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Environmental pollution increases due to the large amounts of waste production and raw ma-
terial consumption depending on the increasing population. Agricultural and industrial wastes
which are some of the sources of the pollution need to be reuse to reduce the negative impact on
the environment and also contribute positive effect to the economy. In this context, industrial
wastes such as clay types (red and green) and agricultural wastes such as egg shell, walnut shell
and banana shell were used to prepare materials which can be used as replacement materials for
construction industry. Radiation attenuation parameters (mass attenuation coefficients, effec-
tive atomic number, linear attenuation coefficients, mean free path, half-value layer, exposure
and energy absorption build up factors, fast neutron removal cross-section) were acquired by
Phy-X/PSD code. Spectroscopic techniques (XRD, EPR, SEM-EDS) were performed for the
structural analysis. The existence of calcite main phase peaks (=29.7) as well as SiO, (=20° and
26°) and cellulose phases (=16° and 34.7°) were observed by XRD. Mn* sextet lines with five
weak doublets attributed to the forbidden transition lines of Mn*? and a singlet with a g value of
~2.00 and linewidth of =10 G were recorded by EPR. Among the samples, it was found that K1
(Red clay (20%)-eggshell waste (60%)-Bayburt stone waste (20%)), K3 (Red clay (60%)-eggshell
waste (20%)-Bayburt stone waste (20%)), C3 (Red clay (60%)-eggshell waste (20%)-walnut
shell waste (20%)) and Z3 (Green clay (60%)-egg shell waste (20%)-Bayburt stone waste (20%))
have the highest shielding potentials. All samples examined with good protection performanc-
es can be used as substitute materials instead of cement or aggregate for the aim of reusing the
wastes and supporting the environmental and economic benefits.
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INTRODUCTION

Climate change and global warming are among the cur-
rent main environmental problems, and carbon dioxide
emissions appear to be the main reason of these problems.
As a natural result of the widespread concreting trend in
the construction sector, among many sectors, the high ce-
ment production contributes to carbon dioxide emissions.

*Corresponding author.
*E-mail address: zeynepyarbasi@hotmail.com

Replacement materials using instead of cement are the re-
search subjects of investigations around the world recent-
ly. Among these materials, wastes have a significant place
in the studies. Clay types, ceramics, marble etc. which are
generally thrown away as waste and known as construction
material wastes can be reused or recycled to be used again
as building materials. Replacing waste with common build-
ing materials to some extent has yielded positive results in
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terms of durability and mechanical properties [1, 2]. Be-
yond on the industrial wastes, food wastes such as egg shell
waste, banana shell waste and walnut shell wastes which are
mostly consumed in our homes or in the food industry can
be also evaluated for replacement. With the increasing pop-
ulation, environmental pollution also increases due to large
amounts of waste production and raw material consump-
tion. The storage situation of both agricultural waste and
industrial waste is becoming an important problem, reach-
ing a level that endangers public health. Such wastes need
to be transformed into useful materials in order to reduce
the negative impact on the environment and at the same
time contribute to the economy [3]. Eggshell, marble dust
and clay types are widely used and recycled wastes in engi-
neering applications. Clay with refractory properties such
as melting point, mechanical strength and thermochemical
properties, has been preferred as one of the main building
materials [4, 5]. Eggshell and marble dust which have near-
ly the same chemical contents (higher calcite amount) can
be used as replacement instead of cement or aggregates.
Since they have good pozzolanic and refractory properties,
eggshell with high calcium (Ca) content and clay with high
silicon (Si) percentage can make the mixture optimum for
building materials.

In the recent years, due to the increase in radiation appli-
cations such as agriculture, scientific research, technology,
industry, medical imaging and radiotherapy, information
on protective measures against the harms of radiation has
become valuable and interesting. In order to reduce radi-
ation exposure, it is meaningful to obtain information on
how much a building material reduces the transmission of
gamma radiation. For this reason, the content of the ma-
terial is important. Materials such as sand, cement, brick
and concrete are also used with their protective proper-
ties as building materials. The radiation shielding features
(RSF) of these materials can be developed by adding dif-
ferent components. In order to increase the performance
of materials, environmentally friendly and lower cost re-
sources can be developed by supplementing with natural
materials and waste types. By reusing of wastes, it is pos-
sible to reduce environmental and economic problems.
There is a great interest in researches involving radiation
attenuation parameters that provide considerable infor-
mation about the radiation shielding potentials (RSP)
of materials [6-18]. These parameters are; mass attenu-
ation coefficient, linear attenuation coefficient, mean free
path, half value layer, one-tenth value layer, total atomic
and electronic cross sections, effective atomic number,
fast neutron removal cross section and buildup factors.
In the study, the radiation attenuation parameters of de-
veloped new materials with clays, eggshell waste, walnut
shell waste, banana shell waste mixtures were examined
by the Phy-X/PSD program [19]. Thus, it is expected to
determine whether the mixtures to be made are more ad-
vantageous in terms of shielding or not, and it is aimed to
contribute to the literature with their spectroscopic prop-
erties and detailed analyzes. For this purpose, spectro-
scopic methods such as X-ray diffraction (XRD), electron

Table 1. The ratios (wt %) of the ingredients of the sample groups

Y group Y1 Y2 Y3
GC-ESW-WSW 20-60-20 40-40-20 60-20-20
Z group Z1 72 73
GC-ESW-BSW 20-60-20 40-40-20 60-20-20
K group K1 K2 K3
RC-ESW-BSW 20-60-20 40-40-20 60-20-20
C group C1 C2 C3
RC-ESW-WSW 20-60-20 40-40-20 60-20-20

GC: Green clays; ESW: Eggshell waste; WSW: Walnut shell waste; BSW:
Banana shell waste.

paramagnetic resonance (EPR), energy dispersive spec-
troscopy (EDS) and scanning electron microscopy (SEM)
were also performed for structural properties. Recycling
more waste products such as eggshell, walnut shell waste,
banana shell and utilizing environmental friendly prod-
ucts such as clay as additives for building materials can
promote green and safer environment.

MATERIALS AND METHODS

Sample Preparation

Four sample groups consisting of red and green clays (RC,
GC), eggshell waste (ESW), banana shell waste (BSW)
and walnut shell waste (WSW) were produced in differ-
ent ratios and are given in Table 1. The elemental powders
used in the manufacture of the alloys were mixed using a
V-blender. Then, the element mixture to be pelletized was
added to the mold with a diameter of 13 mm and a pres-
sure of 8 MPa was applied.

Instrumentation

X-band JEOL JESFA300 EPR spectrometer with a 100 kHz
and =9.2 GHz frequency was used for detecting room tem-
perature EPR spectra of the alloys. 4 mm size samples were
put in diamagnetic tubes for EPR measurements. XRD pat-
terns were taken by BRUKER D8 ADVANCE X-ray diffrac-
tometer. X-ray diffractograms of the alloys were obtained
with a scanning speed of 2.5°/min (40 kV and 40 mA) and
radiation Cu-Ka (\=1.54060 A) in the range of 20=5°-90°.
SEM images were recorded by ZEISS EVO LS10. EDS re-
sults were taken by JEOL JSM-6610 spectrometer.

Calculation Process

A recently developed Phy-X/PSD code is performed by
entering the composition of the material as mole frac-
tion or weight fraction. Density (g/cm?) of the material
knowledge is also necessary for obtaining the shielding
parameters. A wide energy ranges 1 keV-100 GeV, some
radioactive sources or some characteristic K-shell ener-
gies can be selected for performing the code. Parameters
can be chosen depending on the purpose of the studies.
The good feature of the code for obtaining the results is to
get them in MS excel file.
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Figure 1. SEM images of the samples.
The mixture rule is used for the determination of density p/p = X, w; (u/p): (4)

(p,,,) of the samples [20]:

_ Lizycidi
Pmix =TT c.a 1)

i=1Cidi
Py
A, ¢ and p, and are atomic fraction, atomic weight of ele-
ment i, and density, respectively.
The MAC can be determined based on the Beer-Lambert as:

I =Ipe ¥ (2)

Hm =L = In(lo/D/pt = In(lo/D)/t G)

where t _(g/cm?), t (cm), p(cm™) and y_(cm?/g) are the sample
mass thickness and thickness (the mass per unit area), LAC and
MAG, respectively. MAC can be also acquired by Eq. 4 [21];

where w, and (u/p), and are the weight fraction and the
MAC of the i, constituent element, respectively.

MFP and HVL can be determined by the formulas,

1
MFP = = (5)
HyvL =22 ©6)
I
ACS (0,) and ECS (&) can be calculated by the Eqs. 7, 8;
N
ACS =g = - (u/p) (7)
ECS =0, = Zofr (8)
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Figure 2. EDS results of the samples obtained by EDS.

Z . is found by the help of Egs. (7) and (8) as;
L7

Zopp = a—: ©)
Build up factors can be found by the equations given below
[22, 23]. The geometric progression (G-P) fitting param-
eters is obtained by using values [24] in Eq. 14. EBF and
EABF can be obtained using Eq. (12) or (13) by obtaining
K(E, x) in Eq. (14), where x is thickness in mean free path
(mfp) and a, b, ¢, d, X, are the exposure GP fitting param-
eters. The ratio (R) of Compton partial MAC to total MAC
should be defined for the material at specific energy. The
R, and R, values indicate the (pm)COmPton/ (um), , ratios of
these two adjacent elements which have Z and Z, atomic
numbers. F, and F, are the values of G-P fitting parameters
identical with the Z and Z, atomic numbers at a certain
energy, respectively. E and X demonstrate primary photon
energy and penetration depth, respectively. Combination of
K (E, X) with X, performs the photon dose multiplication
and determines the shape of the spectrum [19].

_ Z,(logR;~logR)+Z:(logR—1ogR,)

Zeqg= logR-—logR, (10)
FillogZ.—logZeg |+ R(logZezg—logZ;)

F = 1( g Qeq] Fieg gLy (11)
logZ.—logZ,
- s for K#1

B(E,x) =1+ &-HED (12)
(K-1)

B(E,x)=1+(b-Dx o K= (13)

'x o) - for x<40 mfp

tan 2 |-tanh(-2)

E(E.x) = cx*® +d&k)— (14)

1—tanh(—-2)
The FNRCS (ZR) values of the samples are found as follows
[19]:

TR=T.p.ER/p), (15)

where p.and 28/, are the partial density of the compound
and the mass RCS of the ith constituent element, respectively.
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Table 2. The weight (%) ratios of the elements obtained by EDS

Samples (6] C Ca K Si Na Fe Ti Mg P Al Mn  Density
Y1 70.02 12.75 5.59 0.11 1.81 0.29 0.49 0.1 0.39 7.96 0.51 - 1.563
Y2 71.74 11.54 4.37 0.17 2.86 0.38 0.68 0.07 0.41 6.93 0.84 - 1.570
Y3 68.59 16.82 1.20 0.36 3.43 0.42 0.63 0.09 0.55 6.87 1.05 - 1.587
Z1 66.10 15.32 5.72 0.34 3.07 0.50 0.74 0.07 0.55 6.66 0.93 - 1.583
72 73.32 10.52 1.77 0.40 4.14 0.30 0.97 0.10 0.55 6.72 1.21 - 1.586
73 57.60 4.40 6.71 1.25 10.97 1.25 2.34 0.19 1.85 9.85 3.60 - 1.684
K1 49.35 1.57 4.59 2.30 17.18 2.86 4.31 0.33 2.73 7.44 7.26 0.08 1.781
K2 71.34 12.61 2.10 2.22 4.14 0.55 1.60 0.10 0.42 2.95 1.57 0.09 1.559
K3 53.73 2.08 4.47 1.92 15.00 2.49 3.84 0.29 2.57 6.29 6.23 0.11 1.788
C1 61.64 23.51 3.29 1.10 2.90 0.86 0.68 0.08 0.63 3.98 1.24 0.07 1.574
C2 60.45 25.49 1.96 1.02 2.93 1.25 0.67 0.12 0.89 3.73 1.42 0.09 1.586
C3 51.37 1.44 4.40 1.93 17.01 3.73 3.78 0.29 2.86 5.45 7.59 0.16 1.760
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Figure 3. XRD patterns of the samples recorded at room temperature.

RESULTS AND DISCUSSION

SEM and EDS Analysis
SEM micrographs of the samples are given in Figure 1. Micro
crystallites are observed for all samples in the SEM pictures.
The smoothest surfaces are seen for Z1 and Y1 samples. The
EDS spectra of the samples are given in Figure 2. The weight %

ratios of the elements obtained from EDS are given in Table 2.
It is understood from the EDS analyses that all the elements are
common for all samples except from Mn. Y and Z groups do
not have Mn element, while K and C groups have the element.
This may be due to the devices limitations. The amount of Mn
content of Y and Z groups samples may be lower than the oth-
ers and so EDS cannot detect the element for the samples.
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Figure 4. EPR spectra of the samples recorded by EPR.

XRD Analysis

Room temperature X-ray diffraction peaks are shown in
Figure 3. The diffraction peaks were evaluated by the liter-
ature [25-28]. XRD results of the samples revealed the ex-
istence of CaCO, (calcite) main phase peak as well as SiO,
and cellulose phases. The XRD peak obtained for all the

samples at 20 = 29.7° is the characteristic crystalline struc-
ture of calcite (CaCO,) [27]. The relatively broad XRD peak
at the angle of =20° and 26° corresponds to the amorphous
SiO, phase 25, 28]. The XRD peak at ~16° and 34.7° is as-
signed to cellulose [25]. It is seen that diffraction peaks of
the samples are generally calcite peaks, and also some peaks
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Figure 5. The variations of MAC and LAC versus photon en-
ergies.

of other phases are seen. This indicates that the samples are
well crystallized.

The crystallite size for the evaluation of crystalline nature of
the samples is determined by Debye-Scherer equation [29].
The full width half height (FWHM) for each diffraction can
be used for this. A is the X-ray wavelength, K is Scherer’s
constant and is of the order of = 0.9, (B) is the FWHM in
radians, d is the average size of the crystalline, and 0 is the
Bragg angle in degrees [30].

d=K\/Bcosb (1)

By using the FWHM of the most intense CaCO, peak
(=29.7°) of the samples, the crystallite sizes of CaCO, were
found in the range of 33.0-63.3 nm.

EPR Study

Structures with paramagnetic centers can be detected by
EPR technique in the existence of an external magnetic
field. The EPR lines are defined by g-values by the equa-
tion of hv = gBH. Here, B the Bohr magneton, h the Planck
constant, H the magnetic field and v the microwave fre-
quency is used for the determination g values. Both in the
crystalline nature and glassy phases, paramagnetic center
affected by local magnetic fields centers can be acquired in
EPR spectra. EPR spectra of the prepared samples recorded
at room temperature are seen in Figure 4. For all group of

Figure 6. The variations of HVL (a) and MFP (b) versus pho-
ton energies.

samples, six hyperfine lines of Mn*? (I=5/2) with g value of
g~2.00 is determined. It can be also detected that there is a
weak a singlet (given by arrow) with a g value of =2.00 and
linewidth of =10 G was obtained and overlapping with the
Mn* lines. Additionally, five weak doublets which are at-
tributed to the forbidden transition lines of Mn*? (AmI=+1)
are observed and marked by asterisks [25]. The g value ob-
tained for the samples can be a result of organic free radical
or a carbon centered organic radical [31-33].

Radiation Protection Analysis

Chemical composition (wt. %) of the samples acquired
by EDS was used to obtain radiation-material interac-
tion parameters by Phy-X/PSD code in the energy range
of 1keV-100GeV. Changes of MAC values with incident
photon energies are shown in Figure 5. The variations of
MAC results are affected by photoelectric effect (PE) at
low energies, Compton scattering (CS) at mid energies
and pair production (PP) at high energies. The MAC val-
ues were also determined by XCom [34], and convenient
results are obtained. The coherent results determined
by both XCom and Phy-X/PSD are given in Table 3 for
some of the energies at low, mid and high regions. The
values demonstrated in blue color are the highest ones
for MAC. LAC is the scattered or absorbed photon beam
fraction per unit thickness. LAC values change with pho-
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Table 3. MAC values of the samples obtained by Phy-X/PSD and XCom

Sample/code 2.0x10° 2.0x107 2.0x10" 2.0x10° 2.0 x10! 2.0 x10? 2.0 x10°
(MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
Y1 Phy-x/PSD 677.3 2.087 0.125 0.045 0.019 0.021 0.024
Y1 Xcom 677.2 2.087 0.124 0.044 0.018 0.021 0.024
Y2 Phy-x/PSD 714.3 1.994 0.125 0.044 0.019 0.021 0.025
Y2 Xcom 714.4 1.994 0.125 0.045 0.019 0.021 0.024
Y3 Phy-x/PSD 707.4 1.621 0.124 0.044 0.018 0.020 0.023
Y3 Xcom 707.4 1.621 0.124 0.044 0.018 0.020 0.023
Z1 Phy-x/PSD 710.3 2.175 0.125 0.044 0.019 0.021 0.024
Z1 Xcom 711.1 2.176 0.125 0.045 0.019 0.021 0.024
Z2 Phy-x/PSD 752.7 1.828 0.124 0.044 0.019 0.021 0.024
72 Xcom 752.8 1.828 0.124 0.044 0.019 0.021 0.024
Z3 Phy-x/PSD 986.0 3.380 0.126 0.044 0.020 0.024 0.028
73 Xcom 986.0 3.379 0.126 0.044 0.020 0.024 0.028
K1 Phy-x/PSD 1234.1 4.011 0.126 0.044 0.021 0.025 0.029
K1 Xcom 1234.0 4.011 0.126 0.044 0.021 0.025 0.029
K2 Phy-x/PSD 770.8 2.079 0.125 0.044 0.019 0.021 0.024
K2 Xcom 771.0 2.080 0.125 0.044 0.019 0.021 0.024
K3 Phy-x/PSD 1180.0 3.999 0.126 0.044 0.021 0.025 0.029
K3 Xcom 1180.0 3.999 0.126 0.044 0.021 0.025 0.029
C1 Phy-x/PSD 691.7 1.811 0.124 0.044 0.018 0.020 0.023
C1 Xcom 691.9 1.811 0.141 0.044 0.018 0.020 0.023
C2 Phy-x/PSD 693.9 1.644 0.124 0.044 0.018 0.020 0.023
C2 Xcom 693.8 1.644 0.124 0.044 0.018 0.020 0.023
C3 Phy-x/PSD 1248.4 3.757 0.126 0.044 0.021 0.025 0.029
C3 Xcom 1248.0 3.757 0.126 0.044 0.021 0.025 0.029

ton energies are shown in Figure 5. The LAC parameter
varies as a function of MAC values and material densi-
ty. Although the MAC and LAC values of the samples
seem near, clearer results can be obtained with detailed
analysis. The highest MAC values are found in the or-
der of K1>K3>C3>Z3 and the lowest ones are that of
72>C1>C2>Y3 among the samples.

The thickness halve the amount of incident photon energy
is called as HVL and the average length traveled by a pho-
ton without scattering or absorption is called as MFP. Better
shielding feature can be gained by the material with lower
values of HVL and MFP. HVL and MFP values change with
photon energies are shown in Figure 6. The values of HVL
and MFP are in the order of K1<K3<C3<Z3<Z1<Y1<Z2<Y
2<K2<Y3<C1<C2. So, the highest shielding performance is
seen for K1 and the lowest one is for C2.

Z . is the average atomic number of material including more
than one element. Z__ values as a function of photon energy
is shown in Figure 7. The highest Z  values are found at
low energies based on the PE cross-section with the effect
of Z**. At mid-energies, a decrease is seen due to the CS
cross-section changed with E~°. At high energies, the PP

—=—i¥
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——C3
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T
10°

Figure 7. The variations of MAC and LAC versus photon en-
ergies.

cross-section variation changed with Z* causes an increase
and then a stable case [30]. The presence of different atom-
ic numbers in the material is effective on the variation of
Z .. values. As a result of this, samples with more than one
element and large atomic number differences have larger
fluctuations in Z ; values (such as C-6; Fe-26). Among the
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Figure 8. The changes of EABF of the samples versus photon energies.

samples, K1, K3, C3, Z3 and Y1 with higher Fe and Ca con-
tent have the higher Z . values. It is obtained that RSP of K1,
K3, C3, Z3 and Y1 are higher based on Z values.

Build up factor is expressed as the ratio of the total radia-
tion at a given point to amount of uncollided radiation at
the same point. EABF, one of the buildup factors, is related
with the energy absorbed or deposited in the interacting
material. EBE, the other one, is about the exposure in in-
teracting material. Build up factors can be estimated as a
function of mfp, and EBF and EABF values as a function
of photon energies are given in Figures 8, 9. Buildup factor
values are lower (due to the PE), the highest values (due to
the large number of scattered photons by the CS) and lower
again (due to the PP effect and strong photon absorption)

in the low, mid and high energy regions, respectively [35].
Photon scattering and the probability of penetration depth
related closely causes the buildup effect intensely at mid-en-
ergies. When the obtained buildup factors are analyzed, it
is found that the photon accumulation, so the CS process
is more for Y3 and C2 than the other samples, while that is
less for K1 and K3.

Fast neutron attenuation capabilities of the samples were
also obtainable by Phy-X/PSD and the cross sections are
given in Figure 10. It is obtained that FNRCS value is the
highest for C2 and that is the lowest for Z3 among the
samples. It is possible to note that the samples C2 with
lower photon shielding capability has higher neutron
shielding capability.
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Figure 9. The changes of EBF of the samples versus photon energies.
CONCLUSION
0.065

The purpose for performing the study was to produce new
materials with higher RSP and good structural properties
convenient for applications. In line with this aim, spectro-
scopic features and RSP of four groups of samples consisting
of waste materials were examined by experimentally and
theoretically with Phy-X/PSD code. By the help of XRD pat-
terns, the Debye-Scherer equation was used for the crystal-
lite size determination of the samples. Sharp peaks show the
high crystallinity properties of the samples. The existence of
calcite main phase peaks as well as SiO, and cellulose phases
were observed by XRD. Mn* sextets with five weak doublets
ascribed to the forbidden transition lines of Mn** and a sin-
glet assigned to a carbon centered radical with a g value of

o
o
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Figure 10. FNRCS values of the samples versus photon energies.
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~2.00 were recorded by EPR. The evaluation of the RSP of the
samples were made by obtaining photon-matter interaction
parameters by Phy-X/PSD and XCom codes. More shield-
ing properties are observed for K1 (RC(20%)-ESW(60%)-
BSW(20%)), K3 (RC(60%)-ESW(20%)-BSW(20%)), C3
(RC(60%)-ESW(20%)-WSW(20%)) and Z3 (GC(60%)-ES-
W(20%)-BSW(20%)), and lower RSP are found for Z2, C2,
C1 and Y3. It is concluded that FNRCS value is the highest
for C2 and that is the lowest for Z3. In order to reuse and
recycle wastes, it can be recommended that all samples ex-
amined with good protection performance can be used as
substitute materials instead of cement or aggregate.
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