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Abstract

The main goal of this work is to find natural rock materials that can be used as effective gamma rays shielding at minimal cost,
reliability and wide applications. It must be at particular weight and volume (lighter and more protection). Natural bentonite
clay can be used as shelters from nuclear waste because of its large availability and low cost. Bentonite clay was used in
two forms naturally as it is from its ores and in ground phase. Natural bentonite was cut into cylindrical pellets at different
thicknesses; also, the other form pressed into cylindrical pellets with different thicknesses and different pressing pressures
(50, 100 and 150 bar). The different samples are coated with polyvinyl alcohol polymer to prevent nuclear waste leakage
through porosity of clay. Chemical analysis and density are measured for all samples. Bentonite clay was found naturally in
nanometer scale because it is formed from volcanic ash deposits. The nanoparticle size was determined by dynamic light
scattering and Williamson—Hall size analysis using XRD patterns and the help of X-powder program. The particle size of
natural bentonite was found to be 59.79 nm. The microstructure was characterized by scanning electron microscope and
transmission electron microscopy. The linear and mass attenuation coefficients of nano-structured bentonite clay (natural
and pressed) were determined at 662 keV energy of 1*’Cs; at 1173 and 1332 keV energies of ®°Co, gamma ray sources were
determined by using Nal(T1) scintillation detector. The experimental results showed that the ground bentonite pressed at
150 bar gave the highest linear and mass attenuation coefficients than other samples. The theoretical and the experimental
calculations of mass attenuation coefficient were found to be in a good agreement.
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Introduction

The rapid development in science technology makes nuclear
technology widely used in electricity generation, industry
and medical care, which have increased people’s contact
with different kinds of radiation [1-4]. Three main meth-
ods for protection from radiation are usually utilized; these
are time, distance and shielding. Among the three methods,
shielding is the most important in which shielding materials
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become important [5]. Different radiation protection mate-
rials were developed in order to reduce the harm of radia-
tion to the human body. Concrete and lead products have
been widely used in fixed-type nuclear reactors and accel-
erator protection; however, nuclear waste transport, storage
containers and space vehicles require a particular weight
and volume, so nanosize shielding material reduces thick-
ness used. Natural materials can be used as a shelters from
nuclear waste because of its availability and low cost [1-4].

The lighter and more efficient materials of radiation pro-
tection have been required occasions. Due to the low den-
sity and the easy processing characteristics, a new type of
material which is a polymer-based compound material filled
with radiopaque powder is now becoming more and more
popular. It has good thermodynamic and structural proper-
ties, especially its good radiopaque ability materials; also,
it prevents nuclear waste leakage from clay porosity [6, 7].
In performance of radiation shielding, polymer materials are
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inferior to metals, but there are merits in flexibility, work-
ability, chemical stability, low cost, volume reduction after
use, etc. [8]. Polyvinyl alcohol (PVA) is essentially made
from polyvinyl acetate through hydrolysis. PVA is an arti-
ficial polymer that has been used during the first half of
the twentieth century worldwide. It has been applied in the
industrial, commercial, medical and food sectors and has
been used to produce many end products, such as lacquers,
resins, surgical threads and food packaging materials that are
often in contact with food [9]. PVA polymer is selected due
to its amazing properties such as high optical transmission,
water solubility, stable thermal, nontoxic and noncorrosive
nature that makes it a good matrix for optoelectronic and a
variety of other applications [10-12].

Today’s application of radiation sources and radioactive
materials in various fields, such as nuclear power plants,
nuclear medicine, as well as industry and agriculture, has
made it essential to study different parameters related to
shielding against harmful and dangerous radiations [13].
Various materials which are used for shielding include lead,
copper, bismuth, steel, concretes and organic compounds
such as oils, paraffins, plastics and rubber. The shields could
take different forms like blocks, plates, rods, pellets, etc.,
which can act as fillers for ducts, trenches and penetrations.
Shielding pellets are useful in areas that are irregular in
shapes or inaccessible to personnel. These can be poured
into places or transported by air pressure or vacuum [14].

A number of experimental and theoretical works have
been performed on radiation shielding, which has large
different application areas with different materials such as
bricks [15], ores [16, 17], glasses [18, 19], organic com-
pounds [20], minerals [21], soil [22, 23]), rocks [24-27],
concretes [28, 29] and building materials [30, 31]. Variety
of rocks and concretes are used in the radiation shielding
technology because of its high attenuation cross section for
X-rays, gamma ray photons and neutrons. For shield designs,
gamma ray was one of the main types of nuclear radiation,
which have to be considered. The type and amount of shield-
ing required depend on the type of radiation, the activity of
the radiation source and the dose rate that is acceptable for
outside the shielding material. However, there are other fac-
tors for choice of shielding material such as their cost and
weight [32]. Therefore, in this study, natural bentonite rocks
have been used for gamma ray shielding.

The objective of this study is to seek more efficient gamma
rays shielding material reliable in radiation research. For this
purpose, the linear and mass attenuation coefficients of y- rays
for four samples (natural bentonite, pressed bentonite at 50,
100 and 150 bar) were measured at energies of 662, 1173 and
1332 keV. The calculated values were used to estimate another
parameter such as half-value layer, tenth value layer and mean
free path. For the comparison, mass attenuation coefficient of
lead, which is commonly used for radiation shielding, has been
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calculated in the same setup to investigate the shielding ability
of natural and pressed bentonite to lessen gamma radiation.

Theoretical aspect

The linear attenuation coefficient can be calculated accord-
ing to The Lambert—Beer law which describes attenuation
of a monoenergetic beam as follows:

I=1e" (1)
where /=transmitted gamma radiation intensity, /,=inci-
dent gamma radiation intensity, x=1is the thickness of the
absorbing medium, x4 =is the linear attenuation coefficient.

For photons in an attenuating medium, the mass attenuation
coefficient (y,)) is given by:

1
i =In (7) Jox @)

where p is the density of the shield material [33]. The mass
attenuation coefficient (u/p) is a measure of probability of
interaction that occurs between incident photons and matter
per unit mass per unit area [34].

The effectiveness of gamma rays shielding is described
in terms of the half-value layer (HVL) and the tenth value
layer (TVL) of a target attenuator material. HVL is defined
as the thickness of the absorber material that reduces the
intensity of gamma radiation to half of its value. It depends
on absorber material and photon energy of the radiation.
Also, tenth value layer (TVL) is defined as the thickness of
the absorber material that reduces gamma rays to one-tenth
of its original intensity [35].

HVL =Ln2/u 3)

TVL =Lnl0/pu 4)

The last shielding factor is mean value path which defined
as the distance between two successive interactions; math-
ematically, it is the inverse of the linear attenuation coeffi-
cient. The relation between it and photon energy defines why
the numbers of interactions become higher when distance
between the interactions gets smaller. The mean free path
(mfp) was calculated for shielding material using the fol-
lowing equation [13]:

1
mfp = —
P=7 &)

Materials and methods

Natural bentonite is brought from El-Mutalla Mountain
located in southwestern Sinai, Egypt. This natural benton-
ite sample was cut into cylindrical pellets with different
thicknesses to produce the first form. Natural bentonite is
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manually crushed by hummer and ground by ball milling
(Fritsch pulverisette, model 02.102) for 1 h. It was pressed
into cylindrical pellets with different thicknesses and dif-
ferent pressing pressures 50,100 and 150 bar producing the
second form of bentonite. The two forms differ from each
other in pressing pressure so we can know on what pressure
natural bentonite formed environmentally by comparing
their attenuation coefficients. Different thicknesses of the
two forms of bentonite clay are shown in Fig. 1 for natural
and pressed samples. The two forms of bentonite clay are
coated by polyvinyl alcohol polymers (PVA) which produce
matrix samples. The weight of the deposited PVA on differ-
ent bentonite clay pellets represents a 10% from the whole
weight for each matrix sample, while the weight of each
bentonite clay pellets represents a 90% from this matrix.
Therefore, the samples after coating by PVA are ready for
measuring attenuation coefficients.

The attenuation coefficients of each sample were meas-
ured for gamma rays of 662 keV energy of '*’Cs; 1173 and
1332 keV energies of %°Co using a well-calibrated gamma
ray spectrometer which consists of 3" x 3" Nal(TI) scintil-
lation detector. The detector is protected by a copper cylin-
drical protection (0.6 cm thickness) against induced X-rays
and a chamber of lead bricks against the environmental
radiations, and then, the detector is covered by a lead cover
(5 cm thickness). The detector is connected with Nuclear
Enterprises main shaping amplifier and Tennelec high volt-
age—power supply with HV digital display. The detector is
also connected with Nuclease PCA- 8000 computer-based,
8192 multichannel analyzer with color graphical display of
spectra and high-level technical operation features.

To accurately account for the absorption of gamma radia-
tion in the investigated samples, the narrow beam geometry
was applied in which lead collimator is used as shown in

Fig. 1 Different thicknesses of
the two forms of bentonite clay;
a natural b ground and pressed

Fig. 2. The cylindrical pellet samples were stacked in the
lead collimator which placed on the cap of the detector with
the source placed above a hole aligned to the middle of the
sample pellet to ensure that the detector received the colli-
mated beam only through the sample layer. Under this geom-
etry, the narrow beam of monoenergetic photons of intensity
I, and transmitted I photon was measured without and with
the sample pellet in place for time duration of 1800 s.

Results and discussion

The natural bentonite clay was characterized by dynamic
light scattering (DLS) technique, X-ray diffraction (XRD)
analysis, scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM).

The radiation must be attenuated enough to protect
the personnel from the harmful effects caused by it and

Bentonite sample
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HV

Amplifier
N

Lead shield

Fig.2 The experimental setup of the narrow beam Transmission
method
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also enable them to work by using an opposite shielding
material. To design and choose an appropriate shielding,
it is necessary to have known its nuclear, structural and
physical properties and also the characteristics of radia-
tion impinging on it. The nuclear parameters that must
be known to design and choose a shielding material are
linear attenuation coefficient (), total mass attenuation
coefficient (u,,), for gamma rays which is related to half-
value layer (HVL), tenth value layer (TVL) and mean free
path (mfp) [36].

Gamma ray shielding properties are calculated in terms
of density, linear attenuation coefficient, mass attenua-
tion coefficient (u/p), half-value layer parameter (HVL)
and mean free path (MFP) at photon energies 662, 1173
and 1332 keV. Shielding properties of the two forms of
nano-structured bentonite clay (natural and pressed) have
been investigated against gamma rays using three energies
662, 1173 and 1332 keV emitted by '*’Cs and ®°Co point

sources.

Characterization of bentonite clay
Chemical composition analysis of bentonite clay

The two forms of bentonite clay have the same chemi-
cal composition, but the only difference between them is
pressing pressure. As observed in Table 1, the amount of
water and organic matter found in bentonite clay is 30.34%
of all bentonite content, as loss of ignition (L.O.I). There
is a variety of clay oxide minerals in bentonite clay struc-
ture so it is considered a mixture of elements which can

be used as a composite shielding material against gamma
rays.

Particle size measurements

Dynamic light scattering (DLS) analysis The particle size
of natural bentonite clay is determined using dynamic light
scattering (DLS) technique. Figure 3 shows that natural ben-
tonite is in nano-sized scale but has large particle size distri-
bution, this because of agglomeration of nanoparticles when
water had been used in suspension. Nanoparticles have high
surface energy causing them to agglomerate until they are
stable [37]. It needs surfactant that prevents agglomeration.
The lowest size in Fig. 3 is 122 nm and represents 75% from
all powder structure which lies between 122.4 and 220 nm.
As a result of the presence of agglomeration and precipi-
tation of nanoparticles during DLS measurements, another
method is needed for more specific determination.

Williamson-Hall (W-H) size analysis The crystallite size and
lattice strain were estimated by Williamson—Hall (W-H)
equation given by the following equation:

ﬂcos0=%+4£sin0 6)

where g is full width at half-maxima (FWHM) in radians,
0 is the diffraction angle, K is the shape factor (K=0.9), 1
is the wavelength of X-rays, D is the crystallite size and ¢
is strain [38].

The XRD pattern of natural bentonite clay is shown in
Fig. 4. This natural bentonite clay contained two crystal-
line phases: calcite (CaCO;, JCPDS card No. 00-005-0586)
and quartz (SiO,, JCPDS card No. 898935) which represent

Table 1 Chemical composition

Oxides (% Si0, AlLO; P05 TiO, Fe,0, CaO MgO Na,0O K,O L.OI Total
analysis for natural bentonite Xides (%) " 23 2 T2 et : g & 2 o
clay Natural bentonite 30 135 034 034 32 152 403 14 0.61 3034 98.96
Fig.3 DLS analysis for natural 30 AR A
bentonite clay :
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87.6% and 12.4%, respectively. The dominant (104) reflec-
tion of calcite can be found in the sample at 29.5° (Fig. 4).
Furthermore, the weaker (012)-, (110)-, (113)-, (202)-,
(018)-, (116)-, (211)- and (122)-reflections of calcite are
present at 23.1°, 36.0°, 39.4°, 43.2°, 47.2°, 48.6°, 56.6° and
57.4°, respectively. It can be observed from the pattern that
the most intense crystalline quartz peak at 260=26.6° (011)
belongs to hexagonal structure. The diffraction peaks were
in good agreement with the results reported in the literature
[39-43].

XRD analysis can be utilized to evaluate particle size
and lattice strain due to dislocation or size reduction in the
bentonite clay. Williamson—Hall analysis is used for this pur-
pose. Figure 5 shows a Williamson—Hall plot of natural ben-
tonite clay. The graph is plotted with the help of X-powder
software and uses the Gaussian linear fitting method. The
advantage of W—H analysis is that it determines particle size
and lattice strain found in the bentonite clay powder as a
result of size reduction [44]. The nonuniform lattice strain
of bentonite clay powder is equal to 0.168.

Nanoscience is the study of the basic principles of mole-
cules and structures with dimensions between 1 and 100 nm,
and nanotechnology is the most modern technological world
and by having special characteristics is proposed to be used
in all fields of science and technology [45]. The result of
W-H analysis for the natural bentonite clay gives value of
particle size as 59.79 nm.

The natural bentonite is in nanosize scale because it is
formed from deposits of volcanic ashes as a result of vol-
canic eruptions. Volcanic ashes consider non-intentionally
made nanomaterials which refer to nano-sized materials
found naturally in the environment [46].

Nanomaterials due to their small size can be physical or
chemical properties than the same materials in the micron
scale. The most important feature of these materials is that

nm FWHM
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Fig.5 Particle size of natural bentonite using W—H analysis

they are caused by different properties, a high surface to
volume ratio. According to studies, it appears that nanoscale
particles can cause greater protection against ionizing radia-
tion [45].

Scanning and transmission electron microscope

Numerous microscopy techniques are commercially avail-
able; however, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) are arguably the
most popular for nanoparticle analysis. The morphological
properties of the natural bentonite clay surface were inves-
tigated using scanning electron microscope (SEM) and
transmission electron microscope (TEM). SEM explains that
particle size is nearly uniform and spherical throughout the

Fig.4 XRD pattern of natural 1200+
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surface, and fine grain size of the natural bentonite clay was
observed (Fig. 6a). TEM showed that the particle size of the
natural bentonite clay was in nanometer scale with distribu-
tion between 69.14 nm to 101.46 nm (Fig. 6b). However, the
particle size calculated from W-H method is 59.79 nm, and
this variation in size from W-H to TEM could be caused by
the presence of strain. Natural nanoparticles like nanoben-
tonite clay produce more uniform distribution inside the
matrix relative to micro particles and consequently higher
photon attenuation.

Density measurements

The physical densities of the corresponding samples were
measured by the conventional method [23]. The density of
all bentonite clay samples [natural, pressed at 50, 100 and
150 bar] is calculated and plotted as shown in Fig. 7. The
measured density of the natural clay is equal to 0.85 g/cm®.
The density increases from 0.85 to 1.122 g/cm® for ground
and pressed bentonite at 150 bar.

Linear attenuation coefficient

The measured gamma photons emitted from '*’Cs to °°Co
point sources without and with the bentonite absorber mate-
rial [natural, pressed (50, 100 and 150 bar)] at different
thicknesses and different energies are illustrated in Table 2.
The total linear attenuation coefficient (1) of the absorber for
y-rays of appropriate energy can be evaluated from a linear
graph of In(/./I) versus thickness “x” of the absorber (Fig. 8)
where the slope of the line represents the attenuation coeffi-
cient. It is clear that the attenuation of gamma rays increased
with increasing the thickness of bentonite clay for different
energies. The linear attenuation coefficients are calculated
from the graphs for the two forms of bentonite clay samples
(natural and pressed) at different energies and are compared
with other worldwide (Table 3).

Fig.6 Micrograph of a SEM
and b TEM for natural bentonite
clay
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Fig. 7 Density of ground bentonite clay versus pressure of pressing

It is clearly seen in Fig. 9 that the pressed bentonite sam-
ples at 150 bar have the high attenuation coefficients (0.096,
0.078 and 0.073 cm™!) for all photon energies compared
with natural bentonite and other pressed bentonite samples
at (50 and 100 bar) because they have the highest density
(1.12 g/cm®) in the studied bentonite samples. The linear
attenuation of the bentonite clay forms depend on the energy
of the photons that interact with it; this is due to the differ-
ent photon absorption mechanisms which are photoelectric
at low energy; Compton scattering at low and mid-energy
range also pair production at high energy (above 1022 keV).
The highest linear attenuation coefficient in ground (150 bar)
also has the highest density.

The density and linear attenuation coefficient increase
with increasing pressing pressure of bentonite clay (Figs. 7,
9), while linear attenuation coefficient decreases with
increasing the energy of gamma rays (Fig. 10). Plot shown
in Fig. 11 verifies the dependence of linear attenuation coef-
ficient on density of different forms of bentonite clay.

200 kv x25000)
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Table2 Measured gamma photons without and with two forms of
bentonite absorber material [natural, pressed (50, 100 and 150 bar)] at
different thicknesses and different energies

Thickness (cm) Energy (keV)

662 1173 1332
Natural bentonite
0 18,189 2918 2276
0.629 17,219 2784 2231
1.079 16,643 2692 2153
1.661 16,024 2605 2094
2.012 15,619 2563 2058
2.535 15,118 2523 2036
3.000 14,683 2444 1974
Pressed bentonite (50 bar)
0 18,412 2882 2070
0.498 17,321 2809 2065
0.952 16,600 2742 2028
1.380 16,116 2690 1979
1.736 15,651 2610 1937
2.076 15,104 2535 1870
Pressed bentonite (100 bar)
0 17,759 3161 2134
0.506 16,921 3045 2082
0.945 16,447 2955 2032
1.266 15,877 2887 2007
1.764 15,050 2797 1934
2.069 14,883 2740 1875
Pressed bentonite (150 bar)
0 18,362 3062 1628
0.450 17,414 2951 1588
0.874 16,836 2873 1550
1.365 16,274 2772 1501
1.660 15,648 2690 1472
1.902 15,054 2638 1419

Moreover, polyvinyl alcohol polymer (PVA) protects
the studied bentonite rock from the corrosion occurred by
chemical weathering. PVA’s resistance against organic sol-
vents and aqueous solubility makes it adaptable for many
applications. PVA is commonly used in the textile industries,
for paper products manufacturing, in the food packaging
industry, and as medical devices. PVA is used as an indus-
trial and commercial product due to its low environmental
impact, which includes its high chemical resistance, aqueous
solubility and biodegradability. In medical devices, PVA is
used as a biomaterial due to its biocompatible, nontoxic,
noncarcinogenic, swelling properties and bioadhesive char-
acteristics [48].

Moreover, some studies have been carried out on the
effect of shielding materials grain size on linear attenuation
coefficients. It is widely believed that nano-sized particles

are able to disperse more uniformly within the matrix with
fewer agglomerations when compared with micro-sized par-
ticles, thus improving the radiation attenuation ability of
the materials [49]. As mentioned before, the particle size
of the natural bentonite clay was measured to be 59.79 nm.
Therefore, this particle size plays an important role in the
attenuation of radiation. Nano-material has properties that
are different from those of bulk materials. The properties
of nano-material are very much different from those at a
larger scale. Two principle factors cause the properties of
nano-material to differ significantly from other material;
(1) increased relative surface area and (2) quantum confine-
ment effect [S0]. The effectiveness of nanoparticles is that
decreasing pores inside material structure that produces
regular distribution and increase the electron density of the
material sample; this leads to increase in the probability of
interaction between gamma rays and shield material which
increase attenuation coefficient.

Mass attenuation coefficient

Figure 12 clearly explains the variation of mass attenuation
coefficients of all bentonite forms with incident photon ener-
gies. u,, coefficients attain their maximum values at lower
energies, where photoelectric effect dominates, and decrease
sharply with increasing energy. This indicates that the cross
sections of gamma interactions with the electrons of the
sample material increased at low energies. As the photon
energy increases above 100 keV, u,, coefficients change in a
narrow range for all samples and show a less energy-depend-
ent behavior. This is a direct consequence of the Compton
effect predominance at these intermediate energies. When
the photon energy exceeds 1022 keV, y,,, coefficients become
almost constant as a result of the predominance of pair pro-
duction process and the attenuation behavior becomes simi-
lar for all samples [5].

The mass attenuation coefficient shows increase
in the order Natural < Pressed (50 bar) < Pressed
(100 bar) < Pressed (150 bar). As pressing pressure
increases, density increases and linear attenuation increases
also mass attenuation increases.

Mass attenuation coefficient of the bentonite pressed at
150 bar was 0.0855 cm?/g (highest value of the calculated
U,,) at energy 662 keV. It is a very good shielding mate-
rial. The theoretical value of mass attenuation coefficient of
lead using XCOM code was 0.1101 cm*/g. by comparing the
value of mass attenuation coefficient of bentonite pressed at
150 bar and lead, it represents 77% from lead value at photon
energy 662 keV. The value of y,, raised from 0.0788 cm?*/g
for natural bentonite to 0.0855 cm?/g for bentonite pressed
at (150 bar). This value increases from 72 to 77% relative
to lead at energy 662 keV. The result of this raising proves

@ Springer
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Fig.8 Gamma transmission through a natural bentonite, pressed bentonite at b 50 bar, ¢ 100 bar and d 150 bar at different thicknesses and dif-

ferent energies

the efficiency of compressing on natural bentonite clay for
gamma rays attenuation.

An alternative or convenient method to experimental
determination of mass attenuations coefficients is theo-
retical or manual calculations using tabulated data that is
generated using a computer program. For this purpose, a
computer program (called XCOM) was developed by Berger
and Hubbell [51] for calculating cross sections and attenu-
ation coefficients for any element, compound or mixture, at
energies from 1 keV to 100 GeV [52]. The mass attenuation
coefficients (cm?/g) of natural bentonite were theoretically
calculated with the help of the XCOM program. The utiliza-
tion of XCOM computer code [53], we can compare between
theoretical mass attenuation coefficient and experimental
one. The deviation between experimental and theoretical
mass attenuation can be calculated from the relation:

(mass attenuation),,, — (mass attenuation)e,,

x 100
)

Deviation (%) =
2 (mass attenuation)y,.,

@ Springer

As illustrated in Table 4, the deviation values range from
0.18 to 0.63% for XCOM results. The experimental and theo-
retical mass attenuation coefficients were found to be in a good
agreement. The discrepancies are considered not to be very
large because the differences are in the range of the reported
experimental errors, which is <3.5% [13]. A comparison of
the measured mass attenuation coefficient values for different
kinds of samples at the same energy measured in different
countries is shown in Table 5. Comparing the attenuation coef-
ficients for different types of samples at photon energies of
1173 and 1332 keV indicates some difference from the values
measured in our study; however, at 662 keV, the difference
is much smaller and is in broad agreement with the data of
Gokee et al. [47] in Turkey, Alam et al. [23] in Bangladesh
and Obaid et al. [27] in India.

Effective shield thickness

Half-value layer (HVL) is an important parameter in
designing the radiation shielding materials. Therefore,
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Table 3 Linear attenuation coefficients (cm™') of the studied samples at the investigated gamma energies in comparison with other worldwide

Sample type Density (g/cm?) Energy (keV) References
662 1173 1332
Natural bentonite 0.85 0.067 0.052 0.048 Present work
Pressed bentonite (50 bar) 1.04 0.084 0.064 0.061
Pressed bentonite (100 bar) 1.07 0.088 0.067 0.066
Pressed bentonite (150 bar) 1.12 0.096 0.078 0.073
Worldwide
High consistency concrete Range (2.735-3.333) Range (0.218- Range (0.156— Range (0.145- Gokge et al. [47]
0.264) 0.191) 0.181)
Aluminum 2.7 0.224 - Reda [32]
Iron 7.87 0.585
Copper 8.96 0.638
Lead 11.35 1.211
Beige marble (KSA) 2.645 0.200 0.152 0.146 Al-Hamarneh [5]
Tea rose marble (Italy) 2.616 0.182 0.146 0.144
Rosa marble (Portugal) 2.653 0.200 0.151 0.146
Green marble (India) 2.639 0.203 0.153 0.145
Emperador marble (Spain) 2.634 0.202 0.152 0.145
Beige marble (Oman) 2.608 0.200 0.149 0.143
Polyboron 0.971 0.084 0.064 0.060 Biswas et al. [36]
Ordinary concrete 0.92 0.182 0.138 0.129
Pure polyethylene 1.19 0.081 0.062 0.058
Borated polyethylene 2.35 0.098 0.074 0.070
Water 1.0 0.086 0.066 0.061
0.1 0.12
~ —r— 7733 — ol == Natural Bentonite
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Fig.9 Linear attenuation coefficients (cm™) for different energies

the shielding properties of the present materials can be
investigated by studying this parameter for this type of
radiation. The less the HVL of the material, the better the
shielding properties it has. Thus, the shielding effective-
ness of bentonite clay sample is inversely proportional to
its HVL value. The energy dependence of the HVL values
on photon energy is illustrated in Fig. 13. It is obvious

Fig. 10 Linear attenuation coefficient versus energy for different
forms of bentonite clay

from the figure that the gradual increase in HVL with
photon energy indicates that thicker shields are needed
against high gamma radiation. The variations in HVL val-
ues may also indicate some dependence on the density
of the material. In addition, Fig. 13a reveals that HVL

@ Springer
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Fig. 12 Mass attenuation coefficient versus energy for different ben-
tonite forms

Table 4 Experimental and theoretical mass attenuation coefficient
(cm¥g) at different energies for natural bentonite clay and the corre-
sponding deviation values (%)

Energy (keV) u,, (experimental) pu,, (theoretical) Deviation (%)

662 0.0788 0.0793 0.63
1173 0.0600 0.0605 0.83
1332 0.0566 0.0567 0.18

parameter can be employed to distinguish between sam-
ples in terms of their shielding effectiveness. Based on
that, bentonite sample pressed at 150 bar exhibited the
maximum shielding effectiveness with the lowest HVL at

@ Springer

the three incident photon energies, whereas natural ben-
tonite sample exhibited the minimum effectiveness. As
shown in Fig. 13a, b, the behavior of TVL and HVL val-
ues was found the same for different bentonite clay forms.

Mean free path

The variation of mean free path (mfp) values with energy of
studied samples is shown in Fig. 14. Mean free path follows
a decreasing order with increasing energy. Low values of
mean free path are the indication of the increase in prob-
ability of gamma rays to get attenuated [55]. The minimum
value of the mean free path is observed for ground bentonite
sample pressed at 150 bar with the highest density (1.12 g/
cm?). The mfp values increase as gamma ray energy increase
for all studied samples where low energy photon can losses
its energy in a short distance while high energy one needs
a large distance.

Conclusion

The toxicity of lead makes us to look for natural materials
that can be used in gamma rays protection. Bentonite clay
is a good choice for this purpose because of its large avail-
ability and low cost. Natural bentonite is found naturally in
nanometer scale as it formed from deposits of volcanic ashes
due to volcanic eruptions; this is perfect due to the effective-
ness of nanometer scale materials in gamma rays shielding.
The particle size of natural bentonite clay is determined as
59.79 nm.

Natural bentonite and ground (pressed at 50, 100 and
150 bar) forms investigated against gamma rays, and we
found that the ground bentonite is better than natural one.
The developed three different ground and pressed samples
(50, 100 and 150) have larger shielding factors than natural
bentonite due to their higher density values than it. Ground
bentonite pressed at 150 bar is the perfect choice because
it has the highest linear (u) and mass (u,,,) attenuation coef-
ficients and less thickness (effective shielding) than other
samples. u, value of natural bentonite increases from 72 to
77% for ground (150 bar) relative to u,, value of lead and
HVL decreases from (10.35, 13.36 and 14.41 cm) for natural
bentonite to (7.19, 8.90 and 9.46 cm) for grinded (150 bar)
bentonite at photon energies (662, 1173 and 1332 keV),
respectively. Pressed bentonite sample at 150 bar can be used
as shelters from nuclear waste when it coated with polyvinyl
alcohol polymer to prevent leakage of nuclear waste from
the porosity of bentonite clay. Moreover, polyvinyl alcohol
polymer protects the studied bentonite rock from the corro-
sion occurred by chemical weathering.
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Table 5 Comparison of mass attenuation coefficients (cm?/g) at the studied energies for different samples with other countries

Sample type Energy (keV) Country References
662 1173 1332
Natural bentonite 0.079 0.060 0.057 Egypt Present work
High consistency concrete Range (0.079-0.080) Range (0.056-0.058) Range (0.053-0.055) Turkey Gokee et al. [47]
Polyboron 0.087 0.066 0.062 Bangladesh Biswas et al. [36]
Ordinary concrete 0.078 0.059 0.055
Pure polyethylene 0.089 0.067 0.063
Borated polyethylene 0.082 0.062 0.058
Water 0.086 0.066 0.061
Beach soil 0.076 0.056 0.052 Bangladesh Alam et al. [23]
Cement 0.071 0.050 0.047
Sand 0.077 0.058 0.054
Bricks 0.074 0.055 0.051
Concrete 0.078 0.059 0.055
Gypsum 0.058 0.041 0.039
Mosaic stone 0.076 0.058 0.054
Limestone 0.060 0.042 0.040
Green marble 0.078 0.057 0.054 India Obaid et al. [27]
Jet black granite 0.077 0.058 0.055
Telephone black granite 0.077 0.058 0.054
Cuddapah limestone 0.078 0.058 0.055
White marble 0.078 0.058 0.053
Pink marble 0.078 0.058 0.055
Olivine basalt 0.076 0.059 0.055
Barium-bismuth-borosilicate glasses range (0.072-0.084)  range (0.053-0.057)  Range (0.050-0.052) Iran Bagheri et al. [13]
Polymer (nylon 6) 0.086 0.065 0.061 India More et al. [54]
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Fig. 13 Variations of a HVL and b TVL with energy for different bentonite clay forms
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