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Abstract: The Cathode ray tubes (CRTSs) represent more than 70% of global
e-waste sets. The glass of the CRT is doped with lead to prevent emission of
radiations especially electrons. The glass at the panel and neck of the CRT
along with the cement mortar, a mixture of 70% neck glass and 30% cement
(mix70), are investigated mathematically as shielding materials from
photons having energies in the range 0.06-3 (MeV). Experimentally the
material mix70 is tested at energies 0.238 and 0.583 (MeV). Good
agreement was recognized between the calculated shielding parameters and
that obtained experimentally while complete equality between the calculated
parameters carried out using the online XCom software or Phy-X software
except at low energies for concrete material. Glass from panel, neck and
mix70 have acceptable shielding characteristics at and below the energy
0.238 (MeV) or generally at the X-ray region. Neck glass has good shielding
parameters at the chosen energy region and it is nominated as a shielding
material for many nuclear applications. To enhance the shielding
characteristics of the material mix70 it should be compacted during
preparation to get higher density. Then we make the comparison between
three concentrations (90%, 80%, 70%) of (CRT) funnel glass based on
shielding efficiency. the good results done with mix 70%. The present work
tested the shielding properties of leaded glass composites to find out its
integrity for practical shielding applications and radiological safety.

Keyword : CRT Recycle, E-waste, Cement mortar, Leaded glass, shielding,
attenuation coefficient, XCom, Phy-X

1. Introduction

The disposal of waste electric and electronic equipment (WEEE), especially the
cathode ray tubes (CRTs) used in computer and television monitors becoming a global
environmental issue that must be eliminated urgently [1,2]. A large number of cathode
ray tubes (CRTs), which account for over 70% of global e-waste sets [3,4], are
eliminated each year as a result of update and replacement of display products It has
been generated in a short time and has just begun to be managed [5,6]. Based on the
United Nations University (UNU) statistics, the global generation of e-waste was
around 41.8 Mt, the waste CRTs accounted for about 6.3 Mt in 2014, to which Asia
contributed 2.5 Mt, and the global e-waste production is expected to increase up to 50
Mt after three years [7]. It is estimated that CRT occupies around 65% mass of a
television or computer monitor and is constituted of 85% glass, in which a front panel
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for screen contributes 65%, a back neck for enveloping the electron gun, 5%, and a
funnel for connecting the panel and the neck, 30% [1,8]. The CRT glass can be divided
into low lead glass and high lead glass according to its lead oxide content, the panel
containing 0-3 wt.% lead oxide belongs to the former type, while the funnel and neck
for shielding harmful radiation respectively containing 22—25 wt.% and ~30 wt.% lead
oxide [2,9]. Dumped CRTs are moved to be incinerated and discarded in landfills as
municipal solid waste [10,11]. Heavy metals such as lead and zinc have significant toxic
effects and risks on most biological organisms (including human beings) and ecological
environments [12,13], and the pollution of heavy metals poses great threat to the
environment and human beings due to its characteristics of persistence, non-
degradability and bioaccumulation [14]. the eco-efficient management of CRT waste
has become a priority of global concern in order to suitably and safely eliminate such
waste [15]. So, the waste CRT is classified as hazardous waste in European Waste
Catalogue 2002 and China National Hazardous Waste List 2016 since it contains
22%—-28% highly toxic metal lead as well as other high metals such as barium and
strontium [16]. One possibility to reducing CRT waste is recycling into a raw material
for the production of concrete. There has been extensive research regarding the
feasibility of this approach [17,18]. Use as a concrete-based shield for application in
medical radiation, industry and nuclear power plants has been studied [19-22].
Unsuitable disposal of CRT waste glass will pose a considerable threat to the
environment as well as humanity [2,23]. Generally, closed-loop and open-loop
recycling process systems are adopted in the recycling of CRTs [23,24].The closed-loop
process system refers to the recycling of CRTs by sending waste CRTs to CRT factories
to obtain lead and lead-free glasses required for manufacturing new CRTs in the
manufacturing chain itself [25,26] . The open-loop process system mainly involves the
recycling and utilization of CRT glass in the manufacture of new products. Recycled
CRT glass is another source for fabricating new glass material as radiation shielding
because of its unique properties including transparency, high strength and excellent
corrosion resistance. Also, changes in the composition and preparation processes can
alter the glass properties. Hence, it has many possible uses in the nuclear radiation field
and has also been examined as a potential engineering material to replace concrete [27].
The existing technology of recovering lead from waste CRT glass is not sophisticated,
which has disadvantages such as high energy consumption, low recovery efficiency and
possible environmental pollution [28,29]. The disposal of waste CRT glass is becoming
an urgent problem to be solved [30]. Incidentally, the addition of BaO into recycled
glass not only optimizes its radiation shielding property, but also reduces the
environmental toxicity of Pb by replacing some Pb atoms with Ba atoms. Barium is
less naturally occurring in silicate systems than lighter alkaline earths such as Mg, Ca,
and Sr. Higher mass for thermal resistance, and radiation resistance with higher electron
density of the glass system have been received by the addition of higher atomic number
Ba atoms. Consequently, barium silicate components have received a great deal of
attention for heat and radiation shielding applications [31,32]. As mentioned above, the
CRT-based glass system has been selected to assess the possibility of using the system
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as a new radiation shielding material. Without considering its toxic components,
alternative applications for secondary CRT glass have been processed to bricks,
decorative tile, nuclear waste encapsulation, construction aggregates, fluxing agent, and
sandblasting medium [33-35]. However, it is estimated that only about 26% of the
discarded CRTs are recycled while the remaining 59% are landfilled due to the lack of
satisfied recycling approaches globally [36]. Meanwhile, concrete material has been
widely used in construction, and the aggregate accounts for 60%—75% of the volume of
concrete. Due to huge demand for fine aggregate, the natural river sand in China has
nearly been exhausted [37] , so, CRT funnel glass has been studied as a replacement for
natural sand as fine aggregate in mortar or concrete by many researchers [30,36,38,39].

2. Experimental Methods

2.1. Measurement of the y-spectrum of natural thorium

A calibration source containing natural thorium of small activity is used for the
study. The source is capsulated in a plastic disc shaped envelope. A portable identifier
PM 1704 multichannel analyzer containing Csl (T1) detector with 1023 channels was
used to record the y-spectrum of the thorium source. The PM 1704 instrument is self-
calibrated for channel/energy conversion [40]. The spectrum of thorium through air is
recorded and then one-by-one plate of the leaded cement mortar or mix70 is added
successively between the source and the identifier and the spectrum is recorded each
time. Each measurement is carried out for one hour while these measurements were
achieved in the open air, Fig. 1. The spectra of natural thorium are saved in the PM
1704 device as data files which were transferred to the PC via USB connection.

T SPECTRUM

PM 1704 :,_ r 2439

B T

Figure 1. Measurement set-up. The PM 1704 identifier is fixed with its sensing point
adjacent vertically the Th-source at a suitable distance (left).The spectrum of Th is
displayed on the PM 1704 screen and the time elapsed for the measurement in seconds
is illustrated (right).

2.2. Determination of the signal intensity 1

Natural thorium emits more than 50 X and y-rays with energies below 1000 (keV)
from its decay chain [41]. PM 1704 identifies natural thorium only by 7 energies
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(signals) [40]. This study chose the two narrow, intense and easy-to-separate signals at
E1 (238keV, Pb-212) and E3 (583keV, T1-208).

To determine the characteristics of each signal, ORIGIN5® software was used. The
signals at E1 and E3 for each measurement were fitted as Gaussian signals. This enables
excluding the noise and background of each measurement and obtains the accurate
values of the intensity I and the width (AE) of the signal.

Spectra of the natural thorium through air and through the different thicknesses of the
mixture mix70 (leaded concrete) are shown in Fig. 2.
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Figure 2. Gamma spectrum of the natural thorium through air and through different
numbers of 1.1 cm plates constructed from the mixture of 70% neck powder glass and
30% cement (leaded concrete). Gauss fit of the signals at E1 and E3 is illustrated.

2.3. Calculation of the shielding parameters of CRT glass at the panel and the neck

Two online softwares were employed to calculate the shielding parameters of the
studied glasses; Phy-X [42] and XCom [43]. The calculated parameters are the mass
attenuation coefficient u/p (cm?g), the linear attenuation coefficient pu (cm™) and the
half value layer HVL (cm). Along with the parameters of the CRT glass from the panel
and neck, the parameters of the mixture mix70 and concrete NBS were calculated for
comparison. The data about the fraction by weight of the oxides composing each
material are fed to both software and the results of the chosen parameters are saved as
EXCEL files which then fed to ORIGIN5® software to plot these data. The mentioned
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EXCEL files contain also the calculated elemental composition of the studied materials
as fractions by weights.

3. Results and Discussions

3.1. Elemental composition of the studied materials

Table 1. Elemental composition of five specimens (fraction by weight) as calculated by

XCom.
Cement Concrete .

Z Panel Neck oPC NBS Mix70
1 H 0.0056
8 O 0.392829 0.376715 0.354657 0.4983 0.367301
11 Na  0.040479 0.033352 0.000483 0.0171 0.019324
12 Mg 0.001651 0.007105 0.004057 0.0024 0.005804
13 Al 0.015351 0.017608 0.026918 0.0456 0.021582
14 Si 0.272734 0.259314 0.10258 0.3158 0.192421
15 P 0.000266 0.000165 0.000094
16 S 0.000731 0.000491 0.005649 0.0012 0.002692
17 ClI 0.000507 0.000566 0.000324
19 K 0.070891 0.069166 0.00054 0.0192 0.039877
20 Ca 0.01022 0.023441 0.479246 0.0826 0.217975
22 Ti 0.002979 0.001412 0.000810
26 Fe 0.00078 0.001384 0.025869 0.011834
29 Cu 0.000162 0.001280 0.000734
30 Zn 0.00220 0.001287 0.000738
38 Sr 0.075212 0.020881 0.011969
40 Zr 0.014116 0.004535 0.002600
51 Sb 0.003219 0.002126 0.001218
56 Ba 0.083570 0.026760 0.015339
58 Ce 0.002312 0.013120 0.007521
82 Pb 0.009792 0.139291 0.079843

Attenuation of X and vy radiations through any material is a result of interaction of the
incident photons with the orbital electrons of the elements composing this material by
one of three processes; photoelectric effect in which a photon with enough energy
delivers its energy to an electron to leave the orbit, Compton scattering when the photon
has higher energy such that only a part of its energy rejects an electron out of its orbit
and the photon moves in a different direction with the rest energy or pair production
which occurs at the field of the nucleus when the photon of energy higher than 1.02
(MeV) splits to a positron and an electron. Accordingly, the attenuation of the photons
traversing in a material is dependent on the number of electrons or the atomic number Z
of this material. Table 1 represents the elemental composition of the materials panel
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glass, neck glass, cement OPC, concrete NBS [44] and the mixture mix70 as fractions
by weights.

3.2. Calculation of the mass attenuation coefficient u/p

The total mass attenuation coefficient or the mass attenuation coefficient p/p of a
material is the sum of the mass attenuation coefficients of the processes photoelectric,
Compton scattering and pair production of this material. Fig. (3) compares the
calculated values of p/p of four materials for photons having energies in the interval
0.06-3 (MeV) which covers the most frequent sources used for various applications.
Concrete NBS has the lower values of p/p since it contains the elements of low values
of (Z<20). Elements having higher atomic numbers uplifted the values of p/p. Thirteen
percent of these elements raised the value three times for the mixture mix70 while the
values of p/p are raised almost five times with concentrations 19% and 21% of elements
of (Z>20) for pure panel and neck glasses, respectively.

The K-absorption edge (K-edge) refers to the abrupt increase in the photoelectric
absorption of x-ray photons observed at an energy level just beyond the binding energy
of the k-shell electrons of the absorbing atom [45]. The K-edge of lead (Pb) appears at
82 (keV) as shown in Fig. 3. Values of the mass attenuation coefficient u/p for photons
with energies beyond the K-edge are arranged according to the concentration of lead in
the materials of pure glasses of panel and neck and the mixture mix70. In the energy
range 0.7-3 (MeV) the values of p/p are apparently independent on the chemical
composition and are equal for the four studied materials.

concrete
Neck
Panel

mix70

2
Wp (em’/g)
<~——1.173 MeV
~——1.332 MeV

0.1 1
E (MeV)

Figure 3. Total mass attenuation coefficients p/p (cm?/g) calculated by XCom for the
four chosen materials over the energy range 0.06-3 (MeV).
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In comparison between the results obtained by Phy-X and XCom softwares, Fig. 4
shows the calculated values of the mass attenuation coefficient u/p for the four studied
materials.

Panel

0.1 i 0.1 ) 1
E (MeV) E (MeV)

0.4- concrete mix70

wp (cm'/g)

0.1 1
E (MeV) E (MeV)

Figure 4. Mass attenuation coefficient u/p (cm2/g) as calculated by the online softwares
Phy-X and XCom for the studied materials over the energy range 0.06-3 (MeV).

Slight differences between the values of p/p obtained by the two softwares for
concrete NBS at energies below 0.1 (MeV) while complete equality between them
appears at energies in the range 0.1-3 (Mev). The values of p/p for the other materials
panel and neck glasses and mix70 show complete equality when calculated by Phy-X or
XCom except at the K-edge of lead. This is because the default table of energy
embedded in Phy-X has little energy values at the K-edge while that of XCom has more
energy values. However, the chosen energies at E1 and E3 are far beyond the mentioned
differences. Table (2) represents the calculated values of the mass attenuation
coefficient p/p for the four studied materials at the chosen energies E1 and E3 along
with the two characteristic energies of ®°Co at 1.173 and 1.333 (MeV). The values of
u/p for the glasses of panel, neck and mix70 are higher than that of concrete NBS at
photon energy 0.238 (MeV). Obviously, at the higher energies the values of p/p are in
the same vicinity for the different materials.
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Table 2. Total mass attenuation coefficients p/p (cm2/g) calculated by XCom for the
four chosen materials at four different energies E (MeV).

E (MeV) Panel Neck Concrete NBS mix70
0.238 0.142 0.203 0.118 0.168
0.583 0.082 0.088 0.082 0.086
1.173 0.057 0.059 0.059 0.059
1.333 0.054 0.055 0.053 0.055

3.3. Determination of the linear attenuation coefficient u of the cement mortar

If a beam of X or y photons having intensity Io is passing through a material it suffers
attenuation along its passage due to the interaction with the electrons of the elements
composing this material. The decrease in the intensity is dependent not only on the
atomic number of the material but also on the electron density or the density of the
material. Here the linear attenuation coefficient p is more informative about the
shielding potential of the studied material. The linear attenuation coefficient is defined
as the number of interactions carried out along one centimeter inside the material, (cm”
1. u has a simple relation with p/p via the density of the material p.

The attenuation of a beam of intensity 10 through a material is described by the
equation [45]:

[=10*exp(-ux) (1)
or
In(10/T)=px (2)
where
Iy is the initial beam intensity,
I is the intensity of the beam at depth or thickness x (cm) inside the material,
i is the linear attenuation coefficient of the material (cm™).

Fig. 5 shows the attenuation of the number of photons having energies E1 and E3
with the thickness of the cement mortar, mix70 (left). Also, Fig (5) represents the linear
relationship between both sides of Eqn. (2), (right). The slopes of the two straight lines
equal the attenuation coefficients of mix70 at E1 and E3 which have the values of
0.326+0.006 and 0.176+0.006 (cm™) respectively. Table (3) represents the calculated
and experimental values of p for the material mix70.

Y. A. Abdel-Razek 159


https://dx.doi.org/10.20961/jphystheor-appl.v7i2.78375

Journal of Physics: Theories and Applications E-ISSN: 2549-7324 | P-ISSN: 2549-7316

J. Phys.: Theor. Appl. Vol. 7 No. 2 (2023) 152-167 doi: 10.20961/jphystheor-appl.v7i2.78375
1800 - 2.01
I (E1 ]
16001 -1, (E1) mix70 1.8 mix70
14001 e :
12001 il
-;; 4 o ].2"
‘g 10004 E= 1.0: e
g 8001 T 03! e
= 600 0.6 L
4001 0.4 e = El
200 02 Ze°" © E3
0 T T T T T = T —~ 1 0'0 - '
0 1 2 3 4 5 6 0 1 2 3 4 5 6
x (cm) X (cm)

Figure S. Typical attenuation of the intensity I of the signals at E1 and E3 with the
thickness x of the leaded concrete, (left). Regression of In(Io/I) over x, (right). The slope
of the straight line equals the value of the linear attenuation coefficient u (cm™) for the
studied material at the desired energy.

Table 3. Calculated and experimental values of p (cm™) of the material mix70.

Energy (MeV) i (cm-1) Error%
calculated experimental
0.238 0.311 0.326+0.006 6.4
0.583 0.159 0.176+0.006 13

The experimental value of the linear attenuation coefficient pu estimated for mix70
material appears in good agreement with the calculated value either by Phy-X software
or XCom software. However, the respective high error in estimating p at the energy
0.583 (MeV) may be due to the low counts of photons at this energy which increase the
statistical errors.

Density p of the materials of mix70 and the bulk neck glass was measured using
Archimedes' method to have the values of 1.85+ 0.05 and 3.1£0.2 (g/cm?), respectively.

Abdel-Razek calculated the shielding parameters of heavy natural minerals; rutile,
ilmenite and magnetite using XCom software. He recognized that the apparent
similarity in chemical composition and close densities of the studied minerals resulted
in close values of the shielding parameters of them [46]. Hager et al. studied the
shielding characteristics of natural bentonite [47]. They found that compressing
bentonite under a pressure of 150 (bar) raised the density of its material by 35%. This
increase in density enhanced the value of the linear attenuation coefficient p by more
than 50%. So, they concluded that compressing a material increases the electron density
inside the material and enhance its shielding characteristics.

Optical and shielding properties of CRT manufactured by Hitachi (after year 2000)
were studied [48]. Many other researchers prepared different materials of glass with
different values of density [49-52]. Table 4 represents the chemical composition of the
different glasses and bentonite. Fig (6) represents the variation of the calculated values
of the attenuation coefficient p with the photon energy in different glasses and in
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bentonite over the energy range 0.06-3 (MeV). The density of a material is presented at
the right of its line. The figure clarifies that the values of u for the studied materials are
arranged according to the values of their densities. One exception is recognized for the
material mix70 which has a lower density than concrete while it has higher values of p
at energies below 0.32 (MeV). Again, this is due to the elements of atomic number
higher than 21 and due to the K-edge of lead which enhances the shielding
characteristics at energies around it.

In the scope of all the above remarks, the material of mix70 should be compressed
during preparation in order to enhance its shielding characteristics.

Table 4. Code, chemical composition and density p of different glasses and bentonite.

Code Chemical composition p (g/cm3) Ref.

Bentonite Fraction by weight Natural, 0.85
0.3S102+0.135A1203+0.0034P205+0.0034
Ti02+0.032Fe03+0.152Ca0+0.0403MgO+
0.014Na20+0.0061K20+0.3034

water&organics
Mix70 Elemental, Table (1), this study Pressed, 1.12 [47]
Concrete Elemental, Table (1)
Neck Elemental, Table (1), this study 1.85
Neck2 Fraction by weight 2.25 [44]
Bl %mol, 80B203+20PhO 3.1
A4 %mol, 3.25 [48]
35PbO+10Te02+10MgO+10Na20+35B20
3
Te20BPb-5 %mol, 60Te02+20B203+20PbO 3.342 [50]
Geb %mol, 60Ge02+40PbO 3.923 [52]
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Figure 6. The variation of the attenuation coefficient p with photon energy E in some
materials of different densities.

3.4. Calculation of the half value layer HVL of the studied materials

The half value layer HVL of a material is the thickness of that material which

reduces the initial intensity to one half of its value. This is calculated as follows:
HVL=In (2)/p 3)

HVL is calculated in (cm). Table 5 represents the linear attenuation coefficient p and
the half value layer HVL calculated for some materials.

Concerning density, concrete NBS has a moderate one and accordingly it has
moderate shielding characteristics. Lighter materials have poorer characteristics which
necessitate thicker shields for a desired energy. This may contradict the economics of a
shielding project. The material mix70 has better characteristics than concrete at and
below the energy 0.238 (MeV) or generally at the X-ray region. However, concrete
restores its position as a heavier material at the higher energies. The glass from the neck
of the CRT has good shielding parameters at all the chosen energies which nominate
this material as a shielding material for many nuclear applications.

4. Conclusions

The glass of the CRT is doped with lead to prevent emission of radiations especially
electrons. The glasses at the panel and neck of the CRT along with a mixture of 70%
neck glass and 30% cement (mix70) are investigated mathematically as shielding
materials from photons having energies in the range 0.06-3 (MeV). Experimentally the
material mix70 is tested at energies 0.238 and 0.583 (MeV). Good agreement was
recognized between the calculated shielding parameters and that obtained
experimentally while complete equality between the calculated parameters carried out
using the online XCom software or Phy-X software except at low energies for concrete
material. Glass from panel, neck and mix70 have acceptable shielding characteristics at

162 Shielding parameters of leaded cement mortar


https://dx.doi.org/10.20961/jphystheor-appl.v7i2.78375

Journal of Physics: Theories and Applications E-ISSN: 2549-7324 | P-ISSN: 2549-7316
J. Phys.: Theor. Appl. Vol. 7 No. 2 (2023) 152-167 doi: 10.20961/jphystheor-appl.v7i2.78375

and below the energy 0.32 (MeV) or generally at the X-ray region. Neck glass has good
shielding parameters at the chosen energy region and it is nominated as a shielding
material for many nuclear applications. To enhance the shielding characteristics of the
material mix70 it should be compacted during preparation to get higher density.

Table 5. Linear attenuation coefficient p and half value layer HVL for glasses and
bentonite at the chosen energies.

Code E (MeV) 0.238 0.583 1.173 1.333
Pressed M (cm-1) 0.136 0.094 0.068 0.064
bentonite HVL (cm) 5.09 7.35 10.22 10.91
Mix70 M (cm-1) 0.311 0.159 0.109 0.102

HVL (cm) 2.23 4.36 6.35 6.81
Concrete M (cm-1) 0.266 0.185 0.133 0.119

HVL (cm) 2.61 3.76 5.22 5.81
Neck M (cm-1) 0.629 0.273 0.183 0.171

HVL (cm) |1.10 2.54 3.79 4.07
Neck?2 M (cm-1) 0.947 0.313 0.193 0.179

HVL (cm) 0.73 2.21 3.60 3.88
Ge5 M (cm-1) 2.651 0.666 0.368 0.339

HVL (cm) 0.26 1.04 1.88 2.04
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