure, montmorillonite (M) with a hexagonal structure,
and feldspar (F) with albite structure [29,30]. For N-HgO, the
characteristic peaks were identified at 2q ¼ 30.0, 31.0, 32.0, 37.0,
50.0, 51.0, 55.0, 56.0, 57.0, 61.0, 62.0, 64.0, 65.0, and 68.0� which are
Fig. 5. Mass attenuation coefficients (mm) versus t
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attributed to the plans (011), (210), (020), (201), (221), (002), (400),
(112), (230), (401), (022), (411), (420), and (302), respectively
[31,32]. The XRD patterns of as-prepared10% and 40% N-HgO/N-
Bent nanosystems illustrate the doping of N-HgO into N-Bent via
the appearance of the previously mentioned XRD peaks for N-HgO,
and N-Bent with evident difference in the peak intensity as related
to the doping percentage in the nanomaterials [29e32].

4.1.3. SEM characterization
The SEM image of N-HgO refers to spherical nanoparticles as

illustrated in (Fig. 4a). N-Bent was found to appear as homogenous
sheets like platelets as shown in (Fig. 4b). On the other hand, the
SEM images of doped N-HgO into the N-Bent layers (Fig. 4c and d)
refer to be distribution of N-HgO into the N-Bent platelets by
showing the spherical particles of N-HgO above the N-Bent.

4.2. Radiation shielding parameters

The prepared samples with the chemical formula (100-x%) N-
Bent þ x% N-HgO, where x ¼ 0, 10, 20, 30, and 40% were studied to
characterize their gamma radiation shielding properties via a
number of calculated parameters. The density and weight fraction
of the constituents' elements of the assembled nanocomposites are
illustrated in Table 2, while Table 3 includes the mm values for the
he wt% of N-HgO in the tested nano systems.



Fig. 6. Mass attenuation coefficients (mm) versus gamma-ray photon energy (keV).

Table 4
Effective atomic numbers of the prepared N-HgO/N-Bent samples.

Sample name Effective Atomic Numbers (Zeff)

356 keV 662 keV 1173 keV 1332 keV

1-Hg 11.805 12.378 12.538 12.523
2-Hg 13.652 12.777 12.611 12.543
3-Hg 15.572 13.279 12.755 12.704
4-Hg 17.416 13.738 12.781 12.674
5-Hg 19.263 14.212 12.880 12.853

Table 5
Effective electron density) Nel � 1023( of the prepared N-HgO/N-Bent samples.

Sample name Nel � 1023 (electron/g)

356 keV 662 keV 1173 keV 1332 keV

1-Hg 2.785 2.920 2.958 2.954
2-Hg 3.220 3.014 2.975 2.959
3-Hg 3.673 3.132 3.009 2.997
4-Hg 4.108 3.241 3.015 2.990
5-Hg 4.544 3.353 3.038 3.032
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investigated samples at 356, 662, 1173, and 1332 keV emitted
gamma photons from 133Ba,137Cs, and 60Co point sources (Fig. 4)
shows the increase in mm values with increasing the percentage of
N-HgO at the photon energy 356, 662, 1173, and 1332 keV. It is
evident that the mass attenuation coefficients were decreased by
increasing the gamma rays energies (Fig. 5). From the previous
knowledge, it was reported that the mass attenuation coefficients
are generally dependent on two important parameters including
the sample composition, and the energy of the incident photons.
The evaluated material will be more suitable for gamma radiation
shielding, if it possesses a high effective mass number as a result of
2259
high number of electrons per atom. In addition, the calculated Zeff
values for the five investigated samples in this work have been
calculated and listed in Table 4 by using the different gamma-ray
photon energy in the range of 356e1332 keV. It could be
concluded that the Zeff values were increased by increasing the N-
HgO percent. The Nel results of the investigated samples in the
evaluated gamma-ray photon energy 356, 662, 1173, and 1332 KeV
were calculated fromEq. (5) and given in Table 5. From the collected
and outlined results, it was found that the Nel values were increased
by increasing the N-HgO content in the N-Bent clay matrix. For the
best radiation shielding of mixture, lower half value layer (HVL) and
mean free path (MFP) values are required. So the HVL and MFP
results are the most suitable quantities to describe the radiation
attenuation. Table 6 shows the MFP and the HVL as a function of N-
HgO content at 356, 662, 1173 and 1332 keV of gamma-ray. As
expected, the MFP values were decreased with increasing N-HgO
amount. Similarly, the HVL values decreased with increasing N-
HgO amount. Also, it can be seen that the lowest HVL and MFP
values were reported for 356 keV, whereas the highest HVL and
MFP values were characterized for 1332 keV. This can be explained
by the fact that the permeation abilities of gamma-rays depending
on their energy (see Fig. 6).
5. Conclusion

In this study, N-HgO has been synthesized by a simple com-
bustion method to implement this high density nanometal oxide in
a new system based on doping N-HgO into N-Bent, according to the
following percentage compositions (100-x%) N-Bent þ x% N-HgO,
where x ¼ 0, 10, 20, 30 and 40 (weight %), the different nano-
systems were prepared by the intercalation of N-HgO into the N-
Bent clay layers. The diverse synthesized nanosystems were



Table 6
Half value layer (HVL) and mean free path (MFP) of the prepared N-HgO/N-Bent samples at different gamma ray photon energies.

Sample 356 keV 662 keV 1173 keV 1332 keV

HVL(cm) MFP(cm) HVL(cm) MFP(cm) HVL(cm) MFP(cm) HVL(cm) MFP(cm)

1-Hg 2.8264 4.0785 3.6957 5.3329 4.8577 7.0097 5.1945 7.4957
2-Hg 2.2449 3.2393 3.2887 4.7456 4.4361 6.4014 4.7635 6.8737
3-Hg 1.7617 2.5422 2.8325 4.0874 3.9262 5.6655 4.2101 6.0752
4-Hg 1.4473 2.0885 2.5156 3.6301 3.6001 5.1950 3.8774 5.5951
5-Hg 1.1621 1.6769 2.1596 3.1162 3.1728 4.5784 3.3956 4.8999
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characterized by using FT-IR, XRD and SEM and implemented to-
wards effective gamma radiation shielding by using diverse
gamma-ray photon energies (356, 662, 1173 and 1332 keV). The
study of shielding parameters by the as-prepared nanosystems
referred to the high incorporated shielding properties for g-rays
based on the computed mm, Zeff, electron density (Nel), half-value
layer (HVL), and mean free path (MFP). The identified mm, Zeff,
and Nel values of the investigated samples at the selected gamma-
ray photon energies were increased with increasing the N-HgO
percentage. On the other hand, the half-value layer (HVL) andmean
free path (MFP) results were decreased upon increasing the N-HgO
content. Consequently, the present study provided excellent
nanosystems for application in gamma-rays shielding with the aim
of minimization of the deleterious effects of radiation [33].
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