Nuclear Engineering and Technology 55 (2023) 1585—1590

journal homepage: www.elsevier.com/locate/net

Contents lists available at ScienceDirect

Nuclear Engineering and Technology

NUCLEAR i
ENGINEERING AND
TECHNOLOGY

Original Article

Impacts of halloysite clay nanoparticles on the structural and y-ray N

shielding properties of the epoxy resin

Check for
updates

K.G. Mahmoud ?, M.I. Sayyed ™", S. Hashim &, Aljawhara H. Almugrin ¢,

Abu El-Soad A.M ?

2 Ural Federal University, St. Mira, 19, 620002, Yekaterinburg, Russia
b Department of Physics, Faculty of Science, Isra University, Amman, Jordan

€ Physics Department, Faculty of Science, Universiti Teknologi Malaysia, 81310, Skudai, Johor, Malaysia
d Department of Physics, College of Science, Princess Nourah Bint Abdulrahman University, PO. Box 84428, Riyadh, 11671, Saudi Arabia

ARTICLE INFO ABSTRACT

Article history:

Received 15 November 2022
Received in revised form

12 January 2023

Accepted 9 February 2023
Available online 14 February 2023

In this study, halloysite nanoparticles-doped epoxy resin was synthesised using the casting method. The
MH-300A density metre revealed that the density of the fabricated composites changed from 1.132 to
1.317 g/cm? as the halloysite nanoparticle concentration increased. The Fourier transform infrared was
recorded for the synthesised composites. Furthermore, the y-ray shielding properties of the synthesised
composites were evaluated using Monte Carlo simulation and a theoretical programme, XCOM. The

linear attenuation coefficient of the epoxy resin increased by 43% (at y-energy of 15 keV) and 14% (at -
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photon energy of 662 keV) when the concentration of the halloysite nanoparticles was increased from

0 wt% to 40 wt%, respectively.

© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Halloysite occurs naturally in white clay, and was discovered by
Berthier in 1823. It has an average density of 2.5 gcm > and belongs
to the kaolin group of clay minerals. Halloysite is characterised by
the presence of many rolled layers, which are formed when clay
layers are wrapped around one another under favourable condi-
tions. Halloysite has a chemical composition similar to that of
kaolinite; however, in solid halloysite, the two layers are separated
by a layer of water molecules [1]. Mineral halloysite is commercially
available and reasonably priced. In recent years, nanoparticles
within halloysite rocks have gained significant interest, and re-
searchers have investigated the use of halloysite clay minerals for a
variety of technical applications, including the delivery of colon
cancer medications, the storage of thermal energy, the develop-
ment of environmental and biosensors, the production of advanced
ceramic materials and for the use of plastic fillers as reinforcement
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materials [2,3]. Several publications have reported the shielding
capabilities of various materials, including glass, rocks, ceramics,
polymers and alloys due to the prolific use of radiation isotopes in
many industries [4—12]. Considering the relative affordability and
availability of naturally occurring minerals and rocks, they can be
employed as is or as aggregates in producing radiation protection
materials [13—15]. Moreover, several studies have been conducted
on the protective properties of various rocks, soils, concretes and
mineral components [16—19].

Due to their chemical stability, flexibility, low cost, lightweight
and ease of production, polymer matrix composites with various
fillers have been intensively researched for their potential use as
novel radiation shielding materials. Various modifications have
been incorporated as fillers in the polymer matrix to create a ra-
diation shield that can be used against X-rays and y-rays [20—23].

When the fillers of the polymeric matrices are fabricated at the
nanoscale, the polymeric composite's optical, electrical, mechanical
and physical properties are significantly enhanced. Similarly,
incorporating nano-sized fillers in polymeric composites is an
effective radiation attenuation technique [24—26]. Nanoparticles
can increase the material's capacity to absorb ionising energy since
they are more homogenous and exhibit less agglomeration in the
composite. Noor Azman et al. [27] examined the effect of WO3
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particle dispersed in epoxy on the transmission of X radiation at
energies ranging from 25 to 120 keV. They discovered that the ef-
fect was more noticeable at lower photon energies. Ran Li et al.
studied the radiation shielding characteristics of nano and micro
Gd,03 [28] at various loadings distributed in epoxy resin and
photon energies of 31—356 keV. They concluded that nano Gd,03
composites were more effective at blocking X and gamma radia-
tions than micro Gd,03 composites. They also discovered that a
nano Gd,0s3 concentration of 5 wt% at 59.53 keV could achieve an
enhanced blocking effect of approximately 28%. Mahmoud et al.
demonstrated that composites containing PbO nanoparticles are
superior to those containing bulk PbO as gamma radiation shield-
ing materials [29]. Literature states that using nanofillers in radia-
tion shielding is feasible; therefore, there is a significant need for
additional research into the influence of filler sizes on the gamma
radiation shielding features of various epoxy resin composites.

Considering this, the aim of this study is to examine the effect of
halloysite nanoparticle weight% on the structural and y-ray
shielding capabilities of epoxy resin composites. Using MCNP code
and XCOM theoretical programme, the linear attenuation coeffi-
cient of the newly developed epoxy resin reinforced with halloysite
nanoparticles was simulated in the 15—2560 keV y-photon energy
interval.

2. Materials and methods

Four halloysite nanoparticles-doped epoxy resins were pre-
pared using the casting method. Commercial epoxy resin and its
solidification solution were procured from SlabDOC, while Sigma-
Aldrich provided the halloysite nanoparticles. The epoxy resin/so-
lidification solution ratio was maintained at 2/1 for all synthesised
samples. The halloysite nanoparticles were added to the epoxy
resin/solidification mixture at concentrations of 0,10, 20 and 40 wt
%. Each mixture was stirred for 15 min at room temperature before
being moulded in a cubic silicon mould with dimensions of
3 cm x 3 cm and varying thicknesses. The moulded samples were
allowed to solidify at room temperature for 24 h. The fabricated
samples were labelled E-HO, E-H10, E-H20 and E-H40, where HO,
H10, H20 and H40 refer to the halloysite nanoparticle concentra-
tions of 0, 10, 20 and 40 wt%, respectively (see Fig. 1).

The Fourier transform infrared (FT—IR) was obtained using
PerkinElmer PE 2400 analyser. The FT—IR measurements were
performed at wave numbers of 500 cm™' to 3200 cm™~'. The MH-
300A was utilised to measure the experimental densities of the
fabricated E-H composites with an uncertainty of 0.001 g/cm’.

The linear attenuation coefficient (j1) was simulated using the
MCNP transport code in the y-ray energy range of 15 keV—2506
keV [30]. Generally, an input file is required to complete the MCNP
simulation processes. To obtain the MCNP input file, the cell, sur-
face, material, importance, source, tally and cut-off cards are
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required to be accurately arranged. The arrangement of these cards
was discussed in some of our previous publications [31—34]. There
are also two important files required for performing the simulation;
the nuclear data library is the ENDF/B-VI.8 database in the current
study. The output file generated by the programme contains the
average track length (ATL) of gamma photons in the current com-
posites along the studied gamma photon energy spectrum. The
recorded ATL values were converted to the y, half-value thickness
(Aos) and transmission factor (TF) using the following equations

[12,35]:
()

=11n
X

) (o)

The thickness required to absorb half of the applied y photons is
the Ags and defined in equ. 2 [36,37]:

(1)

In(2)

Ags (cm) =

(2)

TF (%):;—;x 100 3)

3. Results and discussion

The FT—IR spectra of pure epoxy resin (E-HO sample) and epoxy
reinforced by halloysite nanoparticles at various concentrations (E-
H10, E-H20 and E-H40 samples) revealed the formation of new
bands, as depicted in Fig. 2. One of the previously reported new
bands appeared at 913.47 cm~! for samples containing halloysite
nanoparticles but disappeared from the pure epoxy E-HO sample,
with the peak intensity increasing as the number of halloysite
nanoparticles in the produced composites increases. The peak at
913.47 cm™ ! is attributed to the inner surface deformation vibration
of hydroxyl groups, which occurs at 908 cm ™! [38]. The second new
band for EH-10, E-H20 and E-H30 appear at 1009 cm™ . These
bands could be attributed to the Si—0—Si stretching vibration,
which occurs at 1006 cm ™! [38]. The band at 1032 cm ™! in samples
dropped by halloysite nanotubes can be assigned to the stretching
mode of apical Si—0 occurring at 1105 cm™! [38], whereas, in pure
epoxy E-HO, the band represents symmetrical C—O stretching [39].

A partial replacement of epoxy raisin by the halloysite nano-
particle was confirmed in the FTIR-spectra, as previously reported.
This partial replacement raises the density (p, g/cm>) of the fabri-
cated composites, as shown in Fig. 3. This increase in the p values is
due to the substitution of epoxy with lower density (p = 1.132 g/
cm?) halloysite nanoparticles (p = 2.52 g/cm?). This substitution
raises the p values of the fabricated E-H composites from 1.132 to
1.317 g/em? by increasing the halloysite nanoparticle concentration

Fig. 1. The fabricated epoxy doped with halloysite nanoparticles.
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Fig. 2. FT-IR spectra for the synthesised E-H composites.
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Fig. 3. Variation of the E-H composite densities as a function of the halloysite nano-
particle concentrations.

from 0 wt% to 40 wt%. Due to the inclusion of halloysite nano-
particles, the density increased, which is essential in understanding
the following radiation shielding parameters. The mean track
length (MTL) of gamma radiation inside the produced epoxy resin
containing halloysite nanoparticles was estimated using the MCNP-
5 code. The MTL values were used to calculate the ratio of trans-
mitted photons (I/I,) that could penetrate the fabricated samples.
Following that, a plot of In (I/I,) against various thicknesses of the
fabricated samples was generated, which aided in determining the
LAC for the tested samples. Fig. 4 depicts the linear attenuation
coefficient () variations with energy. The simulated and theoret-
ical XCOM p values are illustrated in the figure. The simulated LAC
values were consistent with those estimated by the theoretical
software XCOM. The percentage difference between MCS and
XCOM data was within the 4% range. The influence of y-ray in-
teractions steadily diminishes the p values of any substance. The
range of p values that exhibited downward trends in the current
study are 3.568—0.068 cm™~! for E-HO, 3.988—0.071 cm™~! for E-H10,
4.491-0.076 cm™! for E-H20 and 5.102—0.078 cm™! for E-H40. It
can be seen that between 15 and 50 keV, the p decreased sharply.
We discovered that the p for E-HO varies from 3.568 to 0.296 cm™ !,
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while those for E-H10, E-H20 and E-H40 vary from 3.988 to
0.316 cm™!, 4.491 to 0.344 cm~! and 5.102 to 0.363 cm™. This
significant variation among these low energies is due to the
dominance of the photoelectric effect, which strongly depends on
the inverse of the photon's energy (with 1/E3>®). To elucidate the
effect of the halloysite nanoparticles on p, Fig. 5 was illustrated,
depicting the relationship between p and the halloysite nano-
particles at three energies (50, 662 and 1252 keV). An increase in
the concentration of halloysite nanoparticles contributed to an in-
crease in the LAC values of the prepared samples. This increase in
the p is more pronounced at 15 keV than at the other two energies
in the same figure. When we calculated the slope of the three lines
shown in Fig. 5, we obtained values of 0.0017, 0.00036 and
0.00024 at energies of 50, 662 and 1252 keV, respectively. The p
increased from 3.568 to 5.102 at 15 keV due to changes in the
halloysite nanoparticle concentration from 0 wt% to 40 wt%. In
other words, pure epoxy resin has lower p than epoxy resin com-
posites containing 10%, 20% and 40% halloysite nanoparticles. This
can be explained using Fig. 3 wherein the densities of the
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composites changed linearly with the number of halloysite nano-
particles added to the composites. Therefore, p increases with
density. Thus, we conclude that adding halloysite nanoparticles
improves the radiation shielding performance of the prepared
composites.

The p values for the synthesised nano-halloysite doped epoxy E-
H composites were compared to those of previously fabricated
epoxy-doped Al,03, Fe;0O3 and a basalt and tungsten mixture
[40,41], as shown in Fig. 6. The synthesised composites E-H-20 and
E-H40 yielded p values of 0.104 and 0.106 cm™ !, respectively, higher
than the p values recorded for epoxy/6% Al,03, epoxy/15% Al,03,
epoxy/6% Fe;03, epoxy/15% Fe;03 and epoxy/Pb304. However, BET-
0, BET-5.9, BET-15.3, BET-24.6 and BET-33.1 samples with mixed
basalt and tungsten concentrations of 0%, 5.9%, 15.3%, 24.6% and
33.1% have p values higher than those of the synthesised samples.
The dense doping tungsten element (W with a density of 19.25 g/
cm?) is responsible for the high p values of the BET composites.

We also investigated the Ags for the newly developed com-
posites, and in Fig. 7, we will discuss the effect of photon energy on
the Ags. Using the same figure, we can also study the relationship
between Ags and the concentration of halloysite nanoparticles.
First, Ags has a positive relationship with the radiation energy. At
15 keV, the Ag5 is very small (in the range of 0.14—0.19 cm), indi-
cating that an effective shield requires a layer of the prepared
composite with a thickness of less than 0.2 cm. When we consid-
ered the energy of 30 keV, we discovered that a layer with a
thickness of 0.82—1.09 cm is required to perform the same task.
However, at the same energy (i.e. 30 keV), the composite containing
10%—40% halloysite nanoparticles has a Ags ranging from 0.82 to
0.99 cm (still less than 1 cm). Furthermore, when we examined the
energy of 50 keV, we discovered that Ag s is greater than 1 cm and
less than 3 cm (varying between 1.91 and 2.34 cm). Thus, we can
conclude that a 2.5 cm layer of any composition in this work can
effectively shield radiation with E < 50 keV. We discovered that as
the energy increases beyond 100 keV, the Ags increases and ex-
ceeds 3.5 cm, specifically for pure epoxy. At 800 keV, we discovered
that the layer of the prepared composites must be 7.14—8.13 cm
thick to attenuate 50% of the incoming radiation. The Ag 5 reaches
maximum values of 14.63, 14.02, 13.08 and 12.81 cm for E-HO, E-
H10, E-H20 and E-H40 at a higher energy of 2506 keV, respectively.

To understand the effect of adding halloysite nanoparticles to
the epoxy resin into the Ags, we examined the data in Fig. 7 and
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Fig. 6. Comparison between the p of the fabricated E-H composites with some similar
reported polymers.
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discovered that the Ags follows the order E-HO > E-H10 > E-
H20 > E-H40. This indicates that the incorporation of halloysite
nanoparticles into pure epoxy resin resulted in a decrease in HVL.
This is ascribed to the increased density of the composites due to
adding the halloysite nanoparticles. As a result of the inverse
relationship between density and HVL, as density increases, the
HVL decreases. This is consistent with previous findings for other
materials, such as alloys and glass [42—44].

We plotted the relationship between Ag 5 and A (mean free path)
and the density of the composites in Fig. 8. This data is exhibited
only at 662 keV. Both parameters decreased with increasing com-
posite thickness, which is logical given the high probability of
photon interaction with a dense medium.

In Fig. 9, we investigated the TF (I/I,) as a function of energy. It
should be noted that the TF is very low at 15 keV (2.82% for E-HO,
1.85% for E-H10, 1.12% for E-H20 and 0.61% for E-H40), implying that
all prepared composites can attenuate nearly all 15 keV radiations.
Thus, these newly developed composites have a high potential for
use in low-energy radiation shielding applications. However, the TF
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Fig. 8. Impacts of the halloysite nanoparticle concentrations on the Ag 5 values for the
fabricated E-H composites.
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at 30 keV attenuated approximately 42.75%—52.80% of the radia-
tions, implying that the radiation shielding performance of the
composites is weaker than at 15 keV. This range (42.75%—52.80%)
implies that the newly developed composites can attenuate
approximately half of the incoming radiation with energy of 30 keV.
To summarise, as the energy changes from 15 to 30 keV, the TF
increases, and thus the attenuation performance decreases. When
we examine the TF for energies greater than 30 keV, we find that
the TF increases to approximately 69.75%—74.35%when E = 50 keV.
This means that the composite can only attenuate approximately
30% of the photons, whereas 70% of the radiation at 50 keV can
easily penetrate the prepared composites. We discovered that the
TF is greater than 90% for E > 66 keV, implying that these com-
posites can only attenuate 10% of the radiation and are therefore
unsuitable for radiation shielding applications. As a result, we
attempt to investigate the effect of increasing the thickness of these
composites on the TF. In Fig. 10, we investigated six different
thicknesses for each composition and calculated the TF at 662 keV

110
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Fig. 10. Impacts of the fabricated E-H composite thicknesses on the TF values.
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for each sample. Due to the change in thickness from 0.5 to 5 cm,
the TF for E-HO decreased from 95.46% to 62.85%. Therefore,
increasing the thickness of these compositions is one effective way
of improving their shielding performances. We discovered that
increasing the thickness of H-E10 improved attenuation perfor-
mance, with the TF for this sample decreasing from 95.27% to
61.63%. The TF for H-E20 reduced from 94.94% to 59.52%.

4. Conclusion

Four halloysite nanoparticle-based epoxy resin composites were
fabricated at room temperature to evaluate the effects of halloysite
nanoparticles on the structural and y-ray shielding properties of
the epoxy resin. The FT—IR spectra revealed that reinforcing epoxy
resin with halloysite nanoparticles results in the formation of new
bands at 913.47 cm~, 1009 cm~! and 1032 cm™! due to deforma-
tion vibration of the inner surface of the hydroxyl groups,
stretching vibration of Si—O—Si and stretching mode of apical Si—O,
respectively. Furthermore, the experimental measurements of the
densities of the composites show an increase from 1.132 g/cm? to
1.317 g/cm? by increasing the halloysite nanoparticle concentration
from 0 wt% to 40 wt%. Furthermore, MCNP revealed that the
addition of halloysite nanoparticles increases the linear attenuation
coefficient of the fabricated composites by 43% (for gamma energy
of 15 keV), 17% (for gamma energy of 662 keV) and 17% (for gamma
energy of 1252 keV) when the halloysite nanoparticle concentra-
tion increased from 0 wt% to 40 wt%. The increase in the linear
attenuation coefficient of the synthesised composites has a greater
impact on the rest of the shielding properties, where Ags and TF
values reduced as the halloysite nanoparticle concentrations
increased. As a result, the current study concluded that the
shielding properties of the fabricated composites were improved
against low and intermediate gamma photon energies.
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