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Abstract
In this work, the γ-ray shielding characteristics of fabricated recycled polyvinyl chloride (rPVC)
loadedwithmicro and nano fillers of PbO andCuOcomposites were investigated. The PbO/rPVC
andCuO/rPVC composites were prepared by changing the percentage of injectedmaterials (PbO and
CuO) between 10%and 40%with additions by 10%.Gamma-ray attenuation properties, such asmass
attenuation coefficients, linear attenuation coefficients and half-value layer for PbO andCuO-
supported polymers were obtained in the energy range between 59.5 and 1408.0 keVusing narrow
beam transmission geometry. These experiments were carried out by using aHPGe detector andfive
standard radioactive sources [241Am, 133Ba, 137Cs, 60Co and 152Eu].Moreover, equivalent atomic
numbers and the exposure buildup factor (EBF) values for incident photon energy in the range from
0.015MeV to 15MeVwere also calculated byGeometric Progression (G-P)method. The
experimental results revealed that, themeasured values of the linear attenuation coefficients of the
PbO/rPVC andCuO/rPVC composites showed their dependence on the type and the concentration
of thefiller (either PbOorCuO) and also on the incident gamma ray energy. Increasing the filler
weight fractions wt.% in the rPVCmatrix, increases the linear attenuation coefficients of the
composite and the improvement ismore significant in case of PbO compared toCuOof the same filler
wt.% at the same energy. The results also demonstrated an enhancement in the radiation protection
behavior of rPVC composites due to the addition of PbO andCuOfillers as nano-sized particles.

1. Introduction

Thewidespread use of ionizing radiation in various fields, including agriculture, industry,medicine, scientific
research and other beneficial applications, has been increased in the last decades. Even though ionizing radiation
has significant usages inmany fields, it can cause harmful effects toworkers when exposed to radiation doses
higher than the permissible limit [1].When the vital organs absorb these rays, it induces different types of
reactions that will ionize the atoms inside the cell and then affect this balance and the normal functioning of
these cells [2]. This damagemay thenmanifest in the human body asmedical symptoms such as radiation
sickness, cataracts or, in the longer term, cancer [3]. Therefore, it is necessary to use effective shieldingmaterials
in radiological applications to attenuate different types of ionizing radiation and keep personnel protected
against harmful effects of radiation.

Ionizing radiation, for example, gamma rays and x-rays, can be absorbed by elements with a large atomic
number. Lead is themost widely used element in thisfield to protect from radiation due to its low cost and high
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density. Using Lead inmedical institutions for protection from ionizing radiation has some disadvantages since
itsmass is large, highly toxic, and dangerous to the environment [4]. Therefore, research on newmaterials which
is less toxic and cost-effective besides preserving the environment is required to protect against radiation.
Polymers are characterized by high chemical stability, highflexibility, low cost, and corrosion resistance [5].
Therefore, researchers are developing different polymer composites inmanyfields such as civil construction,
automobiles, andmechanical engineering. Research on polymer composites as radiation protectionmaterials
has become an area of interest due to the ability tomodify the composition of polymers as desired, where
elements with large atomic number can be added to the polymermatrix to protect from radiation by
photoelectric absorption,meanwhile, elements with low atomic number can be used as fillers to attenuate
radiation byCompton scattering [6].

Different polymers such as natural rubber [4], high density polyethylene [7], ethylene-propylene-dine
monomer (EPDM) [8], epoxy resin [9], polyester [10], polystyrene [11], and polyimide [12]were studied as
radiation shieldingmatrixes against x-rays and γ-rays. Polyvinyl chloride (PVC) is a worldwide polymerwhich
can be processed into awide range of products. PVC is perhaps themost utilized thermoplasticmaterial [13] in
comparisonwith the overall polymer usages. This is due to its goodmechanical characteristics, high
performance, low cost, and corrosion resistance. It can also be used as an effective radiation shieldingmaterial
due to its high density compared to other polymers.Mann et al compared the radiation shielding properties of
six polymer and plasticmaterials experimentally in the energy range of 10–1400 keV. They demonstrated that
PVChas the best attenuation for 10–110 keV gamma-rays [14]. In another research, PVC/tungstenmicro
composites were fabricated at different weight fractions of tungstenmicro-particles and the shielding capability
of the prepared samples were experimentally and theoretically tested against x-ray and γ-ray [15]. Additionally,
AGNunez-Brionesa et al prepared a gamma cross-linked PVC/Bi2O3 composites and demonstrated an
improvement in the radiation shielding properties of the produced composites at different X-ray energies as a
function of Bi2O3 content [16]. Theoretical calculations of the shielding parameters of PVC, hematite/PVC and
chalcocite/PVC composites were also reported between (0.015<E<15MeV) usingMCNP code [17].

In recent years, scientists have been attracted to the use of nanomaterials in various fields of science and
technology. Continuous developments in the use of nanomaterials as fillers in the polymermatrix have been
reported. Several researchers demonstrated the enhancement in the shielding capability of polymer composites
by incorporating nanomaterials asfillers in the polymericmatrix. For example, El-Khatib et al studied the effect
of particle size of CdOparticles on γ-ray shielding characteristics of CdO/HDPE composites and concluded that
CdOnanoparticles have a better gamma radiation shielding ability thanmicro-CdOparticles [18]. Ran Li et al
evaluated themass attenuation coefficients ofmicro and nanoGd2O3 reinforced epoxy composites and verified
that nano-Gd2O3 composites weremore efficient to attenuate X and γ-rays thanmicro- Gd2O3 composites [19].
The radiation shielding performance of Epoxy/Bi2O3 and Epoxy/WO3micro and nano-structured composites
have been also investigated [20]. This study revealed that the nano dopant ismore effective in attenuating γ-rays
than themicro dopant even if they are used in the same percentages. Another research reported that composites
based on recycled high-density polyethylene as amatrix and filled PbOnanoparticles asfillers were the best
shieldingmaterials compared to those loadedwith bulk PbOpowder [21]. Asgari et al compared the radiation
shielding features ofmicro and nano lead, bismuth and tungsten doped in elastomer composites against photon
inwide energy range (40 keV to 662 keV). The results showed that better attenuationwas achieved as the
dimension of the particles was decreased to nano-size, especially at low photon energies [22].

The aimof this research is to develop sustainable, low-cost and effective radiation shielding composites
based on recycled polyvinyl chloride filledwith different weight fractions of PbO andCuO in the formof nano-
sized andmicro-sized particles. A comparative study is also performed to investigate the effect of particle size
and thefiller concentrations on the gamma-radiation shielding capability of PbO/rPVCversus CuO/rPVC
composites. Field emission-transmission electronmicroscope (FE-TEM) is utilized to validate the size of the
prepared nano PbO and nanoCuOparticles. The investigated rPVC composites were prepared by compression
molding technique and also characterized by a scanning electronmicroscope (SEM). The linear attenuation
coefficient and the half-value layer of the investigated composites are experimentally estimated at incident γ-ray
energies ranging from59.53 keV to 1408.01 keVby employingHPGe detector.Moreover, other shielding
parameters, such as equivalent atomic number Zeq and the exposure buildup factors (EBF) of the investigated
rPVC composites are theoretically determined by employing the geometric progressionmethod.

2.Materials andmethods

2.1.Materials
Post-consumer recycled PVC fromcommercial sources (sewer pipesmade primarily of polyvinyl chloride)were
collected and cleaned bywater to remove any undesirable debris, dried at 90 °C, crushed by amechanical grinder
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and then shredded into small pellets andwas used as a polymermatrix in this investigation. PbO andCuO in
powder formwere purchased fromLobaChemieCompany and used asmicro fillers.

2.2. Synthesis of CuOnano particles
CuOnanoparticles were chemically prepared [23] by adding 15 g ascorbic acid and 2 gCuSO4 to 100 and 50 ml
of hotwater, respectively, andmixed for about 3 min and then left to dry for 12 h at 80°C. Finally, the desiccated
product was lightly ground by a pest of agate (TheMortar Grinder RM200) andmortar to obtain a black
precipitate.

2.3. Synthesis of PbOnano particles
PbOnanoparticles [24]was synthesized by adding 60 ml of 1 M lead acetate solution at 90 °C to a 50 ml of 19M
sodiumhydroxide solution and thenmixed until the appearance of orange red color. The obtained precipitate
was separated and dried for 8 h at 100 °C. Finally, the desiccated product was lightly grounded by a pest of agate
andmortar to obtain a yellow precipitate.

2.4. Fabrication of rPVC composites sheets
The investigatedmicro and nano rPVC composites were prepared by compression-molding technique [7].
Firstly, recycled PVCwasmolten in a two rollmixer at 190 °C for 15 minwith a rotator speed set as 40 rpmand
thenmixed slowlywith the filler powderwith continuous blending for another 20 min to guarantee a
homogenousmixed composite. Themixture was then poured into a stainless steelmoldwith dimensions of
40×40 cm2 and thickness of 0.3 cm to be pressed using a hydraulic press with an applied pressure10MPa at
180 °C for 15 to produce a smooth homogeneous sample. Finally, every sample was cut into discs with diameter
8.4 cmby using a laser beam to study the gamma-ray attenuation properties. The composite sample designations
and theweight fraction%of filler in each composite are listed in table 1.

2.5. Structural analysis
The particle size of PbO andCuOnanoparticles was analyzed by employing the field emission transmission
electronmicroscope (FE-TEM) (JEM1400 Plus, JEOL, Japan) at 200 kV.Moreover, a scanning electron
microscope (SEM) (JSM-6010LV, JEOL)was also utilized to inspect the cross sectionmorphologies of the
fabricated rPVC composites. Before SEMobservation, the specimenswere coatedwith an ultrathin gold coating
using a low-vacuum sputtering coating device (JEOL-JFC-1100E). The SEMmicrographswere obtained at
magnification order of 10,000x at 20 kV.

2.6. Gamma ray spectroscopy setup
The experimental gamma-raymeasurements were obtained by using a γ-ray spectrometer which consists of
(HPGe) hyper pure germanium crystal (25×25×0.3 cm3)with amultichannel analyzer and amplifier
(MCA). The spectrometer is placed in a shield of 15 cmPb layerwith a liming layer of copper on the inner wall of
the shield to reduce the background radiations andminimize the x-ray interference. The detector has relative
efficiency of 15% in the energy range from50 keV to 10MeV and a resolution of 1.85 keV at 1.33 MeV gamma
ray peak of 60Co [25]. Gamma-radiationmeasurements in energy interval from59.53 keV to 1408.01 keV
obtained by usingfive standard radioactive point sources 241Am, 133Ba, 137Cs, 60Co, and 152Eu.On 1 June 2009,

Table 1.The composite sample designations and theweight fraction%offiller in each composite.

Sample rPVC (wt%)
Micro

PbO (wt%)
Micro

CuO (wt%)
Nano

PbO (wt%)
Nano

CuO (wt%)

Pure rPVC 100 — — — —

10 wt%micro PbO 90 10 — — —

20 wt%micro PbO 80 20 — — —

30 wt%micro PbO 70 30 — — —

40 wt%micro PbO 60 40 — — —

10 wt%microCuO 90 — 10 — —

20 wt%microCuO 80 — 20 — —

30 wt%microCuO 70 — 30 — —

40 wt%microCuO 60 — 40 — —

10 wt%nano PbO 90 — — 10

10 wt%nanoCuO 90 — — — 10

5 wt%micro PbO+5 wt%microCuO 90 5 5 — —

5 wt%nano PbO+5 wt%nanoCuO 80 — — 5 5
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the initial activities of these sources were 259 kBq, 275.3 kBq, 385 kBq, 212.1 kBq, and 290 kBq, respectively.
Currently, the present activities of these radioactive sources are 254.06 kBq, 125 kBq, 292.12 kBq, 43.78 kBq,
and 156.85 kBq, respectively. Duringmeasurements, the radioactive sourcewas placed at a height of 50.86 cm
[26] to get a narrow beam and tominimize the errors due to the detector dead time.

The gamma spectra for all themeasurements were collected enough times, according to the sample
thickness, so that the statistical error would be less than 1%.Genie 2000 programwas used to analyze the
obtained spectra. The net area under each peak in the spectrum at given energy and thickness were tabulated in
an excel sheet to calculate the shielding parameters of the prepared rPVC composites. The experimental
arrangement for the gammameasurement system is displayed infigure 1.

2.7. Theoretical background
The linear attenuation coefficient (μ) of amaterial at an appropriate γ-ray energy can be determined from the
well-knownBeer–Lambert’s law [18]:

⎛
⎝

⎞
⎠

( )m =
x

I

I

1
ln 10

where I0 and I are the incident and transmitted intensities, respectively, passing through a targetmaterial of
thickness x. Themass attenuation coefficient (μ/ρ) can be calculated by dividing the estimated linear attenuation
coefficient (μ) of a given sample by its density (ρ) [27].

Half-value layer (HVL) is an essential parameter in choosing a suitable radiation shieldingmaterial and is
defined as the absorber thicknesses needed to decrease the incident photon intensity to half of its initial value and
is given by the following equation [28]:

( )
m

=HVL
ln 2

2

The exposure buildup factor (EBF) is a significant parameter thatmust be taken into account in designing a
shieldingmaterial. EBF is always greater than 1 and corrects the attenuation calculations in Lambert-Beer’s law
due to secondary emissions of gamma rays [29]. To calculate the EBF for the prepared rPVC composites,
Geometric Progression (GP)fittingmethodwas carried out according to the three following steps:

(a) Equivalent atomic number (Zeq) of the composite, which is synonymous with the elemental atomic
number, was first computed by the following equation [30]:

( ) ( ) ( )=
- + -

-
Z

Z R R Z R R

R R

log log log log

log log
3eq

1 2 2 1

2 1

where R1 andR2 are the (μComp/μtotal) ratios corresponding to the elements with atomic numbers Z1 andZ2

respectively, andR is the (μComp/μtotal) ratio for the investigated composites at a specific energy, which lies
between ratios R1 andR2.

(b) The obtained Zeq values of the selected composites were then used to interpolate GP fitting exposure
buildup factor coefficients (b, c, a, XK, d) in the energy range 0.015-15MeVusing the interpolation formula
[31] (4):

Figure 1.Experimental arrangement for gamma-raymeasurement.
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( ) ( )
( )=

- + -

-
C

C Z Z C Z Z

Z Z

log log log log

log log
4

eq eq1 2 2 1

2 1

where C1 andC2 areGPfitting parameters, taken fromANSI/ANS-6.4.3 standard database [32],
corresponding to the atomic numbers Z1 andZ2 betweenwhich Zeq of the prepared rPVC composite lies.

(c) Finally, the EBF were then computed with the help of the obtained GP fitting parameters, using the
following relations [33]:

( ) ( ) ( )= +
-
-

- ¹B E x
b

K
K K, 1

1

1
1 , 1 5x

and

( ) ( ) ( )= + - =B E x b x K, 1 1 , 1 6

where

( ) ( ) ( )
( )

( )/
= +

- - -
- -

K E x cx d
x X

,
tanh 2 tanh 2

1 tanh 2
for x 40 mfp 7a K

where E is incident photon energy and x is the penetration depth in terms ofmfp.

3. Results and discussion

3.1. Characterization
3.1.1. Field emission-transmission electronmicroscope (FE-TEM)
The FE-TEMmicrographs of nano PbO and nanoCuOparticles are shown infigures 2(a) and (b) respectively.
Fromfigure 2(a), it is noticed that PbOnanoparticles have spherical shapewith average particle size around
10 nm. In addition, figure 2(b) shows the presence of CuOnano particles with a uniform size distribution
between 15 and 20 nm.

3.1.2. Scanning electronmicroscope (SEM)
The SEM images of pure rPVC and rPVC composites loadedwith 10 wt%microCuO, 10 wt%nanoCuO,
40 wt%microCuO, and 40 wt%micro PbO are shown infigure 3. Figure 3 reveals that there is a clear variation
between themorphology of pure rPVC (figure 3(a)) andCuO/rPVC composites (figures 3(b), (c)). It is also clear
that, in the case of nanocomposites, CuOnanoparticles are scattered uniformly andwell embedded in the rPVC
matrix which provides an interlocking structure for shielding [34].While, in the case ofmicro composites, bulky
particles are notwell coveredwith the rPVCmatrix and some of them are peeled off from thematrix which acts
as voids for shielding.Moreover, figures 3(d), (e) show typical SEMmicrophotographs of rPVC loadedwith
40 wt%microCuO and 40 wt%micro PbO, respectively. It can be observed that at higher filler loadings, both
CuOand PbOmicro particles of irregular shapes and different sizes are dispersedwithin the rPVCmatrix where
the gaps between the particles decreased compared to that in case of lowerfiller concentrations (figure 3(b)).

Figure 2. FE-TEM images of (a)PbOnanoparticles and (b)CuOnanoparticles.
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3.2. Gamma-ray shielding properties
3.2.1.Mass and linear attenuation coefficients
The experimental linear attenuation coefficientμ (cm−1) of the investigated rPVC composites can be evaluated

at a given γ-ray energy according to thewell-knownBeer–Lambert formula given by ⎡
⎣

⎤
⎦

( )

( )
m = ln ,

x

N

N

1

x

0 where

N(0) is the detector count ratewithout the sample andN(x) is the count ratewhen the composite of thickness x is
placed between the detector and the radioactive point source. To confirm the validity of ourmeasurements, the
mass attenuation coefficientμm (cm2/g), which is a significant parameter for describing the interactions of
gamma-rays withmaterial, was calculated by dividingμ by the density (ρ) of the composite and comparedwith
the theoreticalμmvalues obtained from theXCOMdatabase [35]. The densities of the investigated composites

Figure 3. SEM images of (a)Pure rPVC, (b) 10 wt%microCuO/rPVC, (c) 10 wt%nanoCuO/rPVC, (d) 40 wt%microCuO/rPVC,
and (e) 40 wt%micro PbO/rPVC composites.

6

Phys. Scr. 96 (2021) 125316 AMEl-Khatib et al



Table 2.Experimental and theoretical values ofmass attenuation coefficients formicro and nanoPbO/rPVC composites at different filler
concentrations.

Mass attenuation coefficient (cm2/g) Density (g/cm3)

Sample Energy (keV) NanoPbO/ rPVC Micro PbO/ rPVC XCOM NanoPbO/ rPVC Micro PbO/ rPVC

rPVC0 wt% 59.53 0.5340 0.5106 1.646±0.012
80.99 0.2574 0.2494

121.78 0.3120 0.2920

244.69 0.1137 0.1089

344.22 0.0981 0.0943

356.01 0.0813 0.0760

661.66 0.0611 0.0596

778.90 0.0566 0.0541

964.13 0.0502 0.0481

1173.23 0.0467 0.0450

1332.50 0.0377 0.0353

1408.01 0.0320 0.0310

10 wt%PbO 59.53 1.2031 1.1916 1.1643 1.870±0.024 1.783±0.018
80.99 0.6026 0.5745 0.5406

121.78 0.7498 0.7044 0.6673

244.69 0.2132 0.2095 0.2045

344.22 0.1773 0.1711 0.1605

356.01 0.1511 0.1507 0.1413

661.66 0.1290 0.1100 0.1039

778.90 0.1142 0.1002 0.0941

964.13 0.1001 0.0949 0.0893

1173.23 0.0919 0.0862 0.0844

1332.50 0.0821 0.0772 0.0726

1408.01 0.0686 0.0658 0.0616

20 wt%PbO 59.53 1.6676 1.6246 1.921±0.033
80.99 0.7404 0.6986

121.78 0.9494 0.9121

244.69 0.2832 0.2776

344.22 0.1835 0.1791

356.01 0.1645 0.1589

661.66 0.1198 0.1167

778.90 0.0954 0.0907

964.13 0.0905 0.0860

1173.23 0.0797 0.0745

1332.50 0.0714 0.0670

1408.01 0.0648 0.0611

30 wt%PbO 59.53 1.7748 1.7464 2.140±0.025
80.99 0.8135 0.7717

121.78 1.1771 1.1451

244.69 0.3391 0.3338

344.22 0.2046 0.1985

356.01 0.1626 0.1574

661.66 0.1223 0.1201

778.90 0.0981 0.0959

964.13 0.0889 0.0865

1173.23 0.0754 0.0730

1332.50 0.0666 0.0636

1408.01 0.0621 0.0590

40 wt%PbO 59.53 2.1072 2.0505 2.390±0.021
80.99 0.8647 0.8170

121.78 1.3957 1.3603

244.69 0.3452 0.3404

344.22 0.1945 0.1903

356.01 0.1775 0.1736

661.66 0.1171 0.1130

778.90 0.0924 0.0905

964.13 0.0856 0.0817

1173.23 0.0764 0.0730

1332.50 0.0614 0.0580

1408.01 0.0576 0.0542
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weremeasured experimentally by employingArchimedes procedure according toASTMD792-9124 [36],
where, an electronic balancewith accuracy 0.0001 g and organic liquid such as ethanol were used.

Tables 2–4 list out themeasured densities, the experimental and the theoretical values ofmass attenuation
coefficients formicro and nano PbO/rPVC, CuO/rPVC and (PbO+CuO)/rPVC composites, respectively, at
different gamma-ray energies. By examining tables 2–4, it can be noted that there is a good agreement between
the experimental values ofμm formicro composites and the theoretical values obtained fromXCOMwhich
confirms the validity of our experimental setup.On the other hand, the values ofμm for all the rPVC
nanocomposites are remarkably greater than those ofmicro composites even at the samewt.%. To study the

Table 3.Experimental and theoretical values ofmass attenuation coefficients formicro and nanoCuO/rPVC composites at different filler
concentrations.

Mass attenuation coefficient (cm2 g−1) Density (g cm−3)

Sample Energy (keV) NanoCuO/rPVC MicroCuO/rPVC XCOM NanoCuO/rPVC Micro CuO/rPVC

10 wt%CuO 59.53 0.8726 0.8655 0.8547 1.849±0.021 1.765±0.029
80.99 0.4885 0.4182 0.4051

121.78 0.5355 0.5274 0.5133

244.69 0.2077 0.1862 0.1790

344.22 0.1671 0.1559 0.1459

356.01 0.1415 0.1325 0.1278

661.66 0.1143 0.1004 0.0942

778.90 0.1000 0.0875 0.0834

964.13 0.0926 0.0830 0.0810

1173.23 0.0830 0.0747 0.0715

1332.50 0.0722 0.0627 0.0601

1408.01 0.0585 0.0505 0.0493

20 wt%CuO 59.53 0.9112 0.8794 1.895±0.019
80.99 0.5882 0.5557

121.78 0.6725 0.6493

244.69 0.1835 0.1776

344.22 0.1665 0.1566

356.01 0.1391 0.1303

661.66 0.0986 0.0933

778.90 0.0862 0.0822

964.13 0.0836 0.0793

1173.23 0.0743 0.0714

1332.50 0.0649 0.0613

1408.01 0.0556 0.0527

30 wt%CuO 59.53 0.9584 0.9289 2.054±0.024
80.99 0.5542 0.5377

121.78 0.7201 0.6907

244.69 0.1916 0.1832

344.22 0.1576 0.1491

356.01 0.1355 0.1295

661.66 0.1013 0.0954

778.90 0.0929 0.0881

964.13 0.0843 0.0817

1173.23 0.0726 0.0704

1332.50 0.0638 0.0602

1408.01 0.0580 0.0554

40 wt%CuO 59.53 1.0169 0.9860 2.273±0.047
80.99 0.5239 0.5066

121.78 0.6639 0.6340

244.69 0.2426 0.2339

344.22 0.1459 0.1381

356.01 0.1344 0.1294

661.66 0.1154 0.1104

778.90 0.0890 0.0836

964.13 0.0804 0.0772

1173.23 0.0736 0.0702

1332.50 0.0575 0.0552

1408.01 0.0581 0.0549
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Figure 4. Linear attenuation coefficient as a function of photon energy for (a)micro PbO/rPVC, and (b)microCuO/rPVC at different
wt.%.

Figure 5. Linear attenuation coefficient as a function of photon energy for 10 wt%PbO, 10 wt%CuO, and amix of 5 wt%
PbO+5 wt%CuO composites in case of (a)micro particles and (b)nanoparticles.

Table 4.Experimental and theoretical values ofmass attenuation coefficients formicro and nano 5 wt%PbO+5 wt%CuO/rPVC
composites.

Mass attenuation coefficient (cm2 g−1) Density (g cm−3)

Sample Energy (keV)
Nano

mix/rPVC

Micro

mix/rPVC XCOM Nanomix rPVC Micromix/rPVC

5 wt%PbO+5 wt%CuO 59.53 0.9708 0.9660 0.9346 1.858±0.032 1.766±0.052
80.99 0.5488 0.4578 0.4429

121.78 0.6316 0.5679 0.5495

244.69 0.2174 0.1948 0.1884

344.22 0.1744 0.1602 0.1550

356.01 0.1504 0.1377 0.1332

661.66 0.1248 0.1043 0.1010

778.90 0.1072 0.0918 0.0888

964.13 0.0992 0.0859 0.0831

1173.23 0.0895 0.0775 0.0750

1332.50 0.0797 0.0687 0.0664

1408.01 0.0635 0.0588 0.0569
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effect of adding PbO andCuOfillers on the shielding ability of the rPVCmatrix, it is better to compare between
them in terms of linear attenuation coefficients.

Figures 4(a) and (b)depict the variation of linear attenuation coefficients ofmicro PbO/rPVC andmicro
CuO/rPVC composites, respectively, as a function of gamma-ray energy at different filler concentrations. As a
first estimate from inspecting figure 4, one canfind that the shielding properties depend on the chemical
composition of the shieldingmaterial and the energy of the falling γ-beams. This is evident from figures 4(a) and
(b)where the linear attenuation coefficient decreases sharply by increasing the incident photon energy and
increases significantly by increasing the concentrations of PbO andCuO fillers in the rPVCmatrix. This conduct
can be ascribed due to the predominance of various photon interactions withmatter which are photoelectric
effect, Compton scattering, and pair production bywhich the gamma-ray dissipates its energy. For energy less
than 200 keV themost probable interactions of photons are photoelectric effect, but for photons greater than
200 keV this probability will dropwith energy and the dominant interactions will be theCompton effect [37]. It
is also remarked from figure 4 that,μ of all the composites have a peak value at energy 121.78 keV and this peak is
very sharp specially in PbO/rPVC composites. This peak is due to appearance of theK absorption edge of Pb at
88 keV [38]. The peak is also appeared in neat rPVC andCuO/rPVC composites because the recycled PVC
contains a small amount of Pb.

Furthermore, figure 5(a) compares the linear attenuation coefficients of 10wt.%mico PbO/rPVC, 10wt.%
microCuO/rPVC and (5wt.%micro PbO+5wt.%microCuO)/rPVC composites. It is observed that,μ
values of PbO/rPVC composites are greater than those for CuO/rPVC composites of the samefiller
concentration at lower energies. This is owing to the high gamma-ray absorption of Pb compared toCu in this
energy region.However, at energies higher than 300 keV, CuO/rPVC composite has approximately the same
linear attenuation coefficient as PbO/rPVCof the samewt%. Theμ values for themixture of both PbO andCuO
is between those of PbO/rPVC composites andCuO/rPVC composites in any energy region as indicated by
figure 5(a).

In order to understand the significance role of adding nano additives to the rPVCmatrix, the linear
attenuation coefficients as a function of photon energy for 10wt.%nano PbO/rPVC, 10wt.%nanoCuO/rPVC
and (5wt.%nano PbO+5wt.%nanoCuO)/rPVC composites are depicted infigure 5(b). It is clear that, the
same behavior ofμ versus photon energy is obtained as infigure 5(a).Moreover, figure 5(b) and tables 2–4 also
demonstrated that, the rPVC composites reinforcedwith nano-fillers of PbOorCuOhave higher linear
attenuation coefficients compared to those filledwithmicro-fillers of the sameweight fraction, which is
consistent with the results reported in the literature [21]. This is due to the homogenous distribution of nano-
fillers within the rPVCmatrix, as confirmed by the SEMmicrographs, which enhances the probability of
interaction between gamma-rays and nanoparticles.

To assess the γ-ray shielding performances of the composites presented in this work, the linear attenuation
coefficient of 40 wt%micro PbO/rPVC composite is compared to various polymer composites reported in
references as listed in table 5. From table 5, it is evident that 40 wt%micro PbO/rPVC exhibits higher shielding
ability than the other polymer composites even at the samefiller concentration, while lower ability than high
concentration of PbOfilled polymer composites. Therefore, PbO filled rPVC composite is a promising
protectivematerial against gamma-radiation.

Figure 6.HVL values as a function of photon energy for (a)micro PbO/rPVC, and (b)microCuO/rPVC composites.
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3.2.2. Half value layer
The halve value layer (HVL) is one of the essential shielding parameters which evaluate the thickness of the
shieldingmaterial required to diminish the radiation intensity to 50%of its initial value. Figures 6(a) and (b)
display the computedHVL values ofmicro PbO/rPVC andmicroCuO/rPVC composites, respectively, at the

Figure 7.HVL values as a function of photon energy for 10 wt%PbO, 10 wt%CuO, and amix of 5 wt%PbO+5 wt%CuO
composites in case of (a)micro particles and (b)nanoparticles.

Table 5.Reported shielding performances of polymer-based composites in references at similar photon
energies.

Linear attenuation coefficient (cm−1)

Shieldingmaterial 59.53 keV 661.66 keV 1332.5 keV References

40 wt%nanoZnO/HDPE 0.946 0.121 0.086 [1]
40 wt%nanoCdO/HDPE 4.030 0.147 0.100 [18]
50 wt%nano PbO/rHDPE 5.760 0.241 0.134 [21]
50wt.%hematite/PES 1.170 0.190 0.150 [39]
20 wt%BiClO /polyester concretes 1.182 0.121 0.080 [40]
100 phr PbO/WR/NR — 0.187 0.126 [41]
40 wt%micro PbO/rPVC 5.041 0.280 0.147 This work

Note:HDPE is high density polyethylene; PES is isophthalic unsaturated polyester;WR is waste rubber;

NRnatural rubber; phr is Part per hundred parts of rubber byweight.

Figure 8.The variation of the equivalent atomic numberwith gamma ray energy for (a)micro PbO/rPVC, and (b)microCuO/rPVC
composites at different wt.%.
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same variation of thefiller concentration to assess their shielding ability. Fromfigure 6 it is clear that, for all the
investigated composites, as the energy increases theHVL values will also increase. It is also obvious from the
figure 6 that theHVL values of the rPVC composites aremuch lower than that of pure rPVC at any given energy
which indicates an enhancement in the shielding properties of the rPVC composites by adding PbO andCuO
fillers.

Moreover, figure 7(a) compares theHVL values of 10wt.%micro PbO/rPVC, 10wt.%microCuO/rPVC
and (5wt.%micro PbO+5wt.%microCuO)/rPVC composites. It can be noted that, theHVL value of CuO/
rPVC composites is greater than its corresponding value for PbO/rPVC composites at the sameweight percent
and that regarding themixture of both PbO andCuO is always between those of PbO/rPVC composites and
CuO/rPVC composites in any energy region. Figure 7(b) presents theHVL values as a function of photon energy
for 10wt.%nano PbO/rPVC, 10wt.%nanoCuO/rPVC and (5wt.%nano PbO+5wt.%nanoCuO)/rPVC
composites. It is evident that, same behavior and trends are achieved as infigure 6(a), however, nanocomposites
always have lowerHVL values thanmicro composites at any incident photon energy. This results in higher
shielding performance of nanocomposites, which is consistent with the former analysis.

3.2.3. Equivalent atomic number
The perfect protective composite is that which have the higher equivalent atomic number [27]. Figure 8 displays
the variation of Zeq values against gamma-ray energy ofmicro PbO/rPVC andmicroCuO/rPVC, composites at
different wt.%. Figure 8 reveals that Zeq values of all composites depend on the incident photon energy.
Moreover, it is clear from figure 8 that increasing theweight fractions of PbOorCuO fillers to the rPVC leads to
an increase in the Zeq values of the composites. The highest Zeq value is obtained for 40 wt%PbO/rPVC
composite and the pure rPVCwithout anyfiller addition has the smallest Zeq values. For this reason, 40wt.%
micro PbO/rPVC composite has the highest attenuation coefficient comparedwith that loaded bymicroCuO at
the samewt.%,which is consistent with the former results.

Figure 9.The variation of the exposure buildup factor with gamma ray energy for themicro PbO/rPVC composites at (a) 1mfp,
(b) 10mfp, (c) 20mfp, and (d) 40mfp.
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3.2.4. Exposure buildup factor
The variation of the EBFwith a photon energy between 0.015 and 15MeVof the PVC composites filledwith
different wt.%of PbO andCuOare displayed infigures 9 and 10 respectively at penetration depths 1, 10, 20, and
40mfp. It is clear from figures 9–10 that, the EBF for all PVC composites are small in low energy region and
slightly increase by increasing the penetration depth up to 40mfp. These small EBF values could be attributed to
the photoelectric effects, where all photons are completely removed from thematerial at low photon energies
[29]. In otherwords, the increase in penetration depth leads to an increase in the interaction of photonswith the
sample, which leads to the generation of a large number of low-energy photons. It is also obvious that there is a
peak in the EBF that occurs at 80 keV in all the investigated composites corresponding toK-edge absorption of
Pb (i.e. 88 keV) and this peak is very sharp in PbO/rPVC composites comparedwithCuO/rPVC composites
(figure 10). This peak has also appeared in theCuO composites because the base rPVC itself contains a small
amount of Pb.

Furthermore, themaximumEBF for is obtained in the intermediate energywhere the EBF value appears to
be very largewhich is considered as a general trend for all the investigated rPVC composites. This is due to the
Compton scattering process, where the photon is not completely removed, but its energy is reduced through
multiple scattering., which raises the EBF to amaximumvalue between 0.1 and 1MeV. Additionally, increasing
thefiller weight fraction in the rPVCmatrix decreases the EBF. This is attributed to the increase in attenuation
probability of photons due to the increase in the concentrations of Pb andCu elements which is consistent with
the former results. It is also noticed that at 3 MeV all the composites have nearly the same value of EBF and after
3 MeV the trend is reversedwhere increasing the filler weight fractionwould increase the EBF values. This trend
is especially observed at 20 and 40mfp for PbO/rPVC composites as shown infigure 9. The trend of EBF
between 3 and 15MeV is due to pair production, which is themost important process at these high energies.
Moreover, in the case of CuO/rPVC composites shown infigure 10, it is obvious that increasing the percentage
of CuO filler does not have a significant effect the on the EBF at the same photon energy.

Figure 10.The variation of the exposure buildup factorwith gamma ray energy for themicro CuO/rPVC composites at (a) 1mfp,
(b) 10mfp, (c) 20mfp, and (d) 40mfp.
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4. Conclusion

In this paper, sustainable and low-cost composites based on rPVC, filledwith different weight fractions of PbO
andCuO in the formof nano-sized andmicro-sized particles, were investigated as protective gamma-radiation
shielding composites. From the obtained results, it can be concluded that:

• There is a good agreement between the experimental values of themass attenuation coefficients formicro
composites and those obtained theoretically from theXCOMdatabase.

• Themeasured values of the linear attenuation coefficients showed their dependence on the type and the
concentration of the filler (either PbOorCuO) and also on the incident gamma ray energy.

• Increasing thefiller weight fractions wt.% in the rPVCmatrix, increases the linear attenuation coefficients of
the composite and the improvement ismore significant in case of PbO compared toCuOof the samefiller wt.
% at the same energy.

• The rPVC composites reinforcedwith nano-fillers of PbOorCuOhave better gamma-radiation shielding
capability compared to those filledwithmicro-fillers of the sameweight fraction.

• The values of the equivalent atomic number and the exposure buildup factors of the investigated composites
depend on the incident photon energy and the concentration of the filler in the composites.

• PbO/rPVC andCuO/rPVC composites can be suggested as good candidates for γ-ray protecting requests, for
example in radiation research centers, oncology departments in hospitals, and in radiological applications.
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