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Abstract

The effects of chemical treatment on the radiation-shielding properties of Philippine natural zeolites were investigated using EpiXS fol-
lowing the EPICS2017 library. The zeolites were studied using X-ray diffraction and energy-dispersive X-ray spectroscopy. The acid treat-
ment eliminated Fe and Ca, having a negative impact on the cross-section of the HCl-modified zeolite. The mass attenuation coefficients
of the raw, NaOH- and HCl-modified zeolites at 1332 keV were 0.0545, 0.0544 and 0.0548 cm2 g–1, respectively. At 100–10,000 keV, the
linear attenuation coefficient depends on the density and increases in the order HCl-modified > NaOH-modified > raw zeolite. In the
energy range of 100–16,000 keV, the mean free path and half-value layer values are in the order of HCl-modified < NaOH-modified <
raw zeolite. The raw and NaOH-modified zeolites have comparable effective atomic numbers, whereas the HCl-treated zeolite has
significantly lower such values.

Keywords: EPICS2017, EpiXS, gamma-rays, natural zeolite, photon attenuation

(Received 3 May 2023; revised 17 August 2023; Accepted Manuscript online: 11 September 2023; Editor: George Christidis)

Natural materials such as clays, rocks, ores and soils have long
been studied regarding their photon-shielding applications as
they have unique properties that are useful for attenuating ioniz-
ing radiation, in addition to being low cost and in great abun-
dance. The gamma-shielding capabilities of ball clay and kaolin
from south-western Nigeria were investigated experimentally
and theoretically by Olukotun et al. (2018). The radiation attenu-
ation factors of red clay, ball clay, bentonite and kaolin were deter-
mined experimentally by Elsafi et al. (2021), and the shielding
parameters of halloysite were computed theoretically by
Mansour et al. (2020). Several minerals were also used as aggre-
gates to enhance the radiation-shielding properties of concrete,
including colemanite (Oto et al., 2019), barite and hematite
(Masoud et al., 2020), magnetite (Jozwiak-Niedzwiedzka et al.,
2018) and sepiolite (Sayyed et al., 2018). Previous work has
reported the potential use of various ores such as barite, magnet-
ite, limonite, hematite and serpentine ores (Oto et al., 2015),
amethyst ore (Korkut et al., 2011) and various types of boron
ores (Demir, 2010; Korkut et al., 2012) as shielding materials.
Soils have also received considerable attention in radiation-
shielding studies. Pires (2022) reported the attenuation capabil-
ities of highly weathered soils from Brazil. In addition, Akman
et al. (2019) and Sayyed et al. (2019) assessed the shielding char-
acteristics of various soils from Turkey, and Hila et al. (2021b)
computed theoretically the photon-shielding parameters of man-
grove forest soils across the Philippines using various computer
software programs. Lunar soil has also been evaluated as a shield-
ing material against radiation in space (Miller et al., 2009).

One fascinating material that has shown potential in shielding
applications is zeolite. Zeolites are microporous crystalline alu-
minosilicate minerals built of [SiO4] and [AlO4]

− tetrahedra
(Ratel et al., 2022). They have a structure characterized by a
framework of linked tetrahedra, each consisting of four oxygen
atoms surrounding a silicon or aluminium cation (Wise, 2013).
This three-dimensional network has open cavities in the form
of channels and cages, which are occupied by H2O molecules
and extra-framework cations. Most of the common natural zeo-
lites are formed by alteration that occurs in volcanic rocks when
in contact with fresh water or sea water. In the Philippines, natural
zeolites occur in the Albay and Pangasinan provinces. The
Philippines’ natural zeolite production quantities in 2010, 2011,
2012 and 2013 were 244, 435, 478 and 550 tons, respectively
(Philippine Statistics Authority (Mines and Geosciences
Bureau), 2013). These zeolites are suitable candidates for
radiation-shielding composites because they have comparable
mass attenuation coefficients (μm) to clays and soils and slightly
smaller μm than that of concrete (Gili & Hila, 2021a). In addition,
numerous studies have reported the use of natural zeolites in
radiation-shielding applications.

The chemical composition and radiation attenuation proper-
ties of a clinoptilolite-rich natural zeolite from Turkey were inves-
tigated by Kurudirek Murat et al. (2010). These authors reported
that trace radioactive elements were present in the zeolite and that
this zeolite has a poorer attenuation efficiency in the ionizing
X-ray region of the electromagnetic spectrum than Portland
cement (PC). Akkurt et al. (2010) studied the radiation shielding
of concrete containing various concentrations of zeolite aggre-
gates and reported that the linear attenuation coefficient (μ)
decreased with increasing concentration of zeolite aggregates.
However, the neutron-shielding properties of bricks manufactured
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from a brick clay obtained from Bartin, Turkey, increased by as
much as three-fold upon the addition of 20% zeolite compared
to the bricks without additional zeolite (Cay et al., 2014).
Further increasing in the zeolite content by up to 30% decreased
the macroscopic neutron cross-section substantially, which was
smaller than that of the bricks free of zeolite. The radiation
attenuation coefficients of PC mixed with natural zeolite were
examined by Türkmen et al. (2008). In the energy range of
4–10 keV, the addition of natural zeolite decreased radiation
attenuation. However, at a lower energy level (1.5–4.0 keV), the
addition of zeolite tended to increase radiation attenuation.

Certain techniques can be employed to enhance the shielding
properties of zeolites, such as to incorporating heavy elements
like lead (Pb; Puišo et al., 2013). Pb-doped zeolites were added
to cement, and this blended cement demonstrated improved
X-ray-shielding properties (Palubinskas et al., 2022). The shield-
ing characteristics of zeolites can be modified via chemical treat-
ment. No studies have yet been conducted regarding this matter,
and the current study aims to address this research gap. This work
explores the possibility of modifying the photon-shielding proper-
ties of Philippine natural zeolite through alkali and acid treatment
using NaOH and HCl solutions, respectively. EpiXS software is
used to determine the photon-shielding properties of raw and
chemically modified zeolites through the EPICS2017 library.
These properties include the photon cross section (σ), linear
attenuation coefficient (LAC), mass attenuation coefficient
(MAC), half-value layer (HVL), tenth-value layer (TVL), mean
free path (MFP), effective atomic number (Zeff) and effective elec-
tron density (Neff) in the X-ray and gamma-ray energy ranges of 1–
106 keV. The shielding parameters are compared to those of PC.

Materials and methods

Sample preparation

The natural zeolite used was supplied by LITHOS Manufacturing,
OPC, Philippines. It was mined from Mangatarem Town,
Pangasinan, in northern Luzon, Philippines. The chemical com-
position of the raw zeolite, as presented in a previous study
(Gili et al., 2020), is shown in Table 1. The major components
of natural zeolite are SiO2 and Al2O3, comprising 55.29% and
12.63%, respectively. Significant amounts of CaO and Fe2O3 are
also present (4.69% and 3.43%, respectively). The zeolite shows
7.04% weight loss at 105°C and 14.71 wt.% loss on ignition
(LOI), which is attributed to its tightly bound water content.

The natural zeolite was pre-treated with acidic and basic solu-
tions. Firstly, a 1.5 M NaOH solution was prepared by dissolving

NaOH pellets (Merck, 99%) in deionized (DI) water. This con-
centration was selected because it was the optimum concentration
for modifying the zeolite for adsorption applications (Ates &
Akgül, 2016). Then, 25 g of zeolite was added to 250 mL of the
NaOH solution and soaked for 6 h. The suspension was filtered
and washed with 1 L of DI water, and the solid was dried for
5 h at 150°C. Then, the zeolite was soaked in 250 mL of 4 M
NaCl solution (Mallinckrodt, analytical reagents). This step was
necessary to maintain the homoionic quality of the zeolite.
Then, the sample was rinsed with 0.5 L of DI water three times.
In the final washing step, drops of 1 M HCl solution were
added to bring the pH to neutral. The powder was then collected,
dried for 5 h at 150°C and ground with an agate pestle and mortar
for 20 min.

Similarly, a 3.8 M HCl solution was prepared (Merck, fuming
37%) in DI water. Then, 25 g of zeolite was added to 250 mL of
HCl solution, soaked for 6 h, washed with 1 L of DI water and
dried for 5 h at 150°C. Subsequently, the sample was soaked in
250 mL of 4 M NaCl solution for 24 h and rinsed with 0.5 L
DI water three times. In the final washing step, drops of 1 M
NaOH solution were added to bring the pH to neutral. The zeolite
powder was dried for 5 h at 150°C and ground.

To measure the density of zeolite in solid/pellet form, ∼0.25 g
of each zeolite sample was placed on a 13 mm-diameter stainless
steel die (Graseby-Spec) and pelletized using a uniaxial press
(SPEX 3630 X-PRESS) with a pressure of 2–3 tons. The holding
and release durations were both 2 min.

Characterization

The structure and crystal order of the raw, NaOH-modified and
HCl-modified zeolites were analysed using X-ray diffraction
(XRD; Shimadzu, XRD-7000 Maxima) with Cu-Kα (1.5406 Å)
radiation at 40 kV and 30 mA. A continuous scan was performed
at a scanning speed of 2° min–1 with a step size of 0.02°. The
chemical composition of the samples was determined by scanning
electron microscopy (SEM; SU1510, Hitachi High Technologies)
coupled with energy-dispersive X-ray spectroscopy (EDS;
Thermo Scientific Noran System 7) at an accelerating voltage of
15 kV.

Shielding parameter calculation

The X-ray- and gamma-shielding characteristics of the raw and
chemically modified Philippine natural zeolites were determined
using a Windows-based interpolation software called EpiXS
(Hila et al., 2021a). The software is based on the Monte Carlo
transport library known as Electron Photon Interaction Cross
Section 2017 (EPICS2017; Cullen, 2018) of the Evaluated
Nuclear Data File version B-VIII (ENDF/B-VIII; Brown et al.,
2018). It is user-friendly and can be downloaded from the
Philippine Nuclear Research Institute’s website at https://www.
pnri.dost.gov.ph/index.php/downloads/software. The photon cross-
section (σ), MAC, LAC, HVL, TVL, MFP, Zeff and Neff are
among the photon-shielding parameters considered.

The chemical composition and the density of the materials are
input into the software’s interface to compute the abovemen-
tioned parameters. For reference, the radiation-shielding para-
meters of PC were also obtained. The chemical composition of
PC is listed in Table 2 (Bilal et al., 2019). It has a specific gravity
of 3.05, which translates to a density of 3.05 g cm–3. The LOI is
attributed to the moisture content (H2O).

Table 1. Chemical components of the Philippine natural zeolite.

Component Amount (%)

SiO2 55.29
Al2O3 12.63
Fe2O3

a 3.43
MgO 1.49
CaO 4.69
Na2O 0.62
K2O 0.58
H2O

b 7.04
LOIc 14.71

aAssumed as cubic γ-Fe2O3.
bLoss at 105°C.
cLOI (H2O).
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Theoretical aspects

The parameter σ (barns atom–1) is a useful concept for character-
izing the attenuation of radiation in materials. It represents the
likelihood that photons will interact with matter in a certain pro-
cess. In a compound or mixture, σ may be thought of as a
weighted average of the cross-sections of the individual compo-
nent elements as given in Equation 1, where fi is the ith element’s
atom fraction (Gili & Hila, 2021b):

s =
∑

fisi (1)

The total atomic cross-section (σΤ) is the sum of the compo-
nent cross-sections (Equation 2), where σPE, σcoh, σincoh, σPP−N,
σPP−E are the photoelectric cross-section, coherent scattering
cross-section, incoherent scattering cross-section, pair production
in the nuclear field cross-section and pair creation in the electron
field (or triplet production) cross-section, respectively (Gili &
Hila, 2021a).

sT = sPE + scoh + sincoh + sPP−N + sPP−E (2)

The cross-section and the MAC or μm (cm2 g–1) are connected
(Equation 3), where Ai is the atomic mass of the ith element and
NA is Avogadro’s number (Gili & Jecong, 2023). The MAC is the
likelihood of an interaction between incoming photons and mat-
ter in a given unit area per unit mass.

mm = s
NA∑
fiAi

(3)

The MAC is connected to the shielding material’s density
(g cm–3) through the LAC, or μ (cm–1; Equation 4; Plando
et al., 2023):

mm = m

r
(4)

where ρ is the bulk density of the material. The LAC is the like-
lihood of photon interaction in one of the ways mentioned
above per unit length. It can be calculated experimentally using
the Beer–Lambert relation between the incident photon intensity,
I0 (Equation 5), and the ratio of the transmitted intensity, I, across
the shielding material’s thickness, x (Gili & Hila, 2021b):

m =
ln

I0
I

( )

x
(5)

The HVL (cm) is the thickness of the material through which an
input photon loses 50% of its original intensity, and it is calculated
from Equation 6 (Gili & Hila, 2021b). It is obtained from the Beer–
Lambert relation. The shielding improves with decreasing HVL.

x = ln(2)
m

= 0.693
m

(6)

The MFP (cm) is the average distance a photon may travel
inside a material before interacting with it. The MFP is related
to the LAC (Equation 7; Gili & Hila, 2021b):

MFP = 1
m

(7)

The σΤ can be calculated from Equation 8 (Hussein et al.,
2022):

sT = 1
NA

∑
i

fiAi(mm)i (8)

Equation 9 is used to determine the total electronic cross-
section, σe (barns atom–1), or the likelihood that photons will
interact with electrons. In Equation 9, Zj is the atomic number
of the jth element (Limkitjaroenporn et al., 2011; Hussein et al.,
2022):

se = 1
NA

∑
j
fj
Aj

Zj
(mm)j (9)

An essential factor that describes the shielding material’s char-
acteristics in terms of photon absorption and scatter interactions
is Zeff. Zeff refers to the overall electronic and atomic cross-section
(Equation 10; Limkitjaroenporn et al., 2011; Yasaka et al., 2014):

Zeff = sT

se
(10)

Equation 11 is used to calculate Neff, or the number of elec-
trons in the shielding material per unit mass, where A is the
mean atomic mass, equal to

∑
i
fiAi (Yasaka et al., 2014;

Hussein et al., 2022):

Neff = NA

A
Zeff = NA∑

i fiAi
Zeff = mm

se
(11)

Results and discussion

Characterization

Structure and crystal order. The X-ray traces of the raw and chem-
ically modified natural zeolites are presented in Fig. 1. Most peaks
that were indexed are attributed to clinoptilolite- and mordenite-
type zeolites, which are the main components of this natural zeo-
lite. The broad peak at ∼5.5°2θ (d(001) ≈ 16 Å) corresponds to
montmorillonite. Traces of quartz were also present in the mater-
ial. Upon treatment with NaOH solution, the intensity of the
montmorillonite peak was significantly reduced and broadened,
indicating partial dissolution. The decrease in intensities of all
of the peaks relative to that of raw zeolite indicates an inferior
crystal order, perhaps due to the desilication of the zeolites
(i.e. the removal of Si atoms in the zeolite framework; Wang
et al., 2016). However, acid treatment resulted in the total dis-
appearance of the montmorillonite peak, suggesting the destruc-
tion of the crystal structure. The intensities of all of the indexed
peaks were significantly reduced, which implies poorer crystal
order, possibly due to dealumination (i.e. the leaching of Al;
Beyer, 2002).

Chemical composition. The chemical compositions of the zeo-
lites determined by EDS are summarized in Table 3. The raw

Table 2. Chemical composition of PC.

Component CaO SiO2 Al2O3 MgO SO3 Fe2O3 Na2O K2O LOI

Wt.% 63.47 22.00 5.50 1.70 1.82 3.50 0.20 1.00 0.64
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zeolite is primarily composed of SiO2 and Al2O3 owing to the alu-
minosilicate structure of the zeolite. A significant amount of
Fe2O3 is also present in the material, which is in agreement
with our previous studies (Gili et al., 2019, 2020). Minor CaO,
MgO and Na2O are also present. Alkali treatment slightly lowered
the amount of SiO2, probably due to the dissolution of the silicate
minerals. However, acid treatment resulted in the leaching of Fe
and Ca. The chemical composition was entered into EpiXS to cal-
culate the various radiation-shielding parameters of the samples.
The measured pressed bulk densities of the raw, NaOH- and
HCl-modified zeolites were 1.12, 1.36 and 1.45 g cm–3, respect-
ively. The chemically treated zeolites, especially the
HCl-modified ones, have greater pressed bulk densities, despite
them having lower Ca and Fe concentrations. This suggests that
a partially destroyed zeolite framework due to dealumination or
desilication is easier to compress upon pelletization.

Radiation shielding properties

Atomic cross-section. Figure 2a shows the total photon cross-
section (σT) of the raw and chemically modified natural zeolites
as well as the reference material, PC. Except for PC, the alkali-
treated zeolite has the highest σT among the three samples

because it has the highest Fe content. The raw zeolite has a com-
parable σT with the NaOH-modified zeolite, as they have almost
the same Fe content. Iron has the greatest cross-section among
the elements as it has the highest atomic number (Fig. 2b).
Therefore, Fe and Ca are the elements that most affect the value
of σT. By contrast, the acid-treated zeolite had the lowest σT as
it essentially is free of Fe and Ca. In general, X-ray and
gamma-ray interactions are most likely to occur according to
the order of PC > NaOH-modified zeolite > raw zeolite >
HCl-modified zeolite.

Mass attenuation coefficient. The MACs of the raw and chem-
ically modified natural zeolites and the reference material, PC, are
shown in Fig. 3. The MAC follows a similar trend to σT as the for-
mer is proportional to the latter. The MAC has high values for
low X-ray energies (<102 keV) but decreases as the photon energy
increases. Hence, low-energy photons such as X-rays are more
likely to be attenuated than high-energy photons such as
gamma-rays. Notably, the MACs of all of the samples at energies
of 102–104 keV are comparable. However, above 104 keV, PC had
the highest MAC value, whereas the HCl-modified zeolite had the
lowest MAC value. The MACs of the raw and NaOH-treated zeo-
lites are comparable in this energy range.

The MAC values at selected gamma-ray energies are shown in
Table 4. At a low gamma-energy of 60 keV, there are significant
differences among the MAC values. Except for PC, the
NaOH-modified zeolite had the highest MAC, followed by the
raw zeolite, with the HCl-treated zeolite having the lowest
MAC. At 356–1332 keV, the MAC values are comparable except
for PC, which has a greater MAC than the zeolite samples in
the entire energy range considered.

Linear attenuation coefficient. The computed LACs of the raw
and chemically modified zeolites and PC are illustrated in Fig. 4.
The LAC indicates how efficiently a material absorbs the energy of
an incident photon per unit length. There is a clear trend regard-
ing the order in which one material attenuates photons better
than the others. At 10–100 keV, the LAC was as follows: PC >
NaOH-modified zeolite > raw zeolite > HCl-modified zeolite.
At 102–104 keV, the order is PC > HCl-modified zeolite >
NaOH-modified zeolite > raw zeolite. And at >104 keV, the

Figure 1. XRD traces of the (a) raw, (b) NaOH-modified and (c)
HCl-modified zeolites. CLI = clinoptilolite; MON =montmorillonite; MOR =
mordenite; QRZ = quartz.

Table 3. Chemical compositions of the raw and chemically modified zeolites
determined by EDS.

Component
Raw zeolite

(wt.%)
NaOH-modified zeolite

(wt.%)
HCl-modified zeolite

(wt.%)

SiO2 58.2 55.6 75.7
Al2O3 12.7 11.9 12.1
Fe2O3 14.5 14.1 –
MgO 2.9 3.7 2.2
CaO 4.5 3.0 –
Na2O – 4.2 3.8
CO2 7.1 7.5 6.2

Pellet density
(g cm–3)

1.12 1.36 1.45
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order is PC > NaOH-modified zeolite > HCl-modified zeolite >
raw zeolite. Note that the LAC is just the MAC multiplied by
the density of the material. For comparable MAC values at ener-
gies of 102–104 keV, the order of density values (PC >
HCl-modified zeolite > NaOH-modified zeolite > raw zeolite)
will dictate the ranking of LAC in this energy range. In quantify-
ing the photon-attenuation capability of a material, MAC is more
appropriate than LAC, as the latter changes with the density. The
compaction of the material will enhance the LAC due to the

increase in density. However, as mentioned above, LAC can be
calculated experimentally through the Beer–Lambert relation.

Mean free path and half-value layer. The effectiveness of a
material at shielding radiation may be visualized through the
MFP and HVL. The MFP is the average distance a photon can tra-
vel within a material without being interrupted (or interacted
with). Thus, lower MFP values indicate that the material can
attenuate photons better, as only a thin layer of the material
will induce photon interaction (or interruption). Materials with
lower MFPs are generally favoured because they can attenuate
ionizing radiation better than those with greater MFPs.
Figure 5a shows the MFPs of the zeolite samples together with
PC. At 100–16,000 keV, the order is PC < HCl-modified zeolite
< NaOH-modified zeolite < raw zeolite. Hence, after PC,
HCl-treated zeolite is the best shielding material. However, at
>16,000 keV, the order of MFP values is PC < NaOH-modified
zeolite < HCl-modified zeolite < raw zeolite, which means that
NaOH-modified zeolite is the best shielding material among the
zeolite samples in this energy range.

Figure 2. Total photon cross-section of (a) the zeolite samples and PC and (b) the elemental components of the raw zeolite.

Figure 3. MACs of the zeolite samples and PC.

Table 4. Computed MACs (cm2 g–1) of the zeolite samples and PC using EpiXS.

Radioisotope Energy (keV) Raw NaOH HCl PC

Am-241 60 0.3702 0.3740 0.2532 0.4576
Ba-133 356 0.1001 0.0999 0.1000 0.1015
Cs-137 662 0.0766 0.0764 0.0769 0.0773
Co-60 1173 0.0582 0.0580 0.0584 0.0587
Co-60 1332 0.0545 0.0544 0.0548 0.0550
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To further simplify the concept of radiation shielding, HVL is
sometimes preferred. HVL refers to the thickness of a material in
which the intensity of a photon is reduced by half upon passing
through it. The HVL is just the MFP multiplied by a constant,
ln(2) or 0.693. Thus, the plot of the HVL vs photon energy
(Fig. 5b) is identical to that of MFP vs photon energy (Fig. 5a).
Similarly, materials with lower MFPs are considered better shield-
ing. Table 5 lists the HVLs of the samples at selected
gamma-radiation energies. The acid-treated zeolite had the lowest
HVL values among the zeolite samples at all of the energies con-
sidered, which is largely because it has the greatest density. It is
worth mentioning that MFP and HVL are also influenced by
density, similarly to LAC. Hence, MFP and HVL may improve
upon compaction of the material.

LAC, MFP and HVL are all dependent on the bulk density of
the material. At a microscopic level, the zeolite structure would
affect the shielding properties of zeolite, as the zeolite framework

is related to the presence of channels/cavities, which are asso-
ciated with the porosity and, hence, the density of the material.
The alkali and acid treatments increase the porosity and thus
decrease the apparent density of the material. Thus, the LACs,
MFPs and HVLs of these chemically treated zeolites, especially
the HCl-modified zeolite, should be inferior to the raw zeolite.
This might be true if the zeolites were not pelletized. As

Figure 4. LACs of the zeolite samples and PC.

Figure 5. Plots of (a) MFP and (b) HVL of the zeolite samples and PC.

Table 5. Computed HVLs (cm) of the zeolite samples and PC using EpiXS.

Radioisotope Energy (keV) Raw NaOH HCl PC

Am-241 60 1.6657 1.3648 1.8905 0.4967
Ba-133 356 6.1597 5.1076 4.7883 2.2401
Cs-137 662 8.0500 6.6767 6.2258 2.9384
Co-60 1173 10.6031 8.7947 8.1900 3.8739
Co-60 1332 11.3171 9.3869 8.7417 4.1344
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desilication and dealumination result in a weaker structural
framework, they are easily compressed upon pelletization. A
more compacted material has a larger pressed bulk density,
thereby increasing LAC, MFP and HVL.

Effective atomic number and effective electron density. The
atomic number Z refers to the number of protons in an element.
The number of protons dictates how many electrons surround the
nucleus, which in most cases determines the chemical behaviour
of an element. For molecules and mixtures, the total interaction
can be represented by a parameter called the effective atomic
number (Zeff; Toker et al., 2021). This parameter is important
for predicting how photons such as X-rays interact with a sub-
stance, as certain types of interactions depend on the atomic
number. The Zeff reflects the radiation attenuation capability of
the material, as shielding parameters depend directly on the
atomic number.

The Zeff values are the greatest for PC across the entire energy
range of 1–106 keV (Fig. 6a). Raw and NaOH-modified zeolites
have comparable Zeff values, whereas HCl-treated zeolite has a
significantly lower Zeff value, which can be attributed to the
lack of Fe and Ca.

The Zeff energy reflects the relative importance of partial pho-
ton interaction processes. For the raw and alkali-treated zeolites,
photoelectric absorption at X-ray energies (E < 65 keV), incoher-
ent (Compton) scattering at low to intermediate gamma-ray ener-
gies (65 < E < 16,000 keV) and pair production in the nuclear field
at high gamma-ray energies (E > 16,000 keV) are the dominant
photon interaction processes. Coherent (Rayleigh) scattering is
not important in this context because it occurs primarily at low
energies, where photoelectric absorption is by far the most
important interaction process. Pair production in the electron
field occurs at high gamma-ray energies but is dominated by
pair production in the nuclear field. The highest Zeff value is
17.74, which occurs at 15 keV. This value represents the material’s
mean atomic number (Manohara et al., 2008). However, the low-
est value is ∼10.60, occurring at 300–2500 keV.

The Zeff is related to the Neff, which exhibits similar behaviour
(Fig. 6b). Because incident photons interact with individual elec-
trons, a higher Neff means greater photon attenuation (Sahadath
et al., 2015). In the energy range 8 < E < 60 keV, where

photoelectric absorption is dominant, the Neff values of the raw
and NaOH-modified zeolites are greater than those of PC and
HCl-treated zeolite. At the intermediate energy range of 300–
2500 keV, the Neff values are comparable for all of the zeolite sam-
ples, as well as the reference material. At >104 keV, the values are
ranked in the order of PC > raw zeolite > NaOH-modified zeolite
> HCl-modified zeolite.

Conclusions

The effects of chemical modification on the photon attenuation
capabilities of Philippine natural zeolite were investigated using
the EPICS2017 photoatomic library interpolated using the
EpiXS software. The change in the chemical composition upon
acid and alkali treatment affected the shielding parameters signifi-
cantly. The leaching of Fe and Ca upon treatment with HCl
reduced the photon cross-section of the zeolite, which in turn
decreased the values of other shielding parameters such as the
MAC, Zeff and Neff. Thus, potential chemical reactions leading
to the removal of the certain elements from zeolites should be
avoided when they are employed as a shielding material or used
to fabricate radiation-shielding composites (e.g. zeolite-blended
concrete). However, NaOH modification did not provide substan-
tial improvements regarding the shielding parameters of the nat-
ural zeolite. Nevertheless, the radiation attenuation efficiency of a
material can be improved, as certain parameters, such as LAC,
MFP and HVL, which all depend on the density of the material,
can be enhanced upon compaction of the material.
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