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Radioactivity: Sustainable Materials and Innovative Techniques
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Radioisotopes, also known as radionuclides, are atoms with unstable nuclei that emit
ionizing radiation. Radioisotopes have a wide range of applications in medicine, industry,
and scientific research, including in cancer diagnosis and treatment, sterilization of medical
equipment, and dating of geological and archaeological materials [1,2]. However, the use
of radioisotopes also poses significant risks to human health and the environment due to
their potential for radioactive contamination and exposure [3,4].

Radioactive waste management is a critical component of nuclear safety. It involves the
safe and sustainable disposal of nuclear waste generated from various sources, including
nuclear power plants, medical facilities, research facilities, and industrial processes [5].
With the advancement of technology and scientific research, innovative approaches to
radioactive waste management have emerged, ensuring sustainable nuclear safety [6].

Waste management and nuclear safety are critical issues that need to be addressed
with utmost seriousness. Proper waste management ensures that the environment and the
public are not exposed to harmful materials, while nuclear safety measures are necessary
to prevent accidents and incidents that could result in radiation leaks [7–9].

Waste treatment and disposal methods are crucial components of waste management.
Several methods are used for waste treatment, including recycling, incineration, and
landfilling. Recycling involves converting waste materials into new products or materials,
while incineration involves burning waste materials to reduce their volume and weight [10].
Landfilling is the most common method of waste disposal, where waste is buried in a
designated area [11].

Nuclear waste, which is generated from nuclear power plants, research facilities, and
medical institutions, requires special treatment and disposal methods due to its radioactive
nature. The most common method of nuclear waste treatment is reprocessing, which
involves extracting useful materials from nuclear waste [12]. The remaining waste is then
disposed of in specialized facilities designed for storage or final disposal [13].

Nuclear safety measures are critical to prevent accidents that could lead to radiation
leaks. Nuclear power plants are designed with multiple layers of safety systems, includ-
ing automated shutdown systems and emergency cooling systems. Regular inspections,
maintenance, and training of personnel are also necessary to ensure nuclear safety [14].

Overall, waste management and nuclear safety are complex issues that require a
comprehensive approach. Governments, industries, and individuals must work together to
develop effective waste treatment and disposal methods while also implementing strict
safety measures to prevent nuclear accidents [15].

Innovative approaches to radioactive waste management are critical for ensuring sus-
tainable nuclear safety [16]. The use of natural materials, radiation techniques, and waste
management methods can ensure the safe and sustainable disposal of radioactive waste
generated by various sources, including nuclear power plants, medical facilities, research
facilities, and industrial processes [17]. These innovative approaches ensure the protection of
the environment and public health, while also promoting sustainable nuclear safety. Several
sustainable materials have been used in nuclear applications such as cellulosic waste in treat-
ment [18,19] or cement mixed with bitumen [20,21], cement waste [22,23], glass [24,25], and
natural clay [26,27] for radioactive waste stabilization and radiation shielding.

Sustainability 2023, 15, 5792. https://doi.org/10.3390/su15075792 https://www.mdpi.com/journal/sustainability1
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In this Special Issue, Young Jae Jang, Hye Kwon, Seong Hee Park, Yona Choi, Kum
Bae Kim, Dong Wook Kim, Suk Ho Bhang, and Sang Hyoun Choi discuss discarding parts
of a medical linear accelerator (linac). The study emphasizes the importance of checking
the activity of each part to determine the disposal time according to the clearance level
for self-disposal. The clearance level for self-disposal for each radionuclide-activated part
was applied by three manufacturers to confirm the timing of self-disposal and to predict
when workers are not exposed to radiation during disassembly/disposal. In the interest
of establishing the framework for unambiguous safety management standards for the
disposal of decommissioned linacs, a qualitative and quantitative study of radionuclides
was undertaken using high-purity Germanium (HPGe)-based gamma spectroscopy in
addition to the Monte (contribution 1).

Natural mixed waste biomass is an innovative approach to the remediation of con-
taminated sites. The use of natural mixed waste biomass as a radioisotope biosorbent is
a cost-effective approach to the remediation of contaminated sites. Natural mixed waste
biomass is an excellent radioisotope biosorbent that can remove radioactive contaminants
from soil and water. This approach ensures the safe and sustainable disposal of radioac-
tive waste generated by nuclear facilities. Arwa Abdelhamid, Mogeda Badr, Ramadan
Mohamed, and Hosam Saleh explain a sustainable treatment system that uses dry biomass
from mixed trash to show synergistic benefits such as high efficiency and cost-effectiveness.
The removal of stable and radioisotopes of cobalt and cesium from aqueous solutions was
examined in this work using biosorption in dried mixed waste of olive waste and water
hyacinth as a low-cost and naturally accessible sorbent. The findings indicate that the
natural biomass of mixed garbage is a good biosorbent for the isotopes studied. According
to the experimental and mathematical results in this study, a mixed dry waste of water
hyacinth and olive waste might be proposed as a sustainable low-cost and effective natural
adsorbent material for the efficient remediation of radio or stable cobalt and cesium ions
from wastewater. In addition, this method is expected to successfully decontaminate toxic
metals and radionuclides in an ecologically benign and sustainable way while significantly
lowering wastewater treatment costs (contribution 2).

Natural radioactivity is present in many materials, including granite and ceramic tiles,
which contain small amounts of naturally occurring radioactive elements such as 232Th and
238U [28]. These elements emit ionizing radiation in the form of alpha, beta, and gamma
rays, which can potentially pose health risks to humans if they are exposed to them for
prolonged periods. However, research has shown that the use of mainly granite and ceramic
tiles in construction and decoration does not present significant risks to human health. To
this effect, Essam Sidique, Sedky Hassan, and Mohammad Mahmoud Dawoud evaluated
twenty-three well-known brands of Egyptian commercial granites and ceramic tile samples
radiologically using an HPGe detector, consisting of 107 samples of typical materials.
The concentrations of radioisotopes were found to be greater in most granite samples
compared to the ceramic samples. Additionally, the concentration values of terrestrial
radionuclides showed considerable variations in granite and ceramic tile samples obtained
from various manufacturers. This is important in distinguishing between the brands under
consideration. The concentration of 40K was discovered to be the greatest contribution to
the overall concentration for all samples, followed by 232Th and 238U (contribution 3).

A study by Mohamed Ehab, Elsayed Salama, Ahmed Ashour, Mohamed Attallah,
and Hosam Saleh investigated the radiation shielding capabilities as well as the optical
qualities of a prepared SiO2-ZnO-Na2CO3-H3BO3-BaCO3 glass composite with varying
amounts of barium carbonate (0–30 mol%). Therefore, fabricated glass is an innovative
approach to transparent shielding. The use of fabricated glass for applications requiring
transparent shielding can reduce the volume of radioactive waste generated by nuclear
facilities. This approach ensures the safe and sustainable disposal of radioactive waste
while also providing transparent shielding for various applications (contribution 4).

In a study by Prasoon Raj, Nemeer Padiyath, Natalia Semioshkina, Francois Foulon,
Ahmed Alkaabi Gabriele Voigt, and Yacine Addad seven date palm plants in Abu Dhabi
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were tested. Their root zone soils, fruits, and leaves were sampled and analyzed for gamma-
emitting naturally occurring radioactive materials (NORM) radionuclide activity. The soil
samples exhibit significant levels of 40K, while the levels of 238U and 232Th are substantially
lower. The measured soil radioactivity is below the global average (contribution 5).

The goal of Tarek Sayed and El-Sayed Ahmed’s research is to see if gamma irradiation,
chitosan, and yeast may help promote the sustainable development of marjoram in the
context of organic farming. The primary plot has an abiotic elicitor (15 Gy gamma irradi-
ation), two biotic elicitors (500 ppm chitosan, 0.5% yeast, and a non-elicitor (as control),
and two organic fertilizers (20 g/m2 moringa dry leaves, 20 g/m2 fulvic acid, and 20 g/m2

(NPK); the latter is a classic agrochemical). They show strong evidence for the potency of
biotic elicitors chitosan > yeast > abiotic, gamma irradiation coupled with organic fertilizers
moringa > fulvic acid > traditional agrochemical fertilizer NPK, as reliable CO-friendly
solutions, significantly improving marjoram biomass, secondary metabolite production,
and quality without the use of agrochemical pesticides and/or microbicides. In addition,
chitosan > yeast > gamma irradiation in combination with organic fertilizers outperformed
their integration with commercial NPK fertilizer (contribution 6).

Elsayed Salama, Dalal Aloraini, Sara El-Khateeb, and Mohamed Moustafa investigated
the thermoluminescence properties of natural rhyolite. Dose response has been evaluated
across a large dosage range of 0.5–2000 Gy. The minimum detectable dosage and the rate
of thermal fading are calculated. After selecting the optimal read-out conditions, glow
curve deconvolution was performed. The overlapping peaks were detected using the
repeated initial rise (RIR) approach, and the thermoluminescence characteristics of rhyolite
were extracted using a glow curve deconvolution procedure. A linear dose response up
to 25 Gy was achieved, followed by supra linearity up to 2000 Gy. The TL properties of
rhyolite revealed that it exhibits a linear dose response up to 25 Gy, followed by supra
linearity up to 2000 Gy, and a comparatively high fading rate of 57% after two weeks with
no further thermal fading seen. There is a low detection limit of around 0.5 Gy and a decent
reproducibility of about 4% variance in subsequent measurements. These properties may
qualify rhyolite as the sustainable natural material employed in this work for a range of
radiation dose assessment applications (contribution 7).

Mohammad Khairul Azhar Abdul Razab, Norazlina Mat Nawi, Fara Hana Mohd
Hadzuan, Nor Hakimin Abdullah, Maimanah Muhamad, Rosidah Sunaiwi, Fathirah
Ibrahim, Farah Amanina Mohd Zin and An’amt Mohamed Noor confirmed that the high
sorption capacity and the ability to coagulate with any reactive elements at molecular
structures, such as 18F-FDG, makes it a prime option for alternative radionuclides decon-
tamination. The ‘wax tissue’ nanolayers and vast surface area have been shown to help
graphene oxide (GO) wrap and adsorb radionuclides effectively. The adsorption rate was
effective at a slow decay rate of 18F-FDG, where more available free electrons are ready for
the adsorption interaction with GO functional groups. Graphene oxide nanoparticles are
innovative approaches to the safe and sustainable preparation of radiopharmaceuticals.
The use of graphene oxide nanoparticles can ensure the safe and sustainable preparation
of radiopharmaceuticals, which may contaminate surface areas due to a spill during their
preparation or an accident during their transportation from the laboratory to the treatment
room. Graphene oxide nanoparticles show a high absorption affinity towards radionuclides,
ensuring the safe and sustainable disposal of radioactive waste (Contribution 8).

Hosam Saleh, Ibrahim Bondouk, Elsayed Salama, Hazem Mahmoud, Khalid Omar,
and Heba Esawii adopt environmentally friendly techniques to conserve the environment,
such as recycling municipal or industrial waste, where the debris of polyvinyl chloride
(PVC) pipes and asphaltene is used as cement additives to improve its mechanical proper-
ties while stabilizing radioactive waste resulting from the peaceful uses of nuclear materials,
or enhancing its efficiency in radiation protection (Contribution 9).

Chelating agents for uranium mine residues: Chelating agents are innovative ap-
proaches to eliminating uranium mine residues. The use of chelating agents can remove
uranium from mine residues and prevent soil pollution. This approach ensures the safe and
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sustainable disposal of radioactive waste generated by uranium mining. Therefore, in their
review, Yue You, Junfeng Dou, Yu Xue, Naifu Jin, and Kai Yang discussed the synthesis and
application of chelating agents to assist in the phytoremediation of uranium-contaminated
soils. The interactions between chelating agents and uranium ions were also demonstrated,
in addition to presenting the mechanisms of plant extraction and the effectiveness of
different chelating agents for the phytoremediation of soil contaminated with uranium.
Furthermore, potential risks associated with chelating agents are discussed. The review
also presented the synthesis and application of biodegradable slow-release chelating agents
to slow mineral mobilization into the soil while reducing the risk of residual chelating
agent leaching into groundwater (contribution 10).
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Abstract: In Korea, when replacing or discarding parts of a medical linear accelerator (linac), self-
disposal is required in the consideration of the activity, but there is no standard regulation to manage
radioactive waste. The aim of this study is to check the activity of each part to determine the disposal
time according to the clearance level for self-disposal. The results of measuring the components of
the linac head parts of the disposed Varian, Elekta, and Siemens equipment were reflected in the
Monte Carlo simulation to confirm the radionuclide change according to the presence or absence
of impurities. To confirm the degree of activation of the linac, the main radionuclides according
to the time after the linac shutdown, considering the workloads of 40/80 Gy/day of 10/15 MV
linac irradiated with beams for 10 years in the results of the simulation of the linac parts, and the
radionuclide concentration was confirmed. As a result of applying the clearance level for self-disposal
in the notice of the Korean Nuclear Safety (KINS) to each linac head part, most parts of the 10 MV
linac could be dismantled after 1 month, and 15 MV target and primary collimators were stored after
a long period of time before being dismantled. Although additional radionuclides were identified
according to the presence or absence of impurities, the disposal timing for each part did not change
significantly. In this study, the clearance level for self-disposal for each radionuclide was applied to
activated parts by three manufacturers to confirm the self-disposal timing and predict the timing at
which workers are not exposed to radiation during dismantling/disposal.

Keywords: radioactive waste; medical linear accelerator; clearance level; radionuclide; Monte
Carlo simulation

1. Introduction

To meet the growing demand for radiotherapy, an increasing number of medical linear
accelerators (hereinafter referred to as “linac”) are being installed in Korean hospitals every
year (n = 185 in 2022) [1]. Alongside new installations, an increasingly higher number of
existing linacs has been replaced or disposed of in recent years. The service life of linacs
ranges from 10 to 15 years, and they are replaced or disposed of for reasons such as the
aging of parts, failure of major parts, and introduction of new treatment equipment [2].
According to the data from the Korean Institute of Nuclear Safety (KINS) in 2018 [3], two or
more linacs are replaced or disposed of every year in Republic of Korea. It is recommended
that the details of each case of replacement or disposal be reported to the KINS and major
parts be subjected to self-disposal or storage for later disposal after evaluating their activity.

Sustainability 2023, 15, 4100. https://doi.org/10.3390/su15054100 https://www.mdpi.com/journal/sustainability7
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The Korean Nuclear Safety and Security Commission (NSSC) Notice No. 2020-6
stipulates the permissible standards for the self-disposal of radioactive waste according
to the clearance level of each radionuclide [4]. In the case of medical linacs, however, no
accurate information on radionuclides is available and standardized regulations allowing
the flexible management of different workloads have yet to be established. Therefore,
there is a major need for a management plan for dismantling radioactive parts of medical
linear accelerators.

Various radionuclides generated through the activation process in a linac can cause
problems to patients and related healthcare workers in general, and workers can be exposed
to them during disposal/dismantling in particular. It is, hence, of paramount importance
to quantify the radionuclides generated and compute the dose rates [5].

NCRP 79 specifies 10 MeV as the energy threshold for evaluation because only a negli-
gible number of neutrons are generated at energies below 10 MeV, which defines the target,
primary collimator, flattening filter, and head parts as the highest risks of activation [6].
In addition, IAEA-TECDOC-1183 suggested the possibility of the surrounding materials
being activated by an accelerator using an energy of 10 MeV or greater, and clarified the
necessity to assess the radiation hazard when dismantling the head of a medical linac used
in radiation oncology [7].

A variety of studies have been conducted to identify and analyze radionuclides to
ensure the safety of workers, concluding that radionuclides are mainly generated from the
target, primary collimator, flattening filter, jaws, multileaf collimator (MLC), and bending
magnet by high-energy photon beams [8,9]. These materials mainly consist of tungsten,
gold, copper, and stainless steel. The target to produce photons is made of a high-density
metal, such as tungsten or gold, and a primary collimator is made of tungsten, which is
used to reduce the amount of scattered radiation. The flattening filter consisting of tungsten
or brass is designed to generate a beam with a more uniform intensity across the field, and
a jaw (MLC) made of tungsten is used to adjust the size and shape of the treatment beam.
The properties of these components are carefully designed to ensure that the radiation beam
is accurately directed towards the target area, while minimizing the dose to surrounding
healthy tissue.

For the accurate assessment of radionuclides generated by the high-energy photon
beams of each part when dismantling a linac, radionuclides emitted from each part should
be identified using a gamma spectrometer or a Monte Carlo simulation method based on
the data provided by the manufacturer and the component analysis of additional parts
using laser-induced breakdown spectroscopy (LIBS) [10].

Adam Konefal et al. and Waller et al. identified and quantified activation products
and their estimated activities generated by 18 MV Elekta and 15 MV Varian Truebeam
using gamma-ray spectroscopy with HPGe [11,12]. Vichi et al. performed a Monte-Carlo-
simulation-based activation study of a 15 MeV linear accelerator, investigating the produc-
tion of radioactive isotopes and dose rates in various materials [9]. However, these studies
did not evaluate the effect of radioactivity caused by impurities in the linear accelerator,
nor did they study the change in nuclide and radioactivity over time after shutting down
the linear accelerator.

The presence of impurities in components can be a significant source of uncertainty
in radiation measurements. Impurities in materials can produce additional gamma rays
or other types of radiation that may not be accurately accounted for in the measurement
process. There is a limit to studying the evaluation of radioactivity over time after the
shutdown of the linear accelerator using HPGe. Even after the linear accelerator is turned
off, the materials used in the construction of the accelerator and its components may
continue to emit radiation owing to the residual activity of radioactive isotopes. This
residual activity can persist for varying lengths of time depending on the specific isotopes
involved, making it difficult to assess the radiation exposure levels in the surrounding
environment accurately.
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In this study, the degrees of activation of the components and impurities of each major
part were assessed using LIBS for mapping out their composition in Varian, Elekta, and
Siemens linacs, and by performing a Monte Carlo simulation. Based on the assessment
results, it is intended to predict the timing of storage and disposal of each part taking into
account its clearance level by determining the radionuclides emitted during the accelerator
dismantling/disposal and the activation level over time.

2. Materials and Methods

2.1. Component Analysis of the Parts of Decommissioned Linacs by Manufacturer

Components, including the head of three decommissioned medical linacs, were an-
alyzed. Particularly, the linacs investigated were Clinac iX (Varian), AgiltyTM (Elekta),
and Oncor Expression (Siemens). The study focused on the parts of the linac head that
are prone to activation in terms of the beam pathway, which included the target, primary
collimator, ion chamber, jaw (MLC), and bending magnet. To confirm the components of
each dismantled linac head part, laser-induced breakdown spectroscopy (LIBS) was used.
Surface investigation was conducted at least three times for each part using a portable LIBS
element analyzer (Z-300 GeoChem Pro, SciAps Inc., Woburn, MA, USA). The results of the
measurements were then compared with the specifications provided by each manufacturer,
and the levels of impurities were analyzed. Figure 1a–c shows the process of dismantling
the linac head parts manufactured by Varian, Elekta, and Siemens, respectively. Figure 1d
shows the portable LIBS device measuring the emission from each major component of the
dismantled head parts.

 
Figure 1. Dismantled linac head parts of (a) Clinac iX (Varian); (b) Synergy platform (Elekta); (c) Oncor
Expression (Siemens); and (d) LIBS measurement results of the components of their major parts.

2.2. Monte Carlo Simulation of Medical Linacs

Monte Carlo simulation was used to evaluate radionuclides generated by parts of the
linear accelerator according to energy and workload. It is a computational method that
uses random sampling to obtain numerical solutions to mathematical problems, and it is
often used to model the behavior of particles (such as photons, electrons, or neutrons) as
they interact with matter. It can simulate the behavior of particles in complex systems to
study the effects of different materials, geometries, and other factors.

To perform a Monte Carlo simulation, we obtained the internal structures and specifi-
cations of different components of the medical linacs from their respective manufacturers,
and devised three-dimensional models using AutoCAD software (Autodesk Inc., San Fran-
cisco, CA, USA). Specifically, parts such as target, primary collimator, ion chamber, jaw, and
MLC of Varian, Elekta, and Siemens equipment were modeled based on the data provided
by the manufacturers, and bending magnets and lead shields were modeled additionally
based on the analysis data of the structures of decommissioned linacs. The SuperMC
program (Super Monte Carlo simulation program, FDS team, Hefei, China) [13] was used
to convert the modeled data into PHITS (Version 3.25) code written in Fortran [14]. The
particle and heavy ion transport code system (PHITS) is a widely used general-purpose
Monte Carlo simulation code that can handle the transport of all particles over a wide
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range of energies using various nuclear reaction models and nuclear data libraries. It is
used in numerous fields related to particle and heavy ion transport phenomena, including
accelerator technology, radiotherapy, and space radiation. Using this code, radionuclides
that can be generated for each part of the linear accelerator were simulated according to
the energy of 10/15 MV and the workload of 40 and 80 Gy/day.

2.3. Time-Dependent Activity Level

The PHITS code, which was used to analyze radionuclides and their activity levels, was
based on the nuclear data in the ENDF-6 format (ENDF-102), and the coding was performed
to include all reactions in the 0.001 to 50 MeV energy band for gamma spectroscopic analysis
by using source and tally. The source component in the PHITS code was specified as a
transverse Gaussian distribution electron beam with energy levels of 10/15 MeV, which
collided with a target to generate a photon beam. The nuclear physics module of PHITS
included models for simulating nuclear reactions, such as scattering, fission, and fusion,
as well as models to produce secondary particles, such as neutrons and gamma rays, in
these reactions.

To calculate the neutron flux from the PHITS code, T-DCHAIN and T-Volume Tally
were utilized. These include information such as cell number, beam amplitude, number of
irradiations, cooling time steps, and the volume of each part to derive the neutron flux. To
precisely determine the radionuclide concentration, time-dependent energy and current
values were entered in the DCHAIN code, considering the linac’s workload. The decay
chain analysis code DCHAIN [15] was used to analyze all radionuclides of each component
based on the neutron’s flux results, whereby nuclear data were extracted from hybrid
data libraries, such as JENDL/AD-2017, FENDL/A-3.0, JENDL-4.0, ENDF/B-VIII.0, and
JEFF-3.3, to encompass all nuclides [16,17].

To assess the degree of activation of a medical linac, workloads of 80 Gy/day and
40 Gy/day were reflected in the DCHAIN code for equipment irradiated with beams for
10 years, and the time-dependent change in the activation level of radionuclides of each
part was monitored by measuring it immediately after the linac shutdown and 6 h, 1 month,
3 months, 1 year, 5 years, and 10 years later. Major radionuclides were selected as those
from the components whose activity level accounted for 0.01% or more of the total activity
level among those with an activity level of 10−6 Bq/g or higher immediately after linac
shutdown and a half-life of 5 s or more.

3. Results

3.1. Component Analysis of the Parts of Decommissioned Linacs by Manufacturer

In Table 1, the elements of each of the main parts (target, primary collimator, flattening
filter, ion chamber, mirror, jaw, and MLC) that affect major impurities and additional
radionuclides, whose element composition ratios account for more than 0.5% of the total
element composition, are listed along with the data provided by each manufacturer.

Among the parts with no data provided by the manufacturers and whose components
were measured by LIBS, the bending magnet was found to be mainly composed of Fe,
with the bending magnet provided by Varian containing large amounts of Cr and Ni,
unlike those provided by Elekta and Siemens. In the LIBS measurement results, Varian’s
flattening filter 15 MV, Elekta’s primary collimator, and Siemens’ MLC were composed
of 100% tungsten, with no impurities detected. As for the target, primary collimator, and
jaw, the largest share of impurities was detected in those manufactured by Varian. Only
the primary collimator manufactured by Siemens includes an absorber; therefore, it is
annotated as Varian and Elekta in Table 1.
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Table 1. Elements of the major parts of the medical linacs by manufacturer.

Major Parts Varian Elekta Siemens

Target Cu W Zn * W Re Cu Au Fe Cr Ni Cu *
Bending magnet Fe * Cr * Ni * Fe * Si * Ni * Pb * Cu * Fe * Mo *

Primary collimator W Fe * Cr * Ni * Mn * W Ni Fe W
Absorber ** ** Al Ag * Cu * Mg *

Flattening filter 15 MV W
Fe Cr Mn Ni Mo * Fe Cr Mn Ni Mo *Flattening filter 10 MV Cu O Zn *

Ion chamber H C O N Al Si Fe Mn Mg Al O Mg * Ag * Cu *
Mirror H C O H C O O Si Ca Na

Jaw W Ni * Cu * Nb * Mo * W Ni Fe W
MLC W Ni Fe Cu W Ni Fe Cr * Mo * W

* Components additionally identified in LIBS measurements; ** head part components with no specifications
provided by the manufacturers.

3.2. Medical Linac Modeling and Workload-Based Activation Evaluation

The schematic representations in Figure 2 are the results of modeling the main compo-
nents and shield structures of the head parts of the three manufacturers. Siemens’ target,
unlike those of Varian and Elekta, is made of different materials, such as graphite, gold,
and SST304, and is modeled in such a way that the absorber is placed inside the primary
collimator; a beam of 10 MV or greater is applied. While the MLC of Varian is placed after
the jaw, that of Elekta is placed before the jaw. For this reason, unlike other manufacturers,
Elekta’s MLC has a higher activity than the jaw. In addition to the main head part compo-
nents, radiation shielding mainly composed of lead was additionally modeled to evaluate
radionuclides and activity levels.

Figure 2. Medical linac modeling results of the three manufacturers: (a) Varian; (b) Elekta; and
(c) Siemens.

No workload-dependent differences in the radionuclides were observed among the
parts, and an analysis of the activity level revealed that the radiation of beams at a workload
of 80 Gy/day was about twice as high as that of 40 Gy/day. In this study, radionuclides
and their activity level analysis were analyzed based and compared on the workload of
80 Gy/day, taking a conservative approach. The main radionuclides from each manufac-
turer’s parts are listed in Table 2. Radionuclides in Table 2 are the results of photonuclear
reactions, such as (γ, n), (n,γ), (γ, 2n), and (γ, np). Nuclear reactions were confirmed
through Monte Carlo simulations, including 182W(γ, n)181W, 197Au(γ, n)196Au, 66Zn(γ,
n)65Zn, 186W(n, γ)187W, 27Al(n, γ)28Al, 54Fe(n, p)54Mn, and 58Ni(n, p)58Co. As additional
radionuclides were contained in the parts with large proportions of impurities, 94mNb,
58Co, and 99Mo were detected in the jaw of Varian, 99Mo in the MLC of Elekta, and 108Ag,
65Zn, and 58Co in the absorber of Siemens.
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3.3. Time-Dependent Activity Level of Each Linac Part

The major radionuclides detected in the target after stopping the beam were 185W, 181W,
and 64Cu in Varian, with the highest activity level changing from 64Cu (2.69 × 104 Bq/g)
immediately after the linac shutdown to 185W and 181W one day later. This change of
the major radionuclide from 64Cu to tungsten isotopes can be explained by the former’s
half-life of 12.7 h (Figure 3a,b). In the target of Elekta, the major radionuclides changed
from 181W, 64Cu, and 65Zn immediately after the linac shutdown to 181W and 64Cu after
one day. In particular, since 181W, which is a long half-life radionuclide, maintained a
high concentration of 1.83 × 106 Bq/g even after one year, not much lower than the initial
concentration of 1.47 × 107 Bq/g (Figure 3c,d).

Figure 3. Time-dependent changes in the activity levels of the linac major parts obtained by applying
a workload of 80 Gy/day at the energy levels of 15 and 10 MV: (a) 15 MV Varian; (b) 10 MV Varian;
(c) 15 MV Elekta; (d) 10 MV Elekta; (e) 15 MV Siemens; and (f) 10 MV Siemens.
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Unlike Varian and Elekta, Siemens’ target is composed of materials such as graphite,
gold and SST304, giving rise to various radionuclide changes for each material. The main
radionuclides detected immediately after stopping the beam were 3H and 14C in graphite,
196Au and 198Au in gold, and 55Fe, 51Cr, 99Mo in SST304. In particular, 196Au had a very
high initial concentration of 1.23 × 107 Bq/g, which fell to 1 × 103 Bq/g two months later
because it has a short half-life of 6.183 days (Figure 3e,f). From two months after the linac
shutdown onward, 55Fe, 51Cr, and 58Co, which are long half-life radionuclide in SST304,
were identified as the major radionuclides. The highest time-dependent activity levels were
found in the target up to two months after the linac shutdown in all three manufacturers
(Figure 3).

On the other hand, although various radionuclides in impurities were additionally
detected (Table 2), the content of the impurities in each part was negligibly low when
their activity levels were checked against the composition of the components of the parts
provided by the manufacturers. However, the bending magnet, for which no data were
provided by the manufacturers, was found to have initial activity levels ranging from 0.1 to
10 Bq/g due to the long half-life radionuclides 57Co and 58Co.

4. Discussion

Leprince assessed 187W, 183mW, 185W, 181W, and 178Ta as major radionuclides in tung-
sten targets, with an activity level of 4.03 × 1017 Bq, using the MCNPX code, in equipment
with a service life of five years [18]. Patil et al. identified radionuclides, such as 198Au,
196Au, 181W, 178W, 60Co, 58Co, 57Co, 54Mn, and 51Cr, in gold and SST304 targets [19–22].
Roig et al. identified 196Au, 57Co, 60Co, 54Mn, and 58Ni in Siemens KDS 18 MV, and
specified a separate storage period of at least 30 days for 196Au radionuclide in the target
pursuant in accordance with Spanish regulations (IS/05, 2003) until the activity level fell
below 106 Bq [23]. While these results are consistent with those of this study, this study
differentiates itself from others in that it also investigated the radionuclides additionally
obtained by considering impurities.

To present, the allowable disposal time for each part of a dismantled linac, the clearance
level of the radionuclides identified in each part should be applied. Regarding the self-
disposal standards for radioactive waste, the United States use the technical standards
published by the Department of Energy (DOE) for the disposal of radioactive waste from
accelerators and accelerator facilities. Accordingly, Varian provides DOE-standards-based
recommendations [24,25]. Japan has also established academic society standards for the
management of radioactive materials of radiotherapy devices, specifying radioactive waste
disposal procedures, parts subject to regulations, and measurement methods [26]. In the
Korean notice, pursuant to the regulations on radioactive waste classification and self-
disposal standards [4], clearance levels are indicated in Appendix 1 (related to Article 2
(2) and Article 3 (1)), and in the case of mixed radionuclides, the clearance level of each
radionuclide should be calculated using Equation (1):

∑i
Ci

CL,i
< 1 (1)

Ci: activity level (Bq/g) of radionuclide i
CL,i: clearance level (Bq/g) of radionuclide i

For the application of the clearance levels in compliance with the methods specified
in the notice, the time-dependent concentrations of all radionuclides (CL,i) pertaining to
each part obtained using the DCHAIN code were added, and the clearance level of a given
radionuclide (Ci) was checked, and a part calculated (using Equation (1)) to have a value
exceeding its clearance level was analyzed to be stored until it reaches a value below the
clearance level. Among the clearance level of the radionuclide specified by the NSSC notice,
those on the radionuclides analyzed in this study are listed in Table 3. As recommended
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in the notice, the concentration of 0.1 Bq/g was applied to radionuclides for which no
clearance level is provided.

Table 3. Clearance level of each radionuclide detected in the medical linacs manufactured by Varian,
Elekta, and Siemens.

Radionuclides Clearance Level (Bq/g)

24Na, 28Al, 31Si, 37Ar, 45Ca, 54Mn, 57Ni, 65Zn,
66Cu, 108Ag, 179Ta, 183W, 196Au

0.1

14C, 57Co, 58Co, 59Fe 1
56Mn, 93mNb, 99Mo, 181W 10

3H, 51Cr, 63Ni, 64Cu 100
55Fe, 185W 1000

Radionuclide 64Cu had the highest initial concentration (2.62 × 104 Bq/g) in Varian’s
target 15 MV, followed by 185W (1.23 × 104 Bq/g). As mentioned in another study, 64Cu
and 62Cu have very short half-lives, and the concentration of 185W had to be considered
for their self-disposal [27]. In Elekta’s tungsten target 15 MV, 181W had the highest initial
concentration (1.47 × 107 Bq/g), followed by 62Cu (2.99 × 103 Bq/g). Likewise, the
concentration of 181W was considered for their self-disposal. In Siemens’ target, 196Au
pertaining to gold material had the highest initial concentration (1.23 × 107 Bq/g), followed
by 55Fe (3.17 × 103 Bq/g) among the non-gold materials. As shown in Figure 3e,f, after
about 2 months, with major radionuclide changing from Au isotopes with short half-lives
to Fe isotopes with long half-lives, the activity level is maintained, and the activity level of
55Fe should be considered for self-disposal.

In Figure 4, Equation (1) and Table 3 were applied to indicate the clearance levels
based on the activity levels assessed for the head parts of the equipment of the three
manufacturers that operated at 10 and 15 MV energy for 10 years, applying the workload
of 80 Gy/day.

Six hours after the linac shutdown, the activity levels of the ion chamber and mirror
were found to be lower than the clearance level among all parts of the linacs using 10
and 15 MV energy (Figure 4). Most of the parts of the linacs of the three manufacturers
using 10 MV energy were found to have an activity level below the clearance level after
one month, but Siemens’ 10 MV target reached the clearance level after two months, and
Elekta’s 10 MV target was found to have an activity level exceeding the clearance level
even after one year. In particular, the 15 MV targets of the linacs of the three manufacturers
maintained the activity level of 103 Bq/g or higher even after one year, exceeding the
clearance level. The 15 MV flattening filter of Elekta and Siemens also had to be stored for
one year or longer.

As regards the 15 MV primary collimator, which is composed mainly of tungsten,
those of Elekta and Varian could be disposed after two and 11 years, respectively, but that of
Siemens had an activity level in excess of the clearance level even after 20 years (Figure 4e).
This is due to the fact that, unlike Elekta and Varian, Siemens’ primary collimator has an
absorber attached to it, and its clearance level exceeds 1 due to the radionuclide 108mAg
identified as an impurity. 108mAg radionuclide has a significantly long half-life of 418 years
and a high radionuclide concentration of 6.93 Bq/g immediately after the linac shutdown.
Since the notice does not provide its clearance level, 0.1 Bq/g, which is recommended
for radionuclides with an unspecified clearance level, was applied, and its activity level
still exceeded the reference value of 1 even 20 years after linac shutdown. Since only
the radionuclide 28Al was detected in Siemens’ absorber without impurities, its tungsten
primary collimator could be disposed after 15 years.

15



Sustainability 2023, 15, 4100

 
Figure 4. Clearance level by part and by equipment (15 MV/10 MV linacs of three manufacturers),
applying a workload of 80 Gy/day (dotted red line: reference clearance level of 1; self-disposal is
allowed at the activity level below this line): (a) 15 MV Varian; (b) 10 MV Varian; (c) 15 MV Elekta,
(d) 10 MV Elekta; (e) 15 MV Siemens; (f) 10 MV Siemens.

The parts that were analyzed to be stored for six months or longer until self-disposal,
were those with radionuclides with mid-to-long half-lives (≥1 × 106 s) and high initial
activity levels, such that their activity levels are still in excess of 103 Bq/g even after six
months. Typical radionuclides with these attributes are 51Cr, 54Mn, 55Fe, 57Co, 58Co, 179Ta,
181W, and 185W generated from the SST304 and tungsten materials (Table 3).

When a workload of 40 Gy/day is applied, earlier disposal is possible because the
activity levels of the parts are lower than when a workload of 80 Gy/day is applied. For
the parts that require a long storage time (≥2 years), i.e., target and primary collimator, no
great changes occurred in the time for disposal when the workload was halved. However,
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among those whose clearance level was reached after nine months, Elekta’s MLC and
bending magnet and Siemens’ bending magnet could be disposed after one month when
the workload was halved. As mentioned previously, a workload of 80 Gy/day was applied,
adopting a conservative approach, and more accurate disposal time can be predicted by
reflecting the energy and workload applied in actually decommissioned medical linacs.

5. Conclusions

This study was conducted to provide basic data for preparing regulations on the
disposal of linear accelerators (linacs) by performing a component analysis of the linac
parts of three manufacturers (Varian, Elekta, and Siemens), and assessing and analyzing
the time-dependent activity levels of radionuclides using the Monte Carlo PHITS code
and DCHAIN.

Although various radionuclides were additionally detected due to impurities, it was
determined that their activity levels were negligible for the total activity level of each
part and that the clearance level could be sufficiently examined using the Monte Carlo
simulation results based on the data provided by the manufacturers. According to the
clearance levels of the radionuclides specified in the pertinent Korean notice, the 15 MV
targets of the three manufacturers should be stored at least for 3.5 to 7 years until they
reach the clearance levels, whereas the 10 MV targets of Varian, Elekta, and Siemens can be
disposed 6 h, 5.5 years, and 6 months after the linac shutdown, respectively. In order to
avoid workers’ exposure to radiation during dismantling/disposal, it is recommended to
work after storing the parts until the clearance level (<1) is reached, as shown in Figure 4.

As demonstrated in this study, if values exceeding the clearance level can be computed
through Monte Carlo simulation applying the workload until the dismantling/disposal
of a linac, the storage period of each part after which workers can safely work on disman-
tling/disposal can be predicted. It is planned to perform a qualitative and quantitative
analysis of radionuclides using HPGe-based gamma spectroscopy in addition to the Monte
Carlo simulation with a view to providing a groundwork for clear safety management
regulations for the disposal of decommissioned linacs.
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Abstract: In the current study, dried ground mixed waste of olive waste and water hyacinth was
subjected to the treatment of wastewater contaminated with stable or radioactive cobalt and cesium.
Contact time, temperature, amount of adsorbent, metal ion concentration and pH-value were evaluated
as the most potent factors that affect the adsorption process. Concentrations of Co and Cs ions before
and after treatment are measured using ICP-OES technique. Moreover, kinetic and equilibrium
isotherm parameters were investigated by explaining the equilibrium data by induction of two
isotherms, “Langmuir” and “Freundlich”. Experimental results indicated that more than 85% of
60Co and 134Cs were efficiently removed from spiked wastewater after one hour of contact time by
using 0.2 g of dried mixed waste. The optimal time to remove Cs+ and Co2+ was 50 and 90 min,
respectively. The kinetic study showed that the adsorption of Cs+ and Co2+ were better suited to
the second order. The most favorable pH value was at a range of 6–7 for Cs+ and 5–6 for Co2+. R2

values were higher at the Freundlich isotherm, indicating that the adsorption process was taking
place according to Freundlich isotherm at all temperatures for Co2+ and Cs+ ions.

Keywords: olive waste; water hyacinth; cobalt; cesium; adsorption; kinetics; biomass; wastewater;
ICP-OES spectroscopy

1. Introduction

Water covers the vast majority of the Earth’s surface (71%), including only a small
portion (3%) of freshwater that plays a vital role in the global economy. This natural
essential resource became insufficient in numerous areas. The water scarcity was a major
economic and social concern, especially in the agriculture sector, which consumes about
70% of the freshwater [1]. In many attempts in developing countries, 90% of the wastewater
remains untreated in freshwater bodies, rendering it unsafe for human consumption,
resulting in scarcity or toxic impact [2]. Clean soil and pure water are the most in-demand
resources all over the world nowadays [3,4]; also in demand are more efficient selective
methods for analysis [5,6].

Pollution is an important issue around the world, especially the contamination with
chemical elements, including stable isotopes or radioisotopes. Chemical pollution is the
most significant problem because of the easy dispersal of harmful metals, for example,
it can be transferred into edibles; however, water contamination is considered a serious
ecological problem around the world as well [7].
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Physicochemical approaches, such as precipitation, redox-reaction, ion exchang-
ing [8,9] and electrochemically [10], have been reported. Ultrafiltration [11], photocatal-
ysis [12], reverse osmosis [13] and electro flotation [14] are some of the other important
techniques. The disadvantages of these techniques are their cost and the production of
secondary waste that requires extra treatment [15].

Developing sustainable, simple, efficient, and cost-effective techniques for remov-
ing different elements from wastewater is recent worldwide challenge. Because it is a
straightforward means of removing metal ions from wastewater, phytoremediation [16,17],
using aquatic plants, and adsorption process [18–20], using agricultural waste, become
viable choices. For example, the cost of excavation and disposal of contaminated soil based
on the Federal Remediation Technologies Roundtable (FRTR) data was in the range of
270 to 460 $/ton, while the cost of phytoextraction, including plant selection and position,
irrigation, soil amendment, field monitoring, harvesting, and residue management, could
be in the range 10–35 $/ton [21].

Although phytoremediation using aquatic plants achieved great effectiveness in the
treatment process, the findings of the experiments revealed that dried plants are more
effective than fresh plants, and consequently, adsorption techniques have recently been
investigated in the management of contaminated wastewater spiked with arsenate, nitrate,
phosphate, cadmium, and other heavy metals [7].

Increased cobalt concentrations injure humans, causing lung irritations, asthma, pneu-
monia, weight loss, paralysis, diarrhea, vomiting, thyroid hormones, liver damage, and
nausea, due to the resemblance of cesium-134 to sodium; the ingestion of cesium causes its
deposition in soft tissues throughout the body, posing internal hazards [22].

Physical procedures, such as adsorption by natural or manufactured materials, have
been used to remove cesium and cobalt. As one of the traditional adsorbents, ion exchangers
have limitations because of their competition with other monovalent cations found in
liquid radioactive waste, such as sodium and potassium, which can inhibit the adsorption
of cesium or other competing divalent cations capable of occupying cobalt adsorption
sites [23]. Because the metal adsorption depends on cation exchange sites, it requires the
development of new and more active materials with safe and sustainable features for the
economical removal of stable or radio pollutants from wastewater.

Water hyacinth is an aquatic plant weed that grows quickly and floats freely in water.
It has a reputation of having a very high metal tolerance. The adsorption of Pb2+ from liquid
effluents was conducted using the dried biomass of Eichhornia crassipes. The performance
of the adsorption mechanism was determined to be depended on pH and the adsorbent’s
uneven surface may aid in the adsorption of Pb2+ on the surface of the adsorbent [24].

The current study focuses on the utilization and effectiveness of biomass originated
from dried ground mixed waste of water hyacinth and olive waste to remove cesium
and cobalt from wastewater due to their high availability and low operating cost instead
of traditional techniques, which are difficult to control and require primarily expensive
requirements. Cobalt compounds should be considered genotoxic carcinogens with a
practical threshold, and chronic inhalation of cobalt compounds can induce respiratory
tumors [25], while the toxicity of cesium can induce gastrointestinal distress, hypotension,
syncope, numbness or tingling of the lips [26]. Moreover, radiotoxicity was added on the
chemical toxicity when in contact with radio cobalt or radio cesium.

In order to identify the ideal physicochemical conditions for the most effective sorption
for treatment applications, the adsorption process was studied in terms of the impact of
pH-value, adsorbent dose, metal ion, and interaction time. Additionally, the adsorption
process followed the “Langmuir” and “Freundlich” adsorption models, and the kinetic
studies were developed to describe the isothermal trend and constants of the adsorption
process, with the pH-value being the most important factor. An experiment, using the
nominated adsorbent to eliminate radiocobalt and radiocesium, was performed. These
treatment processes generated secondary radioactive waste that had to be stabilized and
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remediated for safe disposal, as reported in the previous literature, by using cement [27,28],
cement polymer composite [29,30], and cement mixed with natural clay [31].

2. Experimental Approach

2.1. Materials
2.1.1. Adsorptive Materials

Green plants of water hyacinth have been harvested from Egyptian waterways, dehy-
drated in a 70 ◦C oven for 2 days and ground to produce a fine powder using an electric
mixer. Other types of unimportant materials, such as solid waste derived from the olive oil
industry, were prepared by washing thoroughly with methanol, rinsing with pure water,
and introducing them to drying at 70 ◦C. The dry matter was crushed and ground. The
two dried ground plant wastes were mixed with a ratio of 50 to 50%. As shown in Figure 1,
the chart of spectra confirmed the presence of major functional groups in ground dry
single waste and mixed plant waste that were identified and characterized using FTIR
spectroscopy with a Shimadzu FTIR-8201 PC. FTIR analysis was performed to identify the
functional groups in the dried single waste and mixed waste using the KBr disc method.
This investigation showed a strong broad absorption band of O-H stretching vibrations
in the region of 3272–3177 cm−1 and another peak at 3445 cm−1. Other peaks appeared
at 1739 cm−1 and 1322 cm−1, which corresponded to the C=O stretching vibrations and
the phenolic hydroxyl groups, respectively. At 1547 cm−1, a stretching vibration regard-
ing the C–N of the peptidic bond of proteins was present; a peak at around 1500 cm−1

indicated C=C bending. The range 1130–1000 cm−1 is a vibration of C–O–C and O–H of
polysaccharides. The intensity of the adsorption bands confirmed no significant difference
between olive waste alone and that mixed with water hyacinth; the functional groups were
responsible for the adsorption of many elements.

Figure 1. FTIR spectra of single waste and mixed waste.

2.1.2. Adsorbate Elements

Radioisotopes of 134Cs and 60Co were produced at the Egyptian Atomic Energy Authority,
Egypt. The activity content of two radioisotopes was diluted to various activities in the range
of (1400–4850 Bq). High purity and analytical-grade salts of stable cesium and cobalt were
purchased from Sigma-Aldrich. To achieve a suitable value of concentration for the subsequent
experimentations, dilution was used to adjust the concentration of stable elements in the range
of (5–100 mg/L). Additionally, gradual addition of NaOH and 0.1 N of HCl were performed
to adjust the acidity or alkalinity of the spiked solutions for various pH values.

2.2. Experimentation
2.2.1. Adsorption Studies

All experiments have been performed in a bathwater with a constant shaking speed to
investigate the influence of contact time, pH-value, adsorbent weight, concentration of Cs+

or Co2+ and temperature.
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Adsorption of Single Waste and Mixed Waste

A primary experiment was performed to evaluate adsorption efficiency using different
weights of single waste (olive waste) and mixed waste (olive waste) to uptake Cs or Co
elements for 2 h at the constant temperature of 25 ◦C, pH value of 7 and shaking speed of
100 rpm. qe was performed according to the recent literature [32] and Equation (1).

qe =

(
C0 − Ce

m

)
× V (1)

qe is the adsorption capacity (mg/g), C0 is the initial concentration of ions (mg/L),
Ce is the equilibrium concentration of ions (mg/L), m is the mass of biosorbent used in the
process (g) and V is the volume of the solution (L).

Contact Time

The effect of time on the adsorption of (50 mg/L) Cs+ or Co2+ on (0.1 g) mixed waste
was evaluated at the constant temperature of 25 ◦C while maintaining the pH value at
7 and the shaking speed of 100 rpm at variable time during two hours (0, 1, 5, 10, 15, 20
and 30, 45, 60, 90 and 120 min). At each contact time, the concentration of non-adsorbed
ions was determined by taking 1 mL of clear solution for subsequent analysis using atomic
absorption spectroscopy.

pH Effect

Under varying pH conditions, stable elements were adsorbed at the constant temper-
ature and a shaking rate of 25 ◦C and 100 rpm, respectively. The pH of non-radioactive
solutions was maintained by the addition of 0.1 N of HCl and NaOH to adjust the pH. The
removal percentage of both ions (concentration, 50 mg/L) at various pH (3 to 8) by using
0.1 g of dry ground mixed waste was determined at 60 min.

Adsorbent Dose

Six extended weights of dry mixed waste (0.025, 0.05, 0.1, 0.25, 0.5, and 1.0 g) were poured
to six bottles including 100 mL of Cs+ or Co2+ at 25 ◦C, shaken at 100 rpm, with pH-value
(7 for Cs+ and 6 for Co2+) for 60 min. Then, 1 mL of each bottle was collected and analyzed to
determine the remaining concentration of each element after completing the process.

2.2.2. Inductively Coupled Plasma Optical Emissions Spectroscopy (ICP-OES)

ICP-OES, inductively coupled plasma optical emission spectroscopy (Prodigy High
Dispersion ICP, Leeman in the United States) was used to evaluate the initial concentrations
of Co and Cs, as well as the concentration of the remaining metal in the solution. The liquid
was converted into an aerosol inside the instrument via a process known as nebulization.
The sample aerosol was then transported to the plasma and desolvated, vaporized, atom-
ized, excited, and/or ionized by the plasma. The excited atoms and ions emitted their
characteristic radiation, which was collected and sorted by wavelength by a device [33].

The limit of detection (LOD) was primarily determined by instrumental sensitivity,
spectral interferences, memory effects, digestion vessel cleanliness, and analytical reagent
blank level, and it is possible to define the lowest concentrations that can be reliably
detected and quantified.

The LODs for each element were calculated as the concentration equivalent of three
times the standard deviation of the ion counts obtained from duplicate runs of reagent
blank solutions (3% v/v HNO3 including the internal standard spikes) [34].

ICP-OES has the following features:

Available in radial, axial and dual view configurations;
Wavelength range from 165 to 1100 nm;
Resolution < 0.008 nm;
High precision elemental ratio measurements (0.01–0.02% RSD).
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2.2.3. Adsorption Isotherms and Data Analysis

At various temperatures and constant pH and shaking speed (pH = 7, 100 rpm),
adsorption isotherms were extrapolated for Cs and Co ions at the two contact times of
45 and 90 min, respectively. At 15, 25, 35, and 45 ◦C, 0.1 g of dried mixed waste was
added to 100 mL of Cs or Co ions of various initial concentrations (C0), (5, 10, 20, 50, 75,
and 100 mg/L), respectively, until equilibrium time was reached. A total of 1 mL of the
remaining clear solution was analyzed by an atomic absorption apparatus to determine the
non-adsorbed ions under various conditions.

Batch data from various contact times with variable initial concentrations of metal
ions were analyzed using kinetic studies (pseudo-first order, pseudo-second order, and
intra-particular diffusion).

Furthermore, different models of isothermal absorption, such as “Langmuir” and
“Freundlich”, were applied to investigate the adsorption potential of different ions.

2.2.4. Adsorption of Radioisotopes (60Co or 134Cs)

Absorption processes at constant room temperature were followed by using 50 mL
of 60Co or 134Cs solutions of various initial activity in the range of (1400 to 4350 Bq for
134Cs, and 3800 to 11000 Bq for 60Co). In this experiment, extended doses of adsorbent (0.5,
1.0, 1.5, 2.0, 2.5 g) were mixed with 60Co and 134Cs for contact time (120 min.), constant
shaking speed (100 rpm), and constant pH-value (7). The removal of radionuclides was
assessed by periodically recording the radioactivity content of the remaining solution using
a multichannel analyzer of a NaI detector, PCAP, USA.

2.2.5. Statistical Analysis

All results are expressed as means ± SEM and regression models with the SPSS
software (Statistical Package for the Social Sciences), version 24 (IBM SPSS Statistics for
Windows, Armonk, NY, USA: IBM Corp.). Comparisons made between more than two
groups were performed using multifactorial analysis of variance (ANOVA) followed by the
Least Significant Difference (LSD) test. Differences were considered statistically significant
when the alpha probability was ≤0.05.

3. Results and Discussions

3.1. Single Waste and Mixed Waste

The potential of agricultural waste has been conducted in recent decades according to
its ability to accumulate some elements from contaminated water or soil [35]. At least the
same potential, such as terrestrial plants, can eliminate heavy metal contaminants that are
commonly found in the environment, such as Cd, Cr, Cu, Hg, Pb, Ni, Zn and Fe [36].

Some of these elements are essential for plants but the others are toxic or still have
unknown biological effects. A primary experiment was performed to evaluate the efficiency
of using single waste, such as dry olive waste, and mixed waste of the same waste with
dry water hyacinth to uptake Cs or Co elements after 2 h of contact. Figure 2 shows the
superiority of mixed waste in the accumulation of constant concentration of Cs and Co by
different amounts of adsorbents. According to the observed results, it is confirmed that
mixed waste has a tendency to accumulate more than single waste, especially in the case of
Co. From the statistical analysis, it is clear that F for treatment = 19.336 at p = 0.00 (<0.05)
and this confirms the statistically significant differences between the averages in the case of
treatment. Consequently, in this study, the mixed waste of olive waste and water hyacinth
was selected to evaluate its efficiency to eliminate cobalt and cesium elements from artificial
contaminated water. This result is consistent with the recently published literature conducted
to evaluate the use of mixed biomass (Aspergillus campestris and agro waste) [37].
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Figure 2. Adsorption of both ions separately on dry single waste and mixed waste.

3.2. Contact Time

Contact time acts as a vital key for determining the equilibrium point at the highest
adsorption value. The optimal contact time is the time spent to achieve the highest removal
percent with respect to different adsorption concentrations by evaluating the biosorption
kinetics [38]. In this experiment, the statistical analysis confirmed that F for time = 70.681
when p = 0.000 (<0.05) and this confirms the statistically significant differences between the
averages in the case of the time factor.

At a constant pH (7) and constant temperature (25 ◦C), the adsorption capacities of
both ions (Cs+ or Co2+) onto dry biowaste was evaluated. As shown in Figure 3, as the
contact time increases, the rate of adsorption first increases and then becomes constant
due to the aggregation of adsorbed ions that diffuse deeper into the adsorbent structure
at higher energy sites with time. This aggregation negates the influence of contact time
as the pores get filled up and start offering resistance to the diffusion of aggregated ions
in the adsorbents [39]. However, the elimination efficiency was increased and maximum
biosorption capacity was achieved in 50 and 90 min, respectively.

Figure 3. Removal (%) and adsorption capacity(qe) of both ions separately using dry mixed waste
during contact time.

The data are means ± SE (n = 5). ANOVA followed by LSD’s multiple comparison post
hoc test; the differences were considered significant at p ≤ 0.05. A statistically significant
difference F (contact time) was 70.681 at p = 0.000 (<0.05).

The calculated data of adsorption/time were employed to both kinetic models; pseudo-
first order as shown in Equation (2) and pseudo-second order as shown in Equation (3).

Log (qe − qt) = log qe − (k1/2.303) t (2)

t
qt

=
1

k2 qe
2 +

1
qe

(3)

where k1 (min−1) is the pseudo-first order rate constant of adsorption, qe and qt (mg/g) refer
to amount of ions adsorbed at equilibrium and at time t, respectively. K2 (g mg−1 min−1)
is the pseudo-second order rate constant of adsorption.
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The suitable model was investigated by computing the correction coefficient value
of straight line (R2). As indicated in Figure 4, the adsorption of Cs+ ion processes were
in pseudo second order greater than in pseudo-first order because the high regression
coefficient (R2) of the pseudo-second order model was higher than that in the pseudo-first
order model. Similarly, the adsorption of Co2+ ion processes fit the second-order model
more than the first-order model according to the higher value of regression coefficient (R2)
in the case of the pseudo-second order model, as shown in Figure 5 [40]. The adsorption
kinetics of Cs+ and Co2+ suited the pseudo-second order model, indicating that the key
step in the adsorption mechanism was the ion exchange by electrostatic interactions.

Figure 4. Adsorption kinetics modeled using pseudo-first and pseudo-second orders for Cs+.

Figure 5. Adsorption kinetics modeled using pseudo-first and pseudo-second orders for Co2+.

3.3. pH Effect

pH is one of the most important factors that largely affects the adsorption processes
due to the effect of H+ ions on the biosorption of Cs+ and Co2+ ions by using dry plant
mixed waste [41]. The potential of changing the pH from 3 to 8 was evaluated and presented
in Figure 6, significantly pH could change the relative distribution of ions in the solution,
as well as the surface properties of the adsorbent. The adsorption of the mixed waste
was clearly affected by the varying solution pH values, which considerably increased by
enhancing the solution’s pH from 2 to 5, and basically remained unchanged in the case
of the Co solution. In the case of the Cs solution, at pH 7, the removal capacity reached
maximum value; however, afterwards rapidly decreased at a solution pH of more than 7.0.
This behavior can be explained by the fact that at lower pH values, excess H+ ions compete
with Cs+ and Co2+ for free adsorption sites, reducing their adsorption. With low pH, the
solubility of some heavy elements in water increases, which causes an increase in their
spread; pH plays a critical role in the transfer of heavy metals between the liquid and solid
phases [42]. Another factor that could contribute to enhancing metal ion adsorption is the
increasing pH, which encourages metal ion precipitation from the solution in the form of
hydroxides [43]. From the statistical analysis it is clear that the F value (for pH) was 7.274
when p = 0.016 (<0.05) and this confirms the statistically significant differences between the
averages in the case of this factor.
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Figure 6. Removal (%) and adsorption capacity(qe) of both ions separately in dry mixed waste at
different pH-values.

The data are means ± SE (n =5). ANOVA followed by LSD’s multiple comparison post
hoc test; the differences were considered significant at p ≤ 0.05. A statistically significant
difference F (pH) was 7.274 at p= 0.016 (<0.05).

3.4. Dosage Weight of Dried Mixed Waste

Knowledge of the effect of the adsorbent dose on adsorption is critical for optimal
adsorbent use. Figure 7 shows that batch studies with varying quantities of mixed waste
were carried out to determine the best adsorbent dose. The adsorption capacity (qe) was
increased by increasing the adsorbent dose and then proceeded steadily at a high level in
the case of Co, while in case of Cs it increased with the increasing the dose, then dropped
suddenly, and then settled at a low level. The rise in removal with the dose is associated with
the increased number of active sites, it is readily understood that the number of available
adsorption sites and the surface area increase by increasing the adsorbent dose [44].

Figure 7. Removal (%) and adsorption capacity(qe) of both ions separately at different loading
weights of mixed waste.

The steady removal thereafter is an indication of the adsorption equilibrium, and the
decline in removal at a high dose could have resulted from the aggregation of adsorbent
particles [45]. At low adsorbent dosages, however, the adsorbed amount (qe) reduced
dramatically in the case of Cs. The optimum adsorbent doses of Cs+ and Co2+ were 0.1 g
for Cs+ and 0.5 g for Co2+ ions. Statistically, F (for weight) was 0.041 at p = 0.998 (>0.05)
non-significant.

The data are means ± SE (n = 5). A significant difference F (loading weight) was 0.041
at p = 0.998 (>0.05) non-significant.

3.5. Comparison of the Study Findings with Other Similar Published Work

The economic and ecological features of the adsorption technique, various adsorbents
have been studied in the literature. Some of these adsorbents have been collected in Table 1,
where they are compared with the mixed waste used in the current study to evaluate the
adsorption capacity.
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Table 1. Adsorption capacity of mixed waste relative to other adsorbents for both ions separately.

Material Adsorption Capacity (qe) of Co Literature

Kaolinite 0.92 [46]

Soil 1.50 [47]

Marine bacterium 4.38 [48]

Nedalco sludge 11.71 [49]

Eerbeek sludge 12.34 [49]

Coir pith 12.82 [50]

Brown seaweed 20.63 [51]

Myriophyllum spicatum 43.40 [18]

Mixed waste 37.45 Current study

Adsorption Capacity (qe) of Cs

Ceiling tiles 0.21 [52]

Coal and chitosan 3.00 [53]

Bure mudrock 13.30 [54]

Modified akadama clay 16.10 [55]

Kaolinite clay 17.10 [56]

Coir pith 32.00 [57]

Bentonite 40.00 [55]

Myriophyllum spicatum 58.00 [18]

Mixed waste 48.30 Current study

3.6. Adsorption Isotherm at Different Teperatures

At various temperatures, the adsorption behavior attained a maximum uptake value
of 35 mg/g at 25 ◦C and 45 mg/g at 45 ◦C for both elements Cs+ or Co2+, respectively, as
shown in Figure 8. Due to the ratio of the interaction energies of the cations with water
molecules between the layers and with the charges on the surface of the biomass layer,
ions with a small radius, (Co), have lower competitive advantages over those with a large
radius, (Cs) [58]. However, the change in the cation diffusion coefficient with increasing
temperature is slightly indicated in the case of Cs.

Figure 8. Adsorption capacity (qe) of both ions separately on dry mixed waste at various temperatures.

The Langmuir adsorption isotherm implies the presence of a homogenous monolayer
at all sorbent surface sites with no adsorbed molecules interacting with nearby adsorption
sites. The Langmuir model was applied by Equation (4).

1
qe

=
1

kL qmax

1
Ce

+
1

qmax
(4)
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where qe (mg/g) is the uptake at equilibrium concentration, Ce (mg/L), and qmax (mg/g)
is the maximum number of ions required to create a monolayer. The linearized Langmuir
adsorption isotherm was used to examine the equilibrium data, as shown in Figures 9 and 10.
Table 2 shows the Langmuir constants, KL, and monolayer sorption capacity, qmax, which
were computed using the slope and intercept of the curve between 1/qe and 1/Ce. The qmax
values obtained from “Langmuir” plots do not agree with the experimental result [59].

Figure 9. Adsorption of Cs+ ions on mixed waste at different temperatures (Langmuir isotherm).

Figure 10. Adsorption of Co2+ ions on mixed waste at different temperatures (Langmuir isotherm).

Table 2. Value of Langmuir parameters for adsorption of both ions separately on mixed waste.

Cs+ Co2+

Temp. qe qmax kL R2 qe qmax kL R2

15 ◦C 43 16.3 0.022 0.934 67 21.55 0.021 0.896

25 ◦C 36 67.0 0.015 0.891 59 37.45 0.029 0.919

35 ◦C 38 16.2 0.039 0.959 56 21.23 0.013 0.998

45 ◦C 42 48.3 0.045 0.808 41 14.80 0.034 0.973
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An empirical equation used to define heterogeneous schemes is the Freundlich isotherm.
The “Freundlich” equation is represented as

ln qe = ln Kf +
1
n

ln Ce (5)

The Freundlich equation’s linear formula is given in Equation (5), where Kf and n are
Freundlich constants, with Kf (mg/g (L/mg) 1/n denoting the adsorption capability and
n denoting how beneficial the adsorption progression is. The adsorption favorability is
determined by the extent of the exponent, 1/n. n > 1, which indicates that the adsorption
conditions are good. The intercept and slope of the curve illustrated in Figures 11 and 12
are used to estimate Kf and n, which are provided in Table 3.

The explanation behind the isotherm’s compatibility with the Freundlich isotherm
model rather than the Langmuir isotherm model is that R2 was higher at Freundlich,
which indicates that the adsorption process were taking place according to the Freundlich
isotherm at all temperatures for Co2+ and Cs+ ions. In this study, the Freundlich model
is more significantly correlated with high R2 than the Langmuir model, assuming that
the stronger binding sites are occupied first and that binding strength decreases with the
increasing degree of site occupation [60].

Table 3. Value of Freundlich parameters for adsorption of both ions separately on mixed waste.

Temp.
Cs+ Co2+

n Kf R2 n Kf R2

15 ◦C 0.719 0.239 0.972 0.926 0.298 0.957

25 ◦C 0.935 0.951 0.935 1.048 0.953 0.926

35 ◦C 0.750 0.653 0.766 0.734 0.166 0.995

45 ◦C 1.29 2.3 0.895 0.703 0.372 0.970

Figure 11. Adsorption of Cs+ ions on mixed waste at different temperatures (Freundlich isotherm).

29



Sustainability 2023, 15, 1600

Figure 12. Adsorption of Co2+ ions on mixed waste at different temperatures (Freundlich isotherm).

To acquire the thermodynamic parameters of the adsorption reaction, kf values were
processed at different temperatures according to van’t Hoff Equation (6):

ln kf =
−ΔH0

RT
+

ΔS0

R
(6)

where ΔH0 (KJ·mol−1) and ΔS0 (KJ·mol·k−1) are enthalpy and entropy changes, respec-
tively, R is gas constant. Plotting kf against 1/T, as shown in Figure 13, gives a straight line
with a slope and intercept −ΔH0/R and ΔS0/R, respectively. The value of ΔH0 and ΔS0

were calculated and listed in Table 4.
The positive value of ΔH0 corresponds to the endothermic adsorption process of Cs+ and

the negative value of ΔH0 corresponds to the exothermic adsorption process Co2+ ions. The
Gibbs free energy of adsorption was estimated from the following relation Equation (7) Table 4.

ΔG0 = ΔH0 − TΔS0 (7)

Table 4 indicated that little change in TΔS0 has been conducted at all temperatures for
Cs+ ion and TΔS0 < ΔH0. This finding implied that enthalpy, rather than entropic change, is
the driving force of adsorption. These findings are consistent with prior research indicating
that the adsorption process is non-spontaneous due to positive ΔG0 values obtained [40].
Result for Co2+ show that TΔS0 > ΔH0 suggest an entropic rather than an enthalpic change
in the adsorption process. The positive value of ΔG0 obtained indicated that the adsorption
process of Cs+ ion is nonspontaneous.

Figure 13. Van’t Hoff plots related to adsorption of both ions separately on mixed waste.
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Table 4. Thermodynamic parameters of adsorption of both ions on mixed waste.

Element ΔS ΔH T(K) TΔS ΔG

Co2+ −0.035 −8.5

288 −10.08 1.58

298 −10.43 1.39

308 −10.78 2.28

318 −11.13 2.63

Cs+ 0.16 52.1

288 46.08 6.02

298 47.68 4.42

308 49.28 2.82

318 50.88 1.22

3.7. Adsorption of Radioisotopes (60Co and 134Cs) on Dry Mixed Waste

Figure 14 depicts the adsorption of radioactive cesium and cobalt; the removal effi-
ciency increases with time until it reaches a constant value at equilibrium. The removal
percentage of 60Co after 120 min with different weights of dried mixed waste (0.05, 0.1,
0.2, and 0.25 g) was 55, 70, 80, and 80%, respectively. While the removal percentage of
134Cs after 120 min with different weights of dried mixed waste (0.05, 0.1, 0.2, and 0.25 g)
was between 78.5 and 84.6%. Because there are no chemical differences between stable
and radioactive elements, the same adsorption pattern was produced as in a previously
reported study of the stable and radioisotopes [18]. With the difference in the radii of
cesium and cobalt elements, the ability to impact diffusion mobility and to improve the
adsorption process is different, and consequently, the diffusive mobility of the large radius
of 134Cs from the solution to the surface of the biosorbent in aqueous media is lower than
the diffusive mobility of the small radius of 60Co [61].

Figure 14. Adsorption of 134Cs and 60Co separately on mixed waste.

4. Conclusions

The novelty in this study lies in a sustainable treatment technology because it em-
ploys dry biomass from mixed waste to demonstrate its synergistic benefits, such as high
efficiency and cost effectiveness.

In this study, the removal of stable and radioisotopes of cobalt and cesium from
aqueous solutions by biosorption in dried mixed waste of olive waste and water hyacinth
as a low-cost and natural available sorbent was investigated. The results show that the
natural biomass of mixed waste is an excellent biosorbent for the examined isotopes. The
pH experiments showed that the significant biosorption takes place in the acidic range in
the case of Co and in the neutral medium in case of Cs. Contact times of 50 and 90 min
were the optimal times for the maximum biosorption efficiency of Cs+ or Co2+. Generally,
the increase in mass biosorbent leads to the increase in biosorption due to an increase in the
number of biosorption sites. Experimental data were better described by the pseudo-second
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order model. The adsorption isotherm could be well-fitted to the Freundlich isotherm
model. The biosorption capacity decreases with an increase in solution temperature.

Based on the experimental and mathematical data obtained, mixed dry waste of water
hyacinth and olive waste could be nominated as a sustainable low cost and efficient natural
adsorbent material suggested for the efficient remediation of radio or stable cobalt and
cesium ions from wastewater. However, this technology is predicted to achieve the successful
decontamination of hazardous metals and radionuclides in an environmentally friendly and
sustainable manner with the extensively decreasing the cost of wastewater treatment.
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Abstract: All over the world, people widely use granites and ceramic tiles in their residential
establishments. Information concerning the radiological properties of such materials reveals how
to ensure the sustainability of their safe use in terms of these properties. In the present work, the
distribution of the terrestrial radioisotopes U-238 (Ra-226), Th-232, and K-40 for 23 different brands of
Egyptian commercial granites and ceramic tiles samples (widely used domestically and exported) was
determined using gamma radiation spectroscopy. This process pinpoints the possible radiological
health risks related to gamma ray exposure and radon gas resulting from the use of these materials
indoors. The concentration values of the aforementioned radioisotopes in the examined samples
were compared to the corresponding global average values (GAVs) of the UNSCEAR and to those
available in other countries. The overall average concentrations for U-238, Th-232, and K-40 in the
total samples were observed to be 46.17 ± 2.81 (less than its GAV), 51.65 ± 2.35 (slightly above
its GAV), and 701.62 ± 40.60 Bq/kg (1.4 times greater than the GAV), respectively. The related
radiological parameters and indices were calculated and compared to the prescribed limits set by
commissions and organizations concerned with radiation protection (the WHO, ICRP, UNSCEAR,
and EC) to ensure the safe use of the investigated granites and ceramic tiles. The assessed indices and
parameters fall within the recommended values and safety limits. In conclusion, there is no risk from
using the granites and ceramic tiles under investigation in residential facilities.

Keywords: natural radioactivity; gamma rays; radon gas; radiation exposure; building materials;
granites; ceramic

1. Introduction

For humans, exposure to natural ionizing radiation is unavoidable. Exposure arises
primarily from both terrestrial and cosmogenic radioisotopes. Terrestrial radioisotopes
(K-40, U-238, and Th-232) exist naturally in all different environmental media, including
air, water, food, soil, rock, building materials, etc. [1–3]. The existence of the abovemen-
tioned radioisotopes in building materials is responsible for delivering about 85% of the
radiation dosage to the world’s population [3,4]. Accordingly, providing information on
terrestrial radioisotope concentrations and distributions in building materials is essen-
tial and it is required to monitor contamination originating from their radioactivity in
residential environments.

The natural radioactivity level in building materials is confined in the terrestrial
radionuclide concentrations in the geological materials from which they are derived [4,5],
i.e., it varies according to the geological origin and geochemical characteristics of the
constituent materials. Additionally, the radiation dose received is controlled by several
factors, including residences places ventilation, and kinds [1].

In fact, gamma rays and radon gas (Rn-222 and Rn-220) are the most significant
products of the terrestrial radioisotopes’ radioactivity in building materials, in light of the
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radiological hazards to the population [6]. Gamma rays are responsible for the external
exposure of populations and their dose comes mainly from Tl-208 and Ac-228 of the Th-232
disintegration chain, from Pb-214 and Bi-214 derived from R-226 of the U-238 disintegration
chain, and from K-40. On the other hand, radon gas (specifically Rn-222) which originates
as a result of radium disintegration (Ra-226 of the U-238 chain), is responsible for the
internal exposure [7]. According to the UNSCEAR [6], the average yearly external exposure
indoors due to gamma rays was assessed as 0.41 mSv, while the internal exposure from
Rn-222 inhalation was about 1.15 mSv. It is worth mentioning that several epidemiologi-
cal investigations conducted in many countries have demonstrated substantial evidence
linking raised levels of radon exposure in houses to an increased risk of lung cancer [8–10].

Construction materials that typically come from the soil and rocks of the earth may be
categorized into three groups: structural materials, covering materials, and additive raw
materials. Structural materials such as cement, concrete, mortar, and clay bricks, etc., are
primarily used for building structures. The covering materials (granite, ceramic, marble,
etc.) are employed for ornamentation and insulation purposes, whereas fly ash, bauxite,
phosphogypsum, etc., are the additive raw materials used as optional components for
modifying certain properties of building materials [1]. In light of global recommenda-
tions, determining the natural radioactivity levels of construction materials is crucial for
assessing the radiological risks owing to radiation exposures as well as for developing
national standards and guidelines for these materials. Recently, as a result of rising social
concern, there has been a high worldwide interest in studying the natural radioactivity of
construction materials as well as investigating their impact on the public (e.g., [4,5,11–20]).
To the best of the authors’ knowledge, important international studies on natural radioac-
tivity measurements and radiological hazards evaluation for granites and ceramic tiles
were published in the Refs. [1,2,9,18,19,21–39], just to name a few. Nevertheless, although
granites and ceramic tiles of various brands are widely used in residences for interior and
exterior ornamentation and decoration purposes in Egypt, no detailed studies have been
conducted to determine the activity levels of terrestrial radioisotopes in these materials.

The present work investigates in depth the natural radioactivity of twenty-three well-
known Egyptian brands of commercial granites and ceramic tiles samples widely used in
Egypt and abroad, as well as the potential health risks associated with their use indoors.
Moreover, its overall goal is to complete a radiometric study on some sample Egyptian
commercial granites and ceramic tiles which have not been previously covered. Hopefully,
the findings of the present work and the accompanying assessments will establish baseline
data for monitoring radioactive pollution in residential environments and will provide
adequate public protection recommendations.

2. Experimental Arrangements

2.1. Sample Preparation

A total of 107 tile samples (42 granite samples plus 65 ceramic samples) from 23 dif-
ferent brands were purchased from Egyptian building materials markets and suppliers.
The commercial ceramics and granites studied are among the best widely used decorative
building materials brands in Egypt. Before transporting the samples to the lab, they were
properly catalogued, labeled, and named according to their popular names known in both
the global and domestic markets (Table 1). More detailed information, particularly for
granite, is available at (www.stonecontact.com, accessed on 19 June 2022). The samples
have been given identification numbers in brackets, which are (1 to 42) for granites, and
(43 to 107) for ceramic tiles. Then, each sample was individually ground to a powder, to
avoid contamination between samples, and sieved through a sieve (200 μm mesh). All
the samples were oven-dried for 5 h at 105 ◦C to remove the moisture content. These
prepared samples were subsequently weighed (between 600 g and 850 g) and sealed in
plastic cylindrical beakers (48 mm radius, 82 mm height, and 0.5 mm thickness) for more
than 4 weeks to guarantee access to the secular equilibrium between parent radioisotopes
and daughters in the natural disintegration series (232Th and 238U).
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Table 1. Granites and ceramic tiles of various brands used in Egypt.

Tiling Material Brand Name Brand ID Sample Size Sample Origin

Granite Bianco Halayeb GBiHa 3 Abu Ghusun, Red Sea, Egypt
Brown Hurgada GBrHu 3 Hurghada, Egypt

Imperial Red GIR 3 Aswan, South of Egypt
Karnak Grey GKG 3 Aswan, South of Egypt
Negro Aswan GNA 4 Aswan, South of Egypt

Rosa Aswan Dark GRAD 3 Aswan, South of Egypt
Rosa El Hody Light GRHL 3 Aswan, South of Egypt

Rosa Abu Simble GRAS 4 Wadi Halfa, Aswan, Egypt
Rosa Sardo Sinai GRSS 3 Sinai, Egypt

Red Aswan GRA 3 Aswan, South of Egypt
Red Nefertary GRN 4 Aswan, South of Egypt

Red Forsan GRF 3 Wadi Forsan, northeastern Egypt
Yellow Ghazal GYG 3 Sinai, Egypt

Ceramic Alfa CAL 7 6th of October City (2), Giza, Egypt
Art CAR 7 6th of October City (2), Giza, Egypt

Cleopatra CCL 5 10th of Ramadan City (1), Cairo, Egypt
Gemma (Al-Jawhara) CGE 7 El Sadat City Desert, Menoufia, Egypt

Gloria CGL 6 Nasr City, Cairo, Egypt
Labotie CLA 6 10th of Ramadan City, Sharqia, Egypt

Pharaohs (Alfaraeina) CPH 7 Al Azbakeya, Cairo, Egypt
Prima CPR 7 5th Industrial zone, Menoufia, Egypt
Royal CRO 6 Al Obour, Al Qalyubia, Egypt

Venezia CVE 7 6th of October City (2), Giza, Egypt

2.2. Gamma Spectrometric Analysis

To measure the activity concentrations of the radioisotopes (γ-emitters) in the sam-
ples, a low-background γ-rays spectroscopy system consisting of a semiconductor HPGe
(Hyper-Pure Germanium) detector (Model GR4020, Canberra, Meriden, CT, USA) with
a 40% relative efficiency and energy resolution (FWHM) of 2 keV at the 1332 keV γ-line
(Co-60) was used. In addition, the system contains a suitable lead shield (Model 747E, Can-
berra, USA) surrounding the detector to prevent more than 98% of the external background
radiation from reaching the detector during the analysis. The gamma spectrums were
acquired and analyzed utilizing the Genie-2000 software (Version 3.3, Canberra, USA) [40]
coupled with a multichannel analyzer (Model DAS-1000, Canberra, USA). For calibrat-
ing the detector’s energy and efficiency, the LabSOCS (Laboratory Sourceless Calibration
Software) designed using the features of geometry composer and gamma analysis within
the Genie-2000 software, was used. The Genie-2000 software also contains the detector’s
characterization files created based on the system manufacturer’s fundamental calibration
tests (Canberra). To authenticate the efficiency data provided by LabSOCS, measurements
were completed in our laboratory with a set of gamma calibration sources (Co-60, Cs-137,
Ba-133, Mn-54, Zn-65, and Na-22), which revealed a significant agreement (90%) between
empirical and mathematical peak efficiency.

Each prepared sample was put on the detector for a time period no less than 12 h in
order to obtain an accurate counting statistic for gamma lines (photo-peaks) of importance.
Additionally, the background level in the laboratory was measured using an empty beaker
in similar conditions. The K-40 radionuclide was determined directly by its own gamma
line intensity (1460.8 keV). As for U-238 (Ra-226), it was specified through its progeny
Bi-214 (1764.5, 1120.3, and 609.3 keV) and Pb-214 (351.9 and 295.2 keV). On the other
hand, Th-232 was identified via its daughters Ac-228 (968.9, 911.2, and 338.3 keV), Tl-208
(2614.5 and 583.2 keV), and Pb-212 (238.6 keV). The activity concentration (AC) and the
uncertainty in activity concentration (UAC) of the previously mentioned radionuclides
in each sample were calculated from their corresponding gamma line intensities taking
into account the sample mass, counting time, gamma decay transition probabilities, and
detector efficiencies [41–43].
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Activity Concentrations Estimation

The activity concentration (AC) in the granites and ceramic tiles samples under inves-
tigation was estimated as follows [41]:

AC[Bq/kg] =
Nc,E

Pγ,E·εE·Ms
(1)

where Nc,E is the net count rate resulting from subtracting the count rate of the peak at
energy E in the sample spectrum minus that of the background spectrum at the same
energy E, Pγ,E denotes the probability of emitting gamma radiation with energy E for
the radioisotope of interest, εE is the detector absolute efficiency at energy E, and Ms
refers to the sample mass. Moreover, using the equation below, the uncertainty in activity
concentration, UAC, was calculated based on uncertainties in Nc,E, Pγ,E, εE, and Ms [43]:

UAC = AC

√[UNc,E

Nc,E

]2

+

[UPγ,E

Pγ,E

]2

+

[
UεE

εE

]2
+

[
UMs

Ms

]2
(2)

3. Estimation of Radiological Risks

For understanding the effect of radiological hazards on human health when using the
investigated granites and ceramic tiles as tiling materials in buildings, several radiation
hazard indices were estimated. The radium equivalent activity (Raeq), gamma index (Iγ),
indoor absorbed gamma dose rate (Din), yearly effective gamma dose rate (Ein), and excess
lifetime cancer risk (ELCR) were used to investigate gamma radiation risks, while the alpha
index (Iα), radon exhalation rate (RX), radon concentration (CRn), and yearly effective dose
due to radon (ERn) were evaluated in order to investigate the potential radon risks.

3.1. Radium Equivalent Activity (Raeq)

The Raeq is one of the most effective radiological indices for determining gamma
radiation hazards due to the radioisotopes K-40, U-238 and Th-232 content in tiling ma-
terials, considering the non-uniform distribution of these radioisotopes in matter. As per
Beretka et al. [44], Raeq is described by the following equation:

Raeq

[
Bq kg−1

]
=

(
ACU

370
+

ACTh
259

+
ACK

4810

)
× 370 (3)

where ACU, ACTh, and ACK are the specific activity concentrations of the radioisotopes
U-238 (Ra-226), Th-232, and K-40, respectively. In fact, the Raeq reflects the weighted
total of the abovementioned three radioisotopes’ concentrations within materials under
the premise that gamma dose rates from 4810 Bq/kg of K-40, 259 Bq/kg of Th-232, and
370 Bq/kg of U-238 (Ra-226) are almost equal.

From a radiation protection perspective, the ceramic and granite tiles studied herein
are safe provided that their Raeq levels are not above 370 Bq/kg [44] (permissible limit)
corresponding to a yearly effective dosage of 1.5 mSv [41,45].

3.2. Gamma Index (Iγ)

The Iγ is taken into consideration as a monitoring tool specifying whether construction
materials are safe to use or not. Considering that the external exposure due to gamma
radiation from the tiling (superficial or covering) materials has a limit of 1 mSv/year, the
Iγ is adopted by the European Commission [46] to be estimated via the following equation:

Iγ =
ACU

300 Bq kg−1 +
ACTh

200 Bq kg−1 +
ACK

3000 Bq kg−1 (4)

According to the European Commission [46], for covering materials such as the
ceramic and granite tiles under investigation, if they have a Iγ ≤ 2, this leads to an increase
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in the annual gamma dose rate with an amount ≤ 0.3 mSv/y resulting from these materials.
In other words, these materials fall within the exemption level for building materials from
all limitations about their radioactivity. Furthermore, if materials achieve criteria 2 < Iγ ≤ 6,
they will contribute to the annual gamma dose rate with an amount ≤ 1 mSv/y and fall
within the recommended action level. Eventually, materials with Iγ > 6 are not suitable for
safe use in buildings [46].

3.3. Indoor Absorbed Gamma Dose Rate (Din) and Yearly Effective Dose (Ein)

Estimation of the indoor absorbed gamma dose rate (Din) and its associated yearly
effective dose (Ein) are significant mechanisms for determining the external exposure
caused by terrestrial radioisotopes (Th-232, U-238, and K-40). According to the European
Commission [46], Equations (5) and (6) can be used to estimate the Din and Ein in the air
within rooms as a result of using the investigated granites and ceramic tiles as superficial
construction materials:

Din

[
nGy h−1

]
= (12ACRa + 14ACTh + 0.96ACK)× 10 −2 (5)

Ein

[
mSvy−1

]
= Din

[
nGy h−1

]
× F1 × F2 × F3 × 10−6 (6)

where F1 (=0.7 Sv/Gy), F2 (=0.8), and F3 (=8766 h) represent the conversion factor from
the absorbed dose to the effective dose in the air, indoor residency factor, and hours of the
year, respectively.

3.4. Excess Lifetime Cancer Risk (ELCR)

The ELCR is an important quantity through which the incidence of cancer for an
individual exposed to a low gamma radiation dose over their lifetime (66-years) can be
figured out. Depending on the Ein incurred by individuals from the studied ceramic and
granite tiles (superficial building materials) when used in buildings, the ELCR can be
estimated as follows [4,41]:

ELCR = Ein[Sv/y]× C1 × C2 (7)

where C1(=66 y [47]) and C2 (=0.05 Sv−1 for the general population) stand for life expectancy
on average and fatal cancer risk, respectively [42,48].

3.5. Alpha Index (Iα)

The Iα given by the equation below [41] is used for estimating the risk of exposure to
internal alpha radiation owing to the inhalation of radon. The estimation of Iα is funda-
mentally dependent on the U-238 (Ra-226) activity concentration (ACRa) in construction
materials, considering that materials with a concentration of 226Ra < 200 Bq kg−1 cannot
emit an indoor radon concentration >200 Bq m−3, i.e., these materials come within the range
of the recommended action level of indoor radon exposure for buildings, as previously
agreed upon by the European Commission [46] and ICRP [49].

Iα =
ACRa

200Bq kg−1 ≤ 1 (8)

3.6. Radon Concentration (CRn) and Yearly Effective Dose Resulting Therefrom (ERn)

In this study, the parallelepiped room model (4 × 5 × 2.8 m) is taken into account
to assess the concentration of radon and the associated absorbed dose rate delivered to
residents, assuming the floor is made of the investigated ceramic or granite tiles. Thus,
Equation (9) is applied, according to the European Commission [46], to determine the
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increase in indoor radon concentration (CRn) brought on by the radon exhalation rate (RX)
from the investigated ceramic or granite tiles used in buildings:

CRn

[
Bq m−3

]
=

RX·S
(λ + λo)·V (9)

where RX [Bq m−2 h−1], λ (=0.0076 h−1), λo [h−1], S [m2], and V [m3] represent the radon
exhalation rate per unit area, Ra-226 decay constant, ventilation rate, tiled floor surface, and
volume of the room, respectively. Based on the determined Ra-226 concentration (ACRa),
Equation (10) can be applied to estimate the RX for the investigated tiles with thickness d
(=3 cm and 1 cm for granites and ceramic tiles, respectively), density ρ (=2600 kg/m3), and
emanation coefficient η (=0.45), as reported in Refs. [20,41,50]:

RX = ACRa·λ·ρ·η·d·0.5 (10)

It is worth noting that the room ventilation rate (λo) was chosen with 0.5 h−1 for
normal ventilation and 0.1 h−1 for poor ventilation. [9,41]. Furthermore, the (S/V) ratio
of the room surface tiled with the investigated ceramic and granite tiles was chosen to be
2 m−1 [41].

As per the UNSCEAR [6] report, the yearly effective dose (ERn) that dwellers obtain
from the indoor radon concentration (CRn) was estimated by the following formula:

ERn

[
mSv y−1

]
= CRn

[
Bq m−3

]
× C1 × 8766

[
h y−1

]
× C2 × C3 × 10−6 (11)

where C1 (=9 nSv per Bq m−3 h), C2 (=0.8), and C3 (=0.4) stand for the factors of dose
conversion, dwellers’ indoor residency, and equilibrium equivalent radon concentration
indoors, respectively [6,51].

4. Results and Discussion

4.1. Radioisotope (238U, 232Th, and 40K) Concentrations

Table 2 displays the ranges and averages, as well as standard errors, for the estimated
concentrations values of U-238 (Ra-226), Th-232, and K-40 in the granites and ceramic
tiles collected. Furthermore and by way of illustration, Figure 1 depicts the variations
of the abovementioned radioisotopes concentrations in the samples under examination.
Evidently, Figure 1 and Table 2 show that the concentrations of the considered radioisotopes
fluctuate from 8.40 ± 2.09 in GBiH (sample No. 3) to 196.01 ± 37.84 Bq kg−1 in GRSS
(sample No. 28), 11.62 ± 1.28 in GBiH (sample No. 3) to 140.32 ± 27.41 Bq kg−1 in GRSS
(sample No. 28), and 141.01 ± 12.83 in CAR (sample No. 52) to 1785.78 ± 125.00 Bq kg−1

in GRN (sample No. 35) for 238U, 232Th, and 40K, respectively. Conceivably, the observed
variations in radioisotopes’ concentrations could be attributed to the samples’ various
origins and compositions. Evidently, most of the ceramic samples (samples No. 43 to 107)
have lower concentrations of the three radioisotopes (U-238, Th-232, and K-40) than those
of the granite samples (samples No. 1 to 42). This materializes the granite’s naturally high
level of terrestrial radioisotopes [3].
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Table 2. Mean concentrations of 238U (226Ra), 232Th, and 40K (mean value ± standard error) in the
investigated samples of the considered granite and ceramic brands, compared to their global average
values (AGVs) in building materials.

Tiling
Material

Brand ID
Sample

Size

Activity Concentration [Bq kg−1]

Ra-226 Th-232 K-40

Range Mean ± SE Range Mean ± SE Range Mean ± SE

Granite GBiHa 3 8.40–25.37 16.95 ± 4.90 11.62–86.75 37.31 ± 24.73 207.21–1260.66 598.67 ± 332.83
GBrHu 3 75.12–101.20 88.90 ± 7.56 77.66–88.53 82.05 ± 3.31 1631.50–1760.39 1695.38 ± 37.21

GIR 3 27.20–47.05 35.93 ± 5.85 44.37–52.01 46.99 ± 2.51 1124.02–1500.22 1302.47 ± 109.03
GKG 3 48.81–69.49 56.98 ± 6.35 33.32–62.66 45.38 ± 8.86 516.76–678.58 612.54 ± 49.02
GNA 4 21.65–48.85 33.49 ± 5.88 39.69–99.06 62.28 ± 13.02 827.73–1391.41 1044.82 ± 125.30

GRAD 3 40.01–55.74 46.55 ± 4.73 57.57–86.32 73.44 ± 8.43 1045.65–1068.33 1060.42 ± 7.39
GRHL 3 35.98–67.08 50.06 ± 9.10 41.40–92.11 65.34 ± 14.71 771.84–1065.73 925.86 ± 85.13
GRAS 4 21.13–67.08 48.99 ± 10.19 18.67–86.71 51.89 ± 14.15 350.61–1073.63 817.88 ± 166.70
GRSS 3 157.24–196.01 174.55 ± 11.38 122.33–140.32 131.07 ± 5.20 1139.85–1411.17 1311.92 ± 86.37
GRA 3 15.31–28.13 22.46 ± 3.78 58.88–86.32 69.42 ± 8.54 1128.03–1380.24 1267.88 ± 74.09
GRN 4 87.24–126.01 100.37 ± 8.82 42.37–116.83 82.22 ± 19.52 1346.94–1785.78 1604.53 ± 94.24
GRF 3 35.03–64.76 48.78 ± 8.65 45.05–78.71 63.70 ± 9.89 962.71–1198.79 1067.69 ± 69.39
GYG 3 24.08–41.92 33.48 ± 5.17 17.74–79.20 44.09 ± 18.28 842.65–1291.41 1039.86 ± 132.37

Ceramic CAL 7 19.65–54.90 36.77 ± 4.18 22.25–49.10 36.59 ± 3.25 268.80–580.00 447.99 ± 37.90
CAR 7 27.67–72.44 47.97 ± 5.83 39.71–85.67 58.16 ± 6.75 141.01–967.61 553.36 ± 97.53
CCL 5 33.67–50.24 41.70 ± 3.32 31.00–62.56 41.93 ± 5.51 314.01–508.89 385.20 ± 36.68
CGE 7 33.25–58.88 46.13 ± 4.10 34.57–61.48 48.98 ± 3.59 332.64–667.11 515.68 ± 43.22
CGL 6 26.41–42.62 32.37 ± 2.60 31.18–51.31 38.88 ± 2.94 318.72–480.82 404.54 ± 28.08
CLA 6 28.05–41.58 33.26 ± 2.22 34.78–48.75 41.87 ± 2.34 407.88–719.45 535.22 ± 51.80
CPH 7 20.50–44.17 35.47 ± 3.06 27.04–49.82 38.96 ± 3.45 230.25–565.65 391.33 ± 45.91
CPR 7 23.11–46.87 34.64 ± 3.19 26.84–60.17 44.59 ± 4.38 354.45–606.42 506.75 ± 31.46
CRO 6 31.46–53.77 40.73 ± 3.64 32.94–54.47 41.58 ± 3.02 222.48–467.20 366.72 ± 35.20
CVE 7 26.40–39.61 33.09 ± 1.92 26.11–39.63 32.96 ± 1.94 206.35–317.18 269.36 ± 13.15
Total 107 8.40–196.01 46.17 ± 2.81 11.62–140.32 51.65 ± 2.35 141.01–1785.78 701.62 ± 40.60

GAV (Global Average Value)
UNSCEAR [52]) — 50 — 50 — 500

  
Figure 1. U-238, Th-232 and K-40 concentrations in the investigated granites and ceramic tiles samples.

Regarding the mean values of the radioisotope concentrations inserted in Table 2 and
plotted in Figure 2, it is clear that CVE samples contain the lowest mean concentrations
of both K-40 and Th-238, with levels of 269.36 ± 13.15 and 32.96 ± 1.94 Bq/kg, respec-
tively, while GBiHa samples have the lowest mean concentration of U-238 with a level of
16.95 ± 4.90 Bq/kg. In contrast, GRSS samples appear to have the highest mean concen-
trations of both U-238 and Th-232, with levels of 174.55 ± 11.38 and 131.07 ± 5.20 Bq/kg,
respectively, whereas, GBrHu samples have the highest mean concentration of K-40, with a
level of 1695.38 ± 37.21 Bq/kg.
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Figure 2. Comparison of the average values of U-238 (Ra-226), Th-232 and K-40 in the investigated
ceramic and granites tiles to their corresponding GAVs in the building materials.

Figure 2 and Table 2 also display the mean values of the aforementioned radioisotope
concentrations in the materials under investigation against their corresponding global
average values (GAVs) in building materials as given by the UNSCEAR [52]. Notably,
the GAVs for U-238, Th-232, and K-40 in building materials are 50, 50, and 500 Bq/kg,
respectively, according to the UNSCEAR [52]. Apparently, the mean concentration of
U-238 in all granites and ceramic tiles samples herein, except for GBrHu, GKG, GRHL,
GRSS, and GRN samples, is lower than its GAV of 50 Bq/kg in building materials [52],
(Figure 2 and Table 2). Similarly, the average concentration of Th-232 in the investigated
samples, except for the GBrHu, GNA, GRAD, GRHL, GRAS, GRSS, GRA, GRN, GRF, and
CAR samples, is lower than its GAV in building materials of 50 Bq/kg [52]. However, the
average concentration of K-40 for all of the granite and ceramic brands, except for the CAL,
CCL, CGL, CPH, CRO, and CVE samples, is greater than the GAV (500 Bq/kg) of building
materials [52], (Figure 2 and Table 2).

The overall average concentrations for U-238, Th-232, and K-40 of the total samples
were observed to be 46.17 ± 2.81 (less than its GAV), 51.65 ± 2.35 (slightly above its GAV),
and 701.62 ± 40.60 Bq/kg (1.4 times greater than the GAV), respectively, as demonstrated in
Table 2 and Figure 2. Moreover, in all of the investigated brands’ samples (Figure 2), the K-
40 concentration is the greatest among the concentrations of the three studied radionuclides,
as the granites contain about 33% potash feldspar minerals [21]. Moreover, it was found that
the K-40 concentration is the largest contributor to the total concentration for all samples
(Figure 3). Both U-238 and Th-232 contribute roughly the same percentage (6%), to the
overall concentration of samples, while K-40 contributes a larger percentage (88%), as
shown in Figure 3.

Figure 3. Contributions of the three radioisotopes, 238U, 232Th, and 40K, to the studied samples’
overall concentration.
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A comparison between the radioactivity levels in the studied samples and those in
other previous relevant studies on granites and ceramics used in Egypt and other countries
is illustrated in Table 3. From Table 3, one can deduce that many of the data from the relevant
literature are comparable to our findings. This can be confirmed using the dendrogram
(Figure 4) derived from the hierarchical cluster analysis (HCA) based on the three variables
(U-238, Th-232, and K-40 concentrations). In HCA, the cluster method between-groups
linkage is used coupled with the square Euclidean distance. Accordingly, the countries in
which the studies were accomplished have been divided into homogeneous groups based
on the similarity in concentrations of the three radionuclides (U-238, Th-232, and K-40)
(Figure 4). Figure 4a shows that the Egyptian granite tiles studied herein come close to
the granites used in Bangladesh [22] and Nigeria [2] in terms of the content of the three
aforementioned radionuclides, as they were grouped into a homogeneous group. However,
they are far from those used in Pakistan [25], as illustrated in Figure 4a. Likewise, Figure 4b
exhibits that the ceramic tiles examined herein are matched to the ceramics used in Italy [23]
and Egypt [30] but are very different to those used in Poland [37], Serbia [9], and Nigeria [2]
in terms of radionuclide content.

Table 3. The radioisotopes concentrations (present study) in comparison to other similar previous
international research.

Tiling
Materials

Countries’
Names

Concentrations [Bq/kg]
References

U-238 Th-232 K-40

Granite Turkey 45.40 82.30 931.60 [1]
Saudi Arabia 54.50 43.40 677.70 [21]

Nigeria 74 100 1098 [2]
China 355.9 317.9 1636.5 [19]

Bangladesh 49.51 75.50 1122.15 [22]
Italy 81.33 129 1065 [23]
Iran 38 47 917 [18]
USA 31 61 1210 [24]

Serbia 200 77 1280 [9]
Pakistan 659 598 1218 [25]
Jordan 41.52 58.42 897 [26]
India 82 112 1908 [27]
Brazil 31 73 1648 [28]
Spain 101 48 1293 [29]
Egypt 65 60 885 [30]
Egypt 137 82 1082 [31]
Egypt 15.25 15.35 399.39 [38]
Egypt 58.46 65.76 1107.55 Current study

Ceramic Turkey 43.5 37.9 310.9 [1]
Saudi Arabia 47.18 80.70 590.2 [21]

Nigeria 85 77 877 [2]
China 172.35 135.5 351.4 [19]

Algeria 55 41 410 [32]
Italy 52 42.5 450 [23]
Iran 32 27 292 [18]

India 17.52 38.93 298.59 [33]
Malaysia 92 68 673 [34]

Serbia 67 61 828 [9]
Yemen 131.88 83.55 400.7 [35]
Jordan 33.86 28.82 411 [26]
Japan 82.7 63.9 527 [36]

Poland 50 50 963 [37]
Egypt 52 33 450 [30]
Egypt 38.23 42.54 439.33 Current study
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Figure 4. The dendrogram for comparing the Egyptian granites and ceramic tiles investigated herein
with those used in Egypt and other countries in terms of the natural radioactivity.

Evidently, in many of the investigated granite and ceramic samples, the radioisotopes’
displayed concentrations were more elevated than the GAVs (Figure 2). For instance, in
granites of “Rosa Sardo Sinai” (GRSS) samples, concentrations of uranium, thorium, and
potassium exceed their corresponding GAVs by about three times, confirming the previous
study on the granite of the Sinai area by Fares [39]. Therefore, it was crucial to assess the
likely radiological risks to peoples’ health owing to the use of these materials in buildings.

4.2. Gamma Radiation Impact Estimation

Table 4 displays some of the evaluated radiological variables for the granite and
ceramic samples under consideration. Through the estimated Req, Iγ, Din, Ein, and ELCR
(Table 4), the gamma ray hazards posed by the materials under investigation when used
as tiling in buildings can be judged. It was found that all Raeq values in the samples of
ceramic tiles fell within ranges below the threshold standard of 370 Bq/kg [44]. Similarly,
the Raeq values for all the samples of the investigated granite tiles were in ranges lower
than the criterion limitation of 370 Bq/kg, with the exception of three samples (No. 27 to
29) of GRSS and two samples (No. 33 and 35) from GRN samples. Furthermore, the mean
Raeq values varied between 100.96 Bq/kg in the CVE samples and 463 Bq/kg in the GRSS
samples, with an overall mean of 174.06 Bq/kg. Accordingly, the granites and ceramic
tiles of the different brands herein don’t constitute any considerable radiological risks for
individuals when used as tiling materials, except for the GRSS samples which may be a
cause for concern due to the mean value of Raeq going beyond 370 Bq/kg (recommended
value) (Figure 5a).
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Table 4. Ranges and mean values of the radiological parameters showing the gamma impact of the
studied granite and ceramic brands.

Tiling
Material

Brand ID
Sample

Size

Parameters Showing Gamma Impact

Raeq [Bq/kg] Iγ Din [nGy/h] Ein [mSv/y] ELCR/103

Granite GBiHa 3 (40.97–246.48)
116.39

(0.16–0.94)
0.44

(4.62–27.29)
13.00

(0.02–0.13)
0.06

(0.07–0.44)
0.21

GBrHu 3 (315.09–352.52)
336.77

(1.19–1.33)
1.27

(35.87–40.14)
38.43

(0.18–0.20)
0.19

(0.58–0.65)
0.62

GIR 3 (177.53–223.44)
203.42

(0.69–0.87)
0.79

(20.30–25.71)
23.39

(0.10–0.13)
0.11

(0.33–0.42)
0.38

GKG 3 (146.02–211.34)
169.04

(0.54–0.77)
0.62

(16.44–23.63)
19.07

(0.08–0.12)
0.09

(0.27–0.38)
0.31

GNA 4 (167.45–297.64)
202.99

(0.64–1.12)
0.77

(18.86–33.09)
22.77

(0.09–0.16)
0.11

(0.31–0.54)
0.37

GRAD 3 (208.47–261.36)
233.22

(0.79–0.97)
0.88

(23.58–29.02)
26.05

(0.12–0.14)
0.13

(0.38–0.47)
0.42

GRHL 3 (185.71–249.75)
214.78

(0.69–0.94)
0.80

(21.25–27.44)
24.04

(0.10–0.12)
0.12

(0.34–0.44)
0.39

GRAS 4 (100.68–271.20)
186.17

(0.37–1.00)
0.70

(11.62–30.18)
20.99

(0.06–0.15)
0.10

(0.19–0.49)
0.34

GRSS 3 (419.94–503.29)
463.00

(1.52–1.82)
1.67

(46.94–56.46)
51.89

(0.23–0.28)
0.25

(0.76–0.91)
0.84

GRA 3 (205.78–238.43)
219.35

(0.81–0.90)
0.84

(23.33–26.29)
24.59

(0.11–0.13)
0.12

(0.38–0.43)
0.40

GRN 4 (254.79–391.81)
341.48

(0.96–1.47)
1.28

(29.72–44.00)
38.96

(0.15–0.22)
0.19

(0.48–0.71)
0.63

GRF 3 (173.58–257.52)
222.08

(0.66–0.96)
0.84

(19.75–28.79)
25.02

(0.10–0.14)
0.12

(0.32–0.47)
0.41

GYG 3 (132.17–247.14)
176.59

(0.51–0.94)
0.68

(15.60–27.62)
20.17

(0.08–0.14)
0.10

(0.25–0.45)
0.33

Ceramic CAL 7 (72.17–169.77)
123.58

(0.27–0.62)
0.45

(8.05–19.03)
13.83

(0.04–0.09)
0.07

(0.13–0.31)
0.22

CAR 7 (117.76–269.45)
173.75

(0.43–0.99)
0.64

(12.99–29.98)
19.21

(0.06–0.15)
0.09

(0.21–0.49)
0.31

CCL 5 (102.18–177.47)
131.31

(0.37–0.65)
0.48

(11.39–19.50)
14.57

(0.06–0.1)
0.07

(0.18–0.32)
0.24

CGE 7 (108.30–190.11)
155.88

(0.39–0.69)
0.57

(12.02–21.07)
17.34

(0.06–0.1)
0.09

(0.19–0.34)
0.28

CGL 6 (101.24–153.02)
119.11

(0.37–0.56)
0.44

(11.18–16.91)
13.21

(0.05–0.08)
0.06

(0.18–0.27)
0.21

CLA 6 (114.95–166.65)
134.34

(0.42–0.62)
0.50

(12.76–18.72)
14.99

(0.06–0.09)
0.07

(0.21–0.30)
0.24

CPH 7 (76.90–151.06)
121.31

(0.28–0.56)
0.44

(8.46–16.93)
13.47

(0.04–0.08)
0.07

(0.14–0.27)
0.22

CPR 7 (100.94–176.82)
137.43

(0.38–0.65)
0.51

(11.41–19.52)
15.27

(0.06–0.10)
0.07

(0.18–0.32)
0.25

CRO 6 (100.61–167.64)
128.42

(0.36–0.61)
0.47

(11.11–18.56)
14.23

(0.05–0.09)
0.07

(0.18–0.30)
0.23

CVE 7 (80.21–120.70)
100.96

(0.29–0.44)
0.36

(8.86–13.35)
11.17

(0.04–0.07)
0.05

(0.14–0.22)
0.18

Total 107 (40.97–503.29)
174.06

(0.16–1.82)
0.65

(4.62–56.46)
19.51

(0.02–0.28)
0.10

(0.07–0.91)
0.32

Allowable Value or GAV 370 a 2 b 84 a or 70 b 0.41 a or 1 b 1.16 c

a GAV given by the UNSCEAR [3]. b GAV reported by the European Commission [46]. c GAV indicated by
Sidique et al. [41] and Qureshi et al. [53].
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Figure 5. The radiological parameters showing the gamma impact from the ceramic and granite tiles
of the brands under investigation.

According to the calculated values of Iγ (Table 4), none of the values in the samples
under investigation go beyond the exemption limit of 2. This implies that the yearly
effective gamma dose resulting from the investigated materials herein when used as
covering or superficial building materials indoors is less than 0.3 mSv/y (exemption limit
indicated by the European Commission [46]). Thus, the granites and ceramic tiles of the
brands under investigation are suitable for use without any restrictions. Furthermore, and
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by way of illustration, Figure 5b displays the estimated mean values of Iγ for the granites
and ceramic tiles where they do not go beyond their allowable limit, indicating that all of
the investigated materials do not raise any cause for concern when used in buildings.

Considering the estimated Din and Ein values for the samples under investigation
(Table 4), neither the granites nor the ceramic samples of the various brands examined
herein had Din and Ein values going beyond their corresponding worldwide average
values of 84 nGy/h and 0.41 mSv/y [3] and of 70 nGy/h and 1 mSv/y [46]. Notably, the
mean values of Din and Ein for the studied granites and ceramic tiles compared with the
corresponding global average values (GAVs) are illustrated in Figs. 5c and 5d, where they
are below the adopted limits, reflecting their safe use.

The indoor ELCR values based on Ein, as well as their mean values in the granites and
ceramics under investigation, are shown in Table 4 and plotted in Figure 5e. Evidently, all
the ELCR values are within the range of 0.07 to 0.91, with an overall mean of 0.32. Namely,
the mean ELCR values in all the brands of tiling materials are less than their corresponding
GAV of 1.16 indicated by Sidique et al. [41] and Qureshi et al. [53], as shown in Figure 5e.
Thus, in buildings where the materials under investigation are used, over a 66-year lifespan,
their residents are at a very insignificant risk of developing cancer resulting from exposure
to gamma rays emitted by these materials.

4.3. Radon Impact Assessment

The potential radon (Rn-222) risks posed by the studied materials when used as tiles in
buildings can be investigated through the estimated Iα, RX, CRn, and ERn. For the samples
of each brand, Table 5 displays ranges and averages of Iα, RX, CRn, and ERn values, while
Figure 6 compares averages of these parameters with their corresponding allowable limits.
Table 5 reveals that the Iα values oscillate between 0.04 and 0.98, with an overall mean
value of 0.23. Furthermore, no mean value of Iα for any of the brands’ samples under
investigation goes beyond the unity, as shown in Figure 6a. Thus, arguably, the materials
under consideration come under the range of the indoor radon safe exposure action level
for buildings, as indicated by the European Commission [46] and ICRP [49].

  

  

Figure 6. The radiological parameters showing the Rn impact from the studied ceramic and granite tiles.
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Table 5. Ranges and mean values of the radiological parameters showing the Rn impact of the studied
granite and ceramic brands.

Tiling
Material

Brand
ID

Sample
Size

Iα
RX

[Bq/m2 h]

Poor Ventilation Case Normal Ventilation Case

CRn [Bq/m3] ERn [mSv/y] CRn [Bq/m3] ERn [mSv/y]

Granite GBiHa 3 (0.04–0.13)
0.08

(1.12–3.38)
2.26

(20.81–62.88)
42.01

(0.53–1.59)
1.06

(4.41–13.33)
8.91

(0.11–0.34)
0.22

GBrHu 3 (0.38–0.51)
0.44

(10.02–13.50)
11.86

(186.24–250.89)
220.39

(4.70–6.33)
5.56

(39.48–53.18)
46.72

(1.00–1.34)
1.18

GIR 3 (0.14–0.24)
0.18

(3.63–6.28)
4.79

(67.43–116.65)
89.09

(1.70–2.94)
2.25

(14.29–24.73)
18.88

(0.36–0.62)
0.48

GKG 3 (0.24–0.35)
0.28

(6.51–9.27)
7.60

(121.01–172.28)
141.27

(3.05–4.35)
3.57

(25.65–36.52)
29.95

(0.65–0.92)
0.76

GNA 4 (0.11–0.24)
0.17

(2.89–6.52)
4.47

(53.67–121.11)
83.02

(1.36–3.06)
2.10

(11.38–25.67)
17.60

(0.29–0.65)
0.44

GRAD 3 (0.20–0.28)
0.23

(5.34–7.43)
6.21

(99.19–138.19)
115.39

(2.50–3.49)
2.91

(21.03–29.29)
24.46

(0.53–0.74)
0.62

GRHL 3 (0.18–0.34)
0.25

(4.80–8.95)
6.68

(89.20–166.29)
124.10

(2.25–4.20)
3.13

(18.91–35.25)
26.31

(0.48–0.89)
0.66

GRAS 4 (0.11–0.34)
0.24

(2.82–8.95)
6.53

(52.38–166.29)
121.45

(1.32–4.20)
3.07

(11.10–35.25)
25.75

(0.28–0.89)
0.65

GRSS 3 (0.79–0.98)
0.87

(20.97–26.14)
23.28

(389.83–485.94)
432.75

(9.84–12.27)
10.93

(82.63–103.01)
91.73

(2.09–2.60)
2.32

GRA 3 (0.08–0.14)
0.11

(2.04–3.75)
3.00

(37.94–69.74)
55.67

(0.96–1.76)
1.41

(8.04–14.78)
11.80

(0.20–0.37)
0.30

GRN 4 (0.44–0.63)
0.50

(11.64–16.81)
13.39

(216.28–312.40)
248.83

(5.46–7.89)
6.28

(45.85–66.22)
52.75

(1.16–1.67)
1.34

GRF 3 (0.18–0.32)
0.24

(4.67–8.64)
6.51

(86.85–160.55)
120.93

(2.19–4.05)
3.05

(18.41–34.03)
25.63

(0.46–0.86)
0.65

GYG 3 (0.12–0.21)
0.17

(3.21–5.59)
4.47

(59.69–103.91)
83.00

(1.51–2.62)
2.10

(12.65–22.03)
17.59

(0.32–0.56)
0.44

Ceramic CAL 7 (0.10–0.27)
0.18

(0.87–2.44)
1.63

(16.24–45.37)
30.38

(0.41–1.15)
0.77

(3.44–9.62)
6.44

(0.09–0.24)
0.16

CAR 7 (0.14–0.36)
0.24

(1.23–3.22)
2.13

(22.87–59.86)
39.64

(0.58–1.51)
1.00

(4.85–12.69)
8.40

(0.12–0.32)
0.21

CCL 5 (0.17–0.25)
0.21

(1.50–2.23)
1.85

(27.82–41.52)
34.46

(0.70–1.05)
0.87

(5.90–8.80)
7.30

(0.15–0.22)
0.18

CGE 7 (0.17–0.29)
0.23

(1.48–2.62)
2.05

(27.48–48.66)
38.12

(0.69–1.23)
0.96

(5.82–10.31)
8.08

(0.15–0.26)
0.20

CGL 6 (0.13–0.21)
0.16

(1.17–1.89)
1.44

(21.83–35.22)
26.75

(0.55–0.89)
0.68

(4.63–7.47)
5.67

(0.12–0.19)
0.14

CLA 6 (0.14–0.21)
0.17

(1.25–1.85)
1.48

(23.18–34.36)
27.48

(0.59–0.87)
0.69

(4.91–7.28)
5.83

(0.12–0.18)
0.15

CPH 7 (0.10–0.22)
0.18

(0.91–1.96)
1.58

(16.94–36.50)
29.31

(0.43–0.92)
0.74

(3.59–7.74)
6.21

(0.09–0.20)
0.16

CPR 7 (0.12–0.23)
0.17

(1.03–2.08)
1.54

(19.10–38.73)
28.63

(0.48–0.98)
0.72

(4.05–8.21)
6.07

(0.10–0.21)
0.15

CRO 6 (0.16–0.27)
0.20

(1.4–2.39)
1.81

(26.00–44.44)
33.66

(0.66–1.12)
0.85

(5.51–9.42)
7.13

(0.14–0.24)
0.18

CVE 7 (0.13–0.20)
0.17

(1.17–1.76)
1.47

(21.82–32.73)
27.35

(0.55–0.83)
0.69

(4.62–6.94)
5.80

(0.12–0.18)
0.15

Total 107 (0.04–0.98)
0.23

(0.87–26.14)
4.09

(16.24–485.94)
76.08

(0.41–12.27)
1.92

(3.44–103.01)
16.13

(0.09–2.60)
0.41

Allowable Value or GAV 1 a 57.6 b (100–300) c (3–10) a (100–300) c (3–10) a

a GAV reported by the ICRP [49]. b GAV declared by the UNSCEAR [3]. c GAV recommended by the WHO
(World Health Organization) [8].

Regarding the mean values of the radon exhalation rate (RX) for the samples under
investigation (Table 5 and Figure 6b), they stretch between 1.44 Bq/m2 h in the CGL samples
and 23.28 Bq/m2 h in the GRSS samples, with an overall mean value of 4.09 Bq/m2 h.
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Moreover, no mean value of RX for samples of any brand of ceramic or granite exceeds
the global average value (GAV) of 57.6 Bq/m2 h (0.016 Bq/m2 s) as declared by the
UNSCEAR [3], as shown in Figure 6b. It is therefore expected that the materials under
investigation do not constitute any health risks to dwellers.

Based on the RX values, the indoor radon concentration (CRn) was assessed from the
indirect mathematical model of a typical residence room tiled by the studied ceramics and
granites in both poor and normal ventilation cases as per Equation (9). Accordingly, for
the room model with normal ventilation, the mean values of CRn of granites and ceramics
from the different brands under investigation fluctuate between 5.67 Bq/m3 in the CGL
samples to 91.73 Bq/m3 in the GRSS samples, with an overall mean value of 16.13 Bq/m3

(Table 5 and Figure 6c). Consequently, for the normal ventilation case, none of the mean
values of CRn in the studied brands of granites and ceramic tiles, as shown in Figure 6c,
go beyond the acceptable range (100–300 Bq/m3) declared by the WHO (World Health
Organization) [8]. On the other hand, for the room model with poor ventilation, the mean
values of the CRn of granites and ceramics from the brands under examination oscillate
between 26.75 Bq/m3 in the CGL samples and 432.75 Bq/m3 in the GRSS samples, with an
overall mean value of 76.08 Bq/m3 (Table 5 and Figure 6c). Thus, for the poor ventilation
case, none of the mean values of CRn in the studied brands of ceramics and granites, as
shown in Figure 6c, exceed the acceptable range (100–300 Bq/m3) declared by the WHO [8],
except for GRSS which as a result is not recommended for poorly ventilated buildings.

Regarding the yearly effective dose rate (ERn) due to radon concentration (Table 5
and Figure 6d), the mean values span a range from 0.14 mSv/y in the CGL samples to
2.32 mSv/y in the GRSS samples, with an overall mean value of 0.41 mSv/y in the case
of normal ventilation. Moreover, all of these values fluctuated below the acceptable range
of 3–10 mSv/y documented by ICRP [49], (Figure 6d). On the other hand, for the poor
ventilation case, the mean values of ERn for the granites and ceramics from the different
brands under investigation stretch between 0.68 mSv/y in the CGL samples to 10.93 mSv/y
in the GRSS samples, with an overall mean value of 1.92 mSv/y. Furthermore, as shown in
Figure 6d for poor ventilation, the granite from the brand GRSS is the only one that has a
mean value of CRn going beyond the recommended range of 3–10 mSv/y [49]. Therefore, it
is not recommended for poorly ventilated rooms.

The hierarchical cluster analysis (HCA) coupled with the Pearson correlation method
was performed to effectively prove the relationship among all considered radiological
variables. The dendrogram obtained from the HCA shows the relationship between the
radionuclide concentrations and the relevant radiological parameters (Figure 7). Depend-
ing on the similarities in existence, all considered variables are gathered into two principal
clusters. Cluster I comprised U-238 and Th-232 concentrations as well as all radiologi-
cal parameters with a highly similar correlation (Figure 7). This reflects that the slight
radioactivity level arising in both of the examined granites or ceramic tiles is ascribable
to U-238 and Th-232 concentrations. On the other hand, cluster II is only comprised K-40,
reflecting the weak relationship of K-40 with the radiological parameters, i.e., despite the
high concentration of K-40 in the examined granites and ceramic tiles, K-40 contributes
very little to the radioactivity level.
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Figure 7. The dendrogram for exhibiting the relationship among the studied radiological variables of
the granites and ceramic tiles under consideration.

5. Conclusions

A radiological evaluation for 23 well-known brands of Egyptian commercial gran-
ites and ceramic tile samples was performed for hazard and dose estimations. A total
of 107 samples representative of the materials under investigation were analyzed using
a HPGe detector. The terrestrial radionuclides (U-238 (Ra-226), Th-232, and K-40) con-
centrations in the investigated samples together with their radiological indices (Raeq, Iγ,
Din, Ein, ELCR, Iα, CRn, ERn) were determined. It was found that the concentrations of
the aforementioned radioisotopes were higher in most of the granite samples than in the
ceramic samples. Furthermore, the concentration values of the terrestrial radionuclides
indicated significant differences in the granite and ceramic tile samples collected from the
different brands. This is significant in differentiating between the considered brands. K-40
concentration was found to be the biggest contributor to the total concentration for all sam-
ples, followed by Th-232 and U-238. Generally, the terrestrial radioisotope concentrations
in the materials under investigation are comparable to many of those from the relevant
literature and come within the worldwide range. Although the average concentration
values for K-40 and Th-232 were higher than their GAVs, the obtained results for the
majority of the radiological parameters showed that the studied granites and ceramic tiles
are safe to use indoors except “Rosa Sardo Sinai” granite (GRSS). The GRSS samples go
beyond the recommended values in terms of their high radium equivalent (Raeq) mean
values, and indoor radon concentration (CRn), as well as their associated yearly effective
dose rate (ERn) in poorly ventilated buildings, which may be a cause for concern. Therefore,
it is not recommended for poorly ventilated buildings. In line with the HCA conducted
herein, it reflects the weak relationship of K-40 with all different radiological parameters
without exception. In other words, the insignificant risk levels originating from the use of
the concerned granites and ceramic tiles are principally due to Th-232 and U-238, with only
a weak contribution of K-40.

Our data herein are important for two reasons: firstly, they may raise awareness among
the general population of the natural radioactivity of the materials under investigation, and
secondly, they are required for developing the standards, rules, and management of tiling
materials used in Egypt and in any other country to which such materials are exported.
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Abstract: In this study, both radiation shielding capability and optical properties of prepared SiO2-
ZnO-Na2CO3-H3BO3-BaCO3 glass composite with different concentrations of barium carbonate
(0–30 mol%) have been studied. Gamma attenuation properties, such as the mass attenuation
coefficient (MAC), mean free path (MFP), and exposure build-up factor (EBF), are experimentally
and theoretically investigated. The detected XRD patterns for the prepared glass composites confirm
their amorphous nature. It is evident from the obtained data that all tested parameters, such as
mass density, molar volume, refractive index, dielectric constant, refraction loss (%), and molar
refraction, have been increased as BaCO3 mol% increased. At the same time, the results of the optical
bandgap show a gradual decrease with increasing barium concentration. It was also found that the
mass attenuation coefficients increased with BaCO3 concentration from 0.078 at zero mol% BaCO3

to 0.083 cm2/g at 30 mol%. Moreover, the half-value layer (HVL) and the exposure build-up factor
(EBF) up to 40 mfp penetration depth were investigated in addition to the effective atomic number
(Zeff) and the corresponding equivalent atomic number (Zeq) at the energy range of 0.015–15 MeV.
The produced glass composite might be considered for many shielding applications based on the
obtained results that require a transparent shielding material.

Keywords: mass attenuation coefficient; effective atomic number; build-up factor; borosilicate glass;
radiation shielding

1. Introduction

Shielding materials have a significant role in radiation protection during the wide
medical use of radioactive isotopes and X-ray machines and in many industrial applica-
tions, such as petroleum and gas extraction [1]. The shielding of ionizing radiation has
significantly changed over the last 60 years. As a result of these ongoing developments
in anti-ionizing radiation technology, the significance of composite materials for radia-
tion shielding has been acknowledged. In shielding applications, composite materials are
desirable because secondary radiation must be considered in radiation shielding design.
Therefore, a functional shield’s composition must be such that it can efficiently absorb both
primary and secondary radiation rays. In addition to their ability to absorb all primary and
likely secondary radiation, other properties might restrict the use of particular materials
for radiation shielding, such as space, cost, mechanical strength, chemical stability, and
thermal stability.

There is a continuing need for new materials to be employed as shielding materials
under testing nuclear radiation exposure circumstances [2–5]. The most often utilized
protective material so far is concrete [5–10], which is cement mixed with various additives,
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such as cellulosic waste [11,12], bitumen [13,14], glass [15], polymers [16–18], nanomateri-
als [19,20], and cement wastes [21,22]. However, the trouble in accomplishing homogeneity,
the presence of water and the need for transparency of the shield have persuaded scientists
to use glass rather than concrete [23–27]. Borate glasses are used for their exceptionally
high transparency, low melting point, and thermal stability. The role of glass additives is
different depending on the kind of the enhancement property. Adding sodium carbonate
(Na2CO3) to the borate glass improves its glass nature characterizations by changing the
coordination of the boron coordination group [19], while zinc oxide (ZnO) is added to
borate glass to boost its thermal stability, reduce crystallization, and enhance the glass
matrix’s chemical resistance [28–32]. Heavy elements, such as lead, barium, bismuth, and
tungsten are used to increase the borate glass density, which in turn greatly enhancing
their radiation-shielding abilities [5,27,33,34]. Borated glasses doped with lead and other
specific elements to enhance their densities and radiation attenuation characteristics are
successfully produced [32,35–37]. Borosilicate glasses have further advantages, such as
chemical durability, better heat stability, extremely low thermal expansion coefficients, and
high capacities for substantial visible light transmission [38–41].

Due to its high atomic number and good attenuation coefficient, barium-based glasses
have a very promising gamma radiation attenuation coefficient. Several borosilicate glass
systems were tested as gamma-ray shielding materials doped with different metal oxides,
such as PbO, BaO, Bi2O3, BaO, TiO2, and SrO at different concentrations, showed better
shielding efficiencies compared with those previously used in the industry [26,27,42–46].
Adding iron (III) oxide to sodium-barium-vanadate glass has an impact on its physical,
optical, mechanical, and radiation absorption features where significant effect on the inter-
action parameters of thermal neutrons and gamma radiation absorption are observed [47].
The prepared titanium borosilicate glass modified with various ratios of barium oxide
showed that adding barium increased the attenuation parameters and enhanced the dura-
bility of the prepared sample [48]. The density of sodium zinc borate glasses doped with
dysprosium and barium oxide was observed to increase from 2.30 to 4.02 g/cm3, and the
glass’s hygroscopic property considerably decreased with the addition of barium [49]. The
addition of BaO to zinc barium tellurite glasses enhances its polarization by increasing the
bond length, hence the glass network expansion resulting in volume.

The current work aims to prepare and investigate highly transparent, lead-free barium
borosilicate glass composite to be used for gamma shielding applications.

2. Materials and Methods

The glass composite of 10 Na2CO3 − 20 SiO2 − 10 ZnO − (60 − x) H3BO3 − x BaCO3
(where x = 0, 5, 10, 20, and 30 mol%) was fabricated using the conventional fast melt-
quenching technique. High purity grade powders of Na2CO3, SiO2, ZnO, H3BO3, and
BaCO3 were utilized as a starting material, as shown in Table 1. The compositions were
mashed in an agate mortar and melted at 1100 ◦C for one hour in a porcelain crucible and
twirled a lot until a homogenous bubble-free liquid was formed. The melts were poured
into preheated stainless-steel molds and annealed at ∼400 ◦C for 4 h to reduce the cracking
and thermal stresses of the samples and then left to cool to room temperature. The photos
of the obtained samples before polishing are shown in Figure 1. The samples were then
manually polished to obtain maximum flatness.

Table 1. Samples compositions (mol%).

Sample Na2CO3 SiO2 ZnO H3BO3 BaCO3

S0 10 20 10 60 0
S1 10 20 10 55 5
S2 10 20 10 50 10
S3 10 20 10 40 20
S4 10 20 10 30 30
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Figure 1. Photos of the prepared samples.

X-ray diffraction (XRD) was accomplished for the prepared glass powders by utiliz-
ing a Philips X’pert Pro X-ray powder diffractometer (Malvern Panalytical, Almelo, The
Netherlands) at room temperature. The X-ray diffraction patterns were analyzed in 2θ scan
from 10◦ to 90◦ with CuKα as a target and Ni as a filter (λ = 1.5418 Å) at 40 KV and 30 mA
with a speed of scanning reaching to 0.3 s.

Fourier transformation of the infrared absorption spectra (FTIR) of the produced
samples were measured in the spectral region 400–4000 cm−1 using a JASCOFT-IR6200
spectrometer with the KBr pellet method.

The densities of the prepared glass specimens were measured at room temperature by
a simple Archimedes technique that utilizes xylene as a submerged liquid according to the
following formula [50]:

ρ =
Wa

Wa − Wb
ρb (1)

where Wa is the sample’s weight in air, Wb represents its weight in xylene, and ρb is xylene’s
density (ρb = 0.863 g/cm3). Using the results of the mass density, the molar volume of the
glasses can be calculated according to the following formula [51]:

Vm = MW/ρ (2)

where MW is the molecular weight, and ρ is the glass sample density. Subsequently, the
refractive index of the prepared samples can be calculated by the following relation [39,51]:

n =

(
ρ+ 10.4

8.6

)
(3)

Other features depending on the refractive index can be acquired, such as the dielectric
constant, which can be calculated according to the following formula [52]:

ε = n2 (4)

Additionally, the reflection loss (R) has been calculated by using the following Fresnel’s
formula [53]:

R =

(
n − 1
n + 1

)2
(5)

The ratio of molar volume to molar refractivity (RM), which is acquired and calculated
via the following equation [52], is another structural correlation that can be used to forecast
glass propensity that would be metallic or insulating.

RM = Vm

(
n2 − 1
n2 + 2

)
(6)

A recording double beam UV-VIS spectrophotometer (type JASCO Crop., V-770, Japan)
encompassing the wavelength range from 200 to 1100 nm was used to evaluate the optical
absorption spectra of the polished samples. The absorption coefficient and optical bandgap
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of the samples were determined according to the optical absorption data. The optical
absorption coefficient α (ν) was calculated utilizing the following equation [52]:

α(ν) = 2.303A/d (7)

where A is the absorbance, and d is the thickness of the glass sample. Then, the optical
bandgap (Eopt) is determined through the well-known relation [54]:

α(ν) = B

(
hν− Eopt

)n

hν
(8)

where hν is the incident photon energy, and B is a constant relating to the band tailing’s extent.
For direct allowed, indirect allowed, direct forbidden, and indirect forbidden transi-

tions, respectively, the index n has the values 1/2, 2, 3/2, and 3. Since there is no transition
symmetry in the case of indirect transitions, the electron’s wave vector might change during
the optical transition, and phonons will either take or give up the momentum shift. [55].
In the above-mentioned case, (αhν)0.5 renders a linear relation with the photon energy.
Extrapolating of the linear part of the overhead relation shows the optical bandgap Eopt
where (αhν)0.5 = 0 in case of indirect transition.

A NaI (Tl) scintillation detector (Teledyne Isotopes “2 × 2” NaI (Tl) Scintillation Detec-
tor, AL, USA) with an energy resolution of 8% at 662 keV was used to test the gamma-ray
shielding properties of the set glass samples. The generated glass samples were measured
at four distinct gamma energies under the correct geometrical constraints: 0.662 MeV from a
Cs-137-point source, 0.239 MeV, 0.911 MeV from a 232 Th point source, and 1.332 MeV from
a Co-60-point source. All these sources are provided by a spectrum techniques company.
The investigated samples were polished and formed to have cylindrical shape of about
2 cm diameter and 1 cm thickness. During the measurements of the gamma attenuation
coefficients, the sample was in contact with the point source, and the distance between the
source and the detector was fixed at about 10 cm.

3. Theoretical Background

Modified Lambert-Beer law was utilized for the calculation of the linear attenuation
coefficients as follows [23]:

I = I0 × B × e−μx (9)

where I0 and I are the initial and transmitted photon intensities, respectively, μ is a linear
attenuation coefficient (cm−1), and B (E, x) is the build-up factor depending on the thickness
x (cm) of the used material and the energy E of the incident photon. The mass attenuation
coefficient (μm) can be determined utilizing the measured linear attenuation coefficient and
the mass density (ρ) values by the following relationship [36]:

μm =
μ

ρ
(10)

The following formula can be used to determine μm for a compound or mixture [54]:

μm = ∑i wi(μm)i (11)

where (μm)i is the mass attenuation coefficient of the examined mixture’s ith element and
wi stands for its weight percentage. The half-value layer (HVL) of the prepared glasses can
be calculated by the following formula [53,56]:

HVL =
0.693
μ

(12)

where μ is the material’s linear attenuation coefficient, which obviously relies on the
material’s type, mass density, and beam energy.
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The National Institute of Standard and Technology (NIST) created a photon cross-
sections database called XCOM that contains the attenuation coefficients of all elements in
the periodic table at various energies in order to calculate the values of the mass attenuation
coefficients for the glass samples over a broad range of energies from 0.015 to 15 MeV [57].
The following equation was used to compute the mean free path (MFP) values using the
linear attenuation coefficient [58]:

MFP =
1
μ

(13)

The effective atomic number of a material (Zeff) is defined as the ratio of an object’s
electronic cross-section (σa) to its effective atomic cross-section (σe). For the produced glass
samples, the following relationship may be used to estimate the values of Zeff based on the
obtained data of μm [33]:

Zeff =
σa

σe
=

∑i fiAi(μm)i

∑i fi
Ai
Zi
(μm)i

(14)

where Ai is the atomic weight, Zi is the atomic number, (μm)i is the mass attenuation coef-
ficient for the ith element, and fi represents ith element fractional abundance concerning
the number of atoms. To calculate the build-up factor, we must first obtain the Compton
partial attenuation coefficient ((μm)comp) and total attenuation coefficient ((μm)total) values
for the constituent elements and compounds of the examined glass samples in the energy
range of 0.015–15.0 MeV. The values of the equivalent atomic number (Zeq) for the pro-
duced glass samples may then be computed by comparing the ratio (μm)comp/(μm)total at a
certain energy with comparable ratios of elements at the same energy. The interpolation of
the equivalent atomic number was determined using the following logarithmic interpola-
tion algorithm [59] where the ratio (μm)comp/(μm)total lies between two subsequent ratios
of elements:

Zeq =
Z1(log R2 − log R) + Z2(log R − log R1)

log R2 − log R1
(15)

where the atomic numbers of the pure elements corresponding to the ratios R1 and R2 are
Z1 and Z2, respectively, and R is the ratio for studied glass samples at certain energy [60].
Using the general progressive (G-P) interpolation in the energy range of 0.015–15 MeV
up to 40 mfp, the exposure build-up factors EBF were calculated for the prepared above-
mentioned glass samples utilizing the following equations as mentioned in Harima et al.
(1993) [6,61,62]:

B(E, X) = 1 +
b − 1
K − 1

(Kx − 1) for K �= 1 (16)

B(E, X) = 1 + (b − 1)X for K = 1 (17)

K(E, X) = cXa + d
tanh

(
X

XK
− 2

)
− tan h(−2)

1 − tan h(−2)
(18)

where E is the photon energy, X is the separation between the detector and the source
as a function of MFP, B is the EBF value at 1 MFP, K (E, X) is the dosage multiplicative
factor, and b, c, a, XK and d are the calculated G-P fitting parameters that rely on the
attenuating medium and source energy. The prepared glasses’ b, c, a, XK and d G-P fitting
parameters can be interpolated logarithmically using the following equation-like method
for the 0.015–15 MeV gamma-ray energy range up to 40 mfp [63,64].

P =
P1

(
loglog Z2 − loglog Zeq

)
+ P2

(
loglog Zeq − loglog Z1

)
loglog Z2 − loglog Z1

(19)

P1 and P2 are the values of the G-P fitting parameters that correspond to the Z1 and
Z2 atomic numbers at the specified energy, respectively. The American Nuclear Society’s
study criteria for G-P fit for the elements were used [65].
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4. Results and Discussion

4.1. XRD Analysis and FTIR

The XRD patterns for the prepared glass samples were obtained and are shown in
Figure 2. The absence of sharp peaks in the XRD results demonstrates that the prepared
specimens have an amorphous nature. The two humps seen at 2θ◦ equal 25◦ and 45◦ for
each sample and serve as a strong piece of evidence for the constructive interferences at
variance of two and the aggregation of atoms in the glass matrix in two separate ways. A
typical peak for borosilicate matrices was previously seen in several publications [45,66,67].

Figure 2. Patterns of X-ray diffraction for ZnO borosilicate glasses doped with BaCO3.

The FTIR transmission spectra of ZnO borosilicate glasses doped with different concen-
trations of BaCO3 are shown in Figure 3. Table 2 displays the results of the FTIR absorption
bands and the associated vibrational modes.

Four distinct bands can be found in the observed data. The band located between 800
and 1200 cm−1 represented the BO4 structural units. Two more bands were visible in the
range of 600 and 800 cm−1 and 1200 to 1600 cm−1 and were returned to BO3 structural
units. Finally, the band of metal ion vibrations was observed at 400 to 600 cm−1. The
stretching relaxation modes of B–O bonds of trigonal BO3 band centered at 1364 cm−1 is
observed with a small shoulder edge around 1260 cm−1 [68]. While the strong broad band
from 1176–755 cm−1 centered at 955 cm−1 are attributed to asymmetric stretching of B–O
bonds of tetrahedral BO4 units. The higher intensity observed may be due to the formation
of Si–O–Si and B–O–Si bonds, which contribute vibrational modes at the BO4 band [70–72].
A moderate band centered around 700 cm−1 may be due to bending vibrations of B–O–B
of linkages in a borate network [73,74]. The band centered at 440 cm−1 and the shoulder
noticed at 500 cm−1 may be attributed to vibrational modes of all metal cations Ba+2 and
Zn+2 [75–77]. It is noticed that the increase in the BaCO3 mol% in the composite shifts the
bands to a lower wavenumber, which denotes a reduction in the BO3 group and formation
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of the BO4 in the glass structure. As a result, an increase in non-bridging oxygens (NBO)
and a decrease in the degree of localization of electrons are produced.

Figure 3. FTIR for ZnO borosilicate glasses doped with BaCO3.

Table 2. The assigned infrared bands to the produced glass samples’ spectra.

Peak Position (cm−1) Assignment Reference Range

1364 Stretching relaxation of B–O
bonds of trigonal BO3 units 1170−1600 [68,69]

950 Stretching vibrations of B–O–Si
linkages 950−1050 [70,71]

926 Stretching vibrations of B–O
bonds of tetrahedral BO4 units. 800–1200 [43,71,72]

705 B–O–B vibrations of linkages in a
borate network ~700 [73,74]

451 Vibrations of the metal cations
Ba+2 and Zn+2 400−600 [75,77]

4.2. Density and Molar Volume

Figure 4 displays the mass densities and molar volumes of the produced glasses. Both
the density and the molar volume show an equivalent trend increase with increasing the
BaCO3 mol% in the composites. By increasing the BaCO3 mol% in the composite, the
structure becomes more compact. The larger molecular weight of BaCO3 relative to the
other elements may have contributed to the rise in density. On the contrary, the increases in
molar volume may be related to the creation of non-bridging oxygen ions (NBOs), which
tend to increase the randomizer in the network and convert triangular (BO3) structure units
into tetrahedral (BO4) structure units [46,78].
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Figure 4. Density and molar volume for ZnO borosilicate glasses doped with BaCO3.

4.3. Optical Absorption Spectra

A powerful technique used to express the optical transitions and electronic band
configuration of the amorphous materials is the absorption edge in the region of UV-
Vis. Therefore, the optical absorption spectra for set glass samples are shown in Figure 5.
The consistency of each sample has been kept as small as possible to evade the inherent
absorbance resulted from the long optical path length.

Figure 5. Absorbance versus wavelength for ZnO borosilicate glasses as a function of BaCO3 mol%.
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The linear relation between (αhν)0.5 and the photon energy is shown in Figure 6.
Extrapolating of the linear part of the overhead relation shows the optical bandgap Eopt
energies of 3.55, 3.42, 3.29, 3.21, and 3.13 eV. The values of optical bandgap performance
show a gradual decrease with increasing barium concentration. The observed decrease in
bandgap with improved BaCO3 mole% concentration could be attributable to potential
flaws in the glass network as non-bridging oxygen (NBO) ranges rise. It also indicates
the formation of new localized states formed between the valence and conductive bands.
Finally, because of the usage of BaCO3 rather than boron oxide, the glass matrix is densified,
which is well compatible with the resulting density and changes in the optical bandgap.

Figure 6. Optical bandgap for ZnO borosilicate glasses as a function of BaCO3 mol%.

The received data of the refractive index and its related parameters are summarized in
Table 3. It is evident from the obtained data that all these parameters have the same trend.
With increasing BaCO3 mol%, the parameters grew linearly. All estimated parameters
confirm the role of barium oxide in the glass network. It has been observed that the
refractive index increases as the BaCO3 mol% increases inside the structure grow. The
compactness that rises in the glass samples can be linked to this boom in the refractive index.

4.4. Mass Attenuation Coefficient

Table 4 compares the values of the mass attenuation coefficient (μm) that were derived
theoretically and experimentally. It has been established that there is a close correlation
between experimental and theoretical values. Figure 7 displays the fluctuation of m for
the produced glass samples with photon energies ranging from 0.015 to 15 MeV. The
obtained values of μm significantly boost the growth in BaCO3 concentration at the same
photon energy while mimicking the chemical composition and photon energy. Based on
the interaction of gamma radiation with the examined material, it is possible to explain the
inverse relationship between m and the rise in energy for all samples. The photoelectric
effect is the most common interaction at low photon energies (E), with an interaction
probability proportional to E−3.5. While Compton scattering is the dominant interaction at
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intermediate energies, its probability of interaction is proportional to E−1. Pair production
is most prevalent at very high photon energies over 1.022 MeV, where the chance of contact
is proportional to E2. The little variation in the mass density of the prepared glass samples
with an increase in BaCO3 concentration from 0 to 30 mol% is what causes the Compton
mass attenuation fraction to remain constant. As a result, the mass attenuation coefficient
of the produced glass samples has been significantly increased in low-energy areas where
x-ray shielding applications are advantageous. The K-absorption edge of barium is what
causes the observed peak at around 0.04 MeV (0.037 MeV).

Table 3. Physical parameters of the prepared glass system.

Physical Parameter
BaCO3 mol%

0 5 10 20 30

Density (g/cm3) 3.11 3.21 3.37 3.53 3.68
Molar volume (cm3 mol−1) 33.69 33.77 33.91 33.96 34.52

Refractive index 1.57 1.58 1.59 1.61 1.63
Dielectric constant 2.46 2.5 2.54 2.62 2.68
Refraction loss (%) 0.049 0.050 0.052 0.055 0.058

Molar refraction (cm3) 11.07 11.29 11.51 11.91 12.39
The optical bandgap (eV) 3.55 3.42 3.29 3.21 3.13

Table 4. The mass attenuation coefficients (cm2/g) of the created glass samples, both theoretically
and experimentally.

BaCO3

(mol%)

0.662 MeV 1.173 MeV 1.332 MeV

Exp. Theo. % Diff, Exp. Theo. % Diff Exp. Theo. % Diff

0 0.078 ± 0.006 0.078 0.0 0.056 ± 0.006 0.059 5.4 0.055 ± 0.003 0.056 1.8
5 0.078 ± 0.006 0.078 0.0 0.059 ± 0.004 0.059 0.0 0.054 ± 0.002 0.055 1.9
10 0.078 ± 0.006 0.078 0.0 0.049 ± 0.004 0.058 17 0.056 ± 0.003 0.054 3.6
20 0.079 ± 0.006 0.078 1.3 0.054 ± 0.004 0.057 5.6 0.054 ± 0.002 0.053 1.9
30 0.083 ± 0.005 0.078 6.0 0.051 ± 0.004 0.056 7.8 0.054 ± 0.002 0.053 1.9

Figure 7. Mass attenuation coefficients of 10 Na2CO3 − 20 SiO2 − 10 ZnO−(60 − x) H3BO3 − x
BaCO3 glass system in the energy ranges from 0.015–15 MeV and x = 0, 5, 10, 20, 30.
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4.5. Half Value Layer (VL) and Effective Atomic Number (Zeff)

Figure 8 depicts the fluctuation in the produced glass composite’s effective atomic
number (Zeff) at energies between 0.015 and 15 MeV and at various concentrations of
BaCO3. The observed increase in the Zeff with the increase in the barium concentration
can be attributed to the higher atomic number for barium compared with boron (barium is
added on the expense of boron) while the change in Zeff of the prepared glass composite in
the investigated energy range 0.015–15 MeV can be explained based on the probability of
gamma radiation interaction at each energy photon. At low energy range, photoelectric
reaction dominates, with the probability proportional to Z4. As the incident photon energy
increases, photo electric interaction probability will decrease, and therefore, Zeff will also
decrease. At the intermediate energy range, Compton interaction dominates, with the
probability proportional to Z. As the incident photon energy increases, Compton interaction
probability will decrease (Compton interaction probability proportional with E−1), and
therefore, Zeff will also decrease. At the higher energy range, more than 1.022 MeV pair
production interaction dominates, with the probability proportional to Z2. As the incident
photon energy increases, pair production interaction probability will increase, and therefore,
Zeff will also increase [79]. At about 0.04 MeV, the ultimate Zeff value was detected in all
the prepared glass samples. As discussed in the attenuation curve, maximum absorption
occurred at the K-absorption edge of barium at about 0.037 MeV.

0.01 0.1 1 10

10

100

Z
ef

f

E (MeV)

 0.0 mol% BaCO
3

 5.0 mol% BaCO
3

 10 mol% BaCO
3

 20 mol% BaCO
3

 30 mol% BaCO
3

Figure 8. Zeff results of 10 Na2CO3 − 20 SiO2 − 10 ZnO − (60 − x) H3BO3 − x BaCO3 glass system.

The results of the calculated values of the half value layer (HVL) at the same energy
range 0.015–15 MeV are shown in Figure 9. The discussion of these results is the same as
mentioned in the case of the mass attenuation coefficients.

4.6. The Exposure Build-Up Factor (EBF)

As shown in Figure 10, the exposure build-up factor (EBF) values for the prepared
glass samples (S0–S4) were calculated using the geometrical progression (G-P) method with
depth penetration of up to 40 mfp and photon energies of up to 15 MeV. The picture also
demonstrates that, according to the photoelectric effect interaction mechanism, the EBF
values of the produced glass samples are negligible at low photon energies. Additionally,
within the intermediate energy range when numerous scatterings about the Compton
interactions has happened, the samples’ EBF significances rise with the energy of the
photons. The calculated EBF values for the pair formation process increase at high photon
energies. Additionally, strong peaks can be seen at 0.04 MeV in Figure 8 due to the K-
absorption edge of barium (0.037 MeV).
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Figure 9. HVL results of 10 Na2CO3 − 20 SiO2 − 10 ZnO − (60 − x) H3BO3 − x BaCO3 glass system.
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Figure 10. EBF of the produced borosilicate glass composite at 0.015 to 15 MeV up to 40 mfp photon
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5. Conclusions

The glass composites 10 Na2CO3 − 20 SiO2 − 10 ZnO − (60 − x) H3BO3 − x BaCO3
in the current study have been made using the traditional melting procedure, where x = 0,
5, 10, 20, 30. The parameters for structural, optical, and gamma attenuation are established.
With the addition of BaCO3, the molar volume and mass density measurements revealed
an improvement in compactness. Different vibrational bonding modes, including B–O,
B–O–B, and B–O–Si, were seen in the produced glasses according to the FTIR data. The
effective atomic number (Zeff), mass attenuation coefficients (MAC), and exposure build-up
factors (EBF) of the previously described prepared glass samples were computed at various
photon energies between 0.015 and 15 MeV. The findings attained may recommend the
manufactured glasses for applications requiring transparent shielding.
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Abstract: Nuclear power and modern agriculture are two crucial sectors for sustainable development
in the United Arab Emirates (UAE). As these industries mature rapidly in the country, their long-term
inter-compatibility needs monitoring with local data on transfer of radionuclides from arid sandy
soils to farm products. Date palms, main crop from the Arabian Peninsula, remain largely unstudied
for radioecological impact assessments. This paper reports the first measurement of soil to UAE
date palms concentration ratios for natural radionuclides. Representative samples of soils, fruits,
and leaves from seven palms in Abu Dhabi have been studied using gamma-spectrometry. Average
activity concentrations in the soils are around 278.9 Bq kg−1 for 40K, 15.5 Bq kg−1 for 238U, and
8.3 Bq kg−1 for 232Th. The latter two decay chains, in the plant samples, are close to detection limits,
signifying their lower levels in the UAE flora and the need for upgrading analytical techniques.
The geometric means of soil to fruit concentration ratios are 1.12 for 40K, but negligibly low for the
others—approximately 0.08 for 238U and 0.17 for 232Th chains. The respective ratios for the leaves
are approximately 0.13, 0.36, and 0.77. Personal radiation doses due to soils and dates are very low,
posing no danger to the public.

Keywords: radioecology; nuclear power; soil radioactivity; plant sciences; agricultural sustainability;
energy studies; arid land; impact assessment; NORM; potassium; middle east

1. Introduction

1.1. Radioecology vis-à-vis Nuclear Power in the Arabian Peninsula

In wake of the increasing energy demands in the Arab countries, nuclear power
programs are being accelerated in the region, towards a more sustainable future energy
mix [1]. Legacy and future nuclear activities are known to put risks of trace radioactivity
releases in the environments [2]. The so-released radionuclides may undergo a complex,
long-term transport to human food, via wind, rain, waterbodies, soil, plants, animals,
etc., as studied under a collective science called radioecology. It is critical to conduct
thorough radiological impact assessments (RIA) [3] and to develop nuclear emergency-
preparedness systems, for combatting adverse bioecological impacts of such a transfer
chain. To that end, at Emirates Nuclear Technology Center (ENTC), we are undertaking
baseline radioecological studies in the United Arab Emirates (UAE). A particularly novel
challenge is present in the UAE’s modern agriculture sector, which is simultaneously
progressing to address the food self-sufficiency concerns of the Arab nations [4].

In agricultural farms, radionuclides deposited on the soil are absorbed by plants
through their roots [2]. This transfer process is termed as root uptake and is characterized by
the radionuclide activity concentrations (AC, units: Bq kg−1) in plant parts and rhizosphere
soils, as well as their relative value, i.e., the plant:soil concentration ratio (CR). The AC
and CR parameters are important inputs for computational prediction of the radioisotope

Sustainability 2022, 14, 11327. https://doi.org/10.3390/su141811327 https://www.mdpi.com/journal/sustainability73



Sustainability 2022, 14, 11327

phytoextraction efficiencies following a radioactivity release scenario. Such a calculation
assists in predicting cumulative doses to the humans and biota, and furthermore, in
optimizing the immediate and long-term mitigation solutions. It also supports the future
land decontamination and waste management efforts using phytoremediation. In this
regard, the soil–plant bio-transfer kinetics of native plants is crucial to investigate further,
but remains severely understudied for arid lands [5,6].

Arid region radioecology (ARRE) is a developing subject to gather more radionuclide
transfer factor (TF) data, such as CR, specific to crops, climates, and practices prevalent in
arid nations, which are substantially different from temperate regions [7]. It attends to the
less explored features [6], such as the physiochemistry of sandy soils, bio-saline growth
media, perennial crops such as date palms, heavy irrigation, large usage of chemicals,
etc. ARRE not only supports the Arab nations, but also the drylands globally, covering
around half of the earth’s territory. Moreover, it equips us for better decision-making under
changing climatic conditions, which may push many more regions towards aridity in the
years to come. The ARRE knowledge will help establish the long-term inter-compatibility
of nuclear power and modern agriculture, advocate safety of the nuclear operations and
waste management plans to the experts and the public, and finally, support the wider
adoption of nuclear electricity for sustainable development.

1.2. Soil and Date Palm Studies in the UAE

Having made substantial progress in nuclear energy through the Barakah Nuclear
Power Plant (BNPP) [8], as well as arid agriculture, the UAE serves as a great platform for
radioecological activities. Presently, the focus sources of environmental radionuclides in the
UAE are naturally occurring radioactive materials (NORM) from fossil fuel industries, and
artificial radionuclides (ARN) from the global fallout (mainly 137Cs) [9]. For emergency-
preparedness, academic consideration of reactor emissions is also warranted in future
activities, especially radionuclides such as 134,137Cs, 89,90Sr, 58,60Co, 131I, etc.

In the UAE’s agriculture, date palms (Phoenix dactylifera L.) make the main crop,
topmost exported entity, and most traditional food. Native date palms are systematically
propagated for sustainable land and biodiversity managements. Palm cultivars occupy
more than 390 km2 of land, amounting to an annual produce of approximately 340 kton,
valued at USD 500–800 million [10]. With about 40 million trees of over 100 gene-varieties,
the UAE’s dates constitute 12% of the world’s total supply [11]. Besides the fruits, its leaves,
pits, wood, and other parts are also used for consumer products [12]. So, we have identified
the root uptake CR and bioaccumulation of natural radionuclides from soil to the date
palms as an important baseline data to measure in the UAE [6].

Past studies on the UAE soils report approximately mean activity concentrations of the
key NORMs; of 238U as 17.8 Bq kg−1, of 232Th as 5.2 Bq kg−1, and of 40K as 182 Bq kg−1 [9].
Limited measurements of the date fruits from the UAE’s commercial producers have
concluded low activities of NORMs, with mean values ~0.66 Bq kg−1 for 226Ra (238U
series), ~0.15 Bq kg−1 for 228Ra (232Th series), and 277 Bq kg−1 for 40K [9,13,14]. However,
plant:soil CR estimates of any kind are practically absent from the UAE’s literature. For
the date palms, CR values are scarce even from the worldwide literature, except for a few
cases [15,16].

1.3. Objectives of the Research

This paper reports a pilot field experiment to estimate baseline plant:soil CR of the
UAE date palms. The research aims to develop and assess an internationally traceable
procedure for CR experiments in arid areas, to obtain the first comprehensive estimates
of CRs of natural gamma-emitting radionuclides, to document the farm practices unique
to the arid geographies such as the UAE, and, to improve understanding of the NORM
migration kinetics in date palms. Seven different palm samples with their surrounding soils
have been collected and gamma-assayed in Abu Dhabi (the capital city of the UAE). As
the first of its kind, this paper details the consistent and reproducible protocols for sample
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processing, specific logistical challenges, as well as a detailed analysis of the measured
data on soil physiochemistry and CRs. It discusses some essential correlations between
soil characteristics and radionuclide speciation and provides conservative risk factors due
to background radioactivity in soils and date fruits. Finally, a future program to create
a database of radioecological parameters for the UAE agricultural crops is outlined, to
complete gaps of the existing global ARRE databases [7].

2. Materials and Methods

The pilot study on date palm CR measurements was conducted in the Sas-al-Nakhl
locality (SAN in short, the term literally translated from Arabic stands for ‘village of the
date palms’) of Abu Dhabi (UAE) (Figure 1A). Date palms are perennial, woody trees,
living up to 60 years, fruiting from as early as 4 years of age, and are particularly tolerant
towards very harsh summer temperatures as well as high soil salinities [17]. Date fruits are
rich in nutrients, and often, particularly in urban settings, are allowed to ripen on the tree.
Trees can grow to 10–20 m in height. They have compound leaves, 2–4 m long, comprised
of a thick midrib, and green-coloured pinnae, also known as leaflets. Depending on the
location, the roots extend in soil to a depth of 50–60 cm. Date palms, prime among the
few native trees, hold an indispensable position in the Arabic food and traditions, and
are important for soil, land, and biodiversity conservation. For their safe cultivation and
propagation alongside the radioisotope remnants in environments, detailed research is
needed in the UAE on date palm phytoremediation capabilities.

 

Figure 1. (A) Sampling location with tree spots (numbered I–VII) in KU SAN Campus, and the nearby
Abu Dhabi landmarks in inset; (B) a sampled date palm tree with soil sampling spots (yellow circles);
(C) canopy of a sampled tree with fruit bunches and compound leaves; (D) method of soil sampling
using a manual Auger; (E) photographs of the representative portions of date fruit samples. Several
species varieties could be seen in the photographs in (E).

2.1. Sampling

The sampling location is in the SAN campus of Khalifa University (KU), south-east
of the Abu Dhabi city (Figure 1A), which has around 100 date palms. Soils are primarily
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Torripsaments [18] transported from agricultural areas of the UAE, treated monthly with
bio compost and macronutrient fertilizers, and watered daily with drip irrigation. These
are common practices in the commercial farms as well. Due to saline infertile soil cover in
the city, artificial assembly of desert soil layers is done in most of the date palm farms. This
makes the KU locations representative for the baseline data measurements.

Date palms typically follow a long growth period, from pollination in February–March
to final harvest in July–August. Because of the COVID-19 related restrictions in 2020,
the harvests were delayed. In September 2020, 14 palm trees were sampled. Fruits were
plucked in their tamr stage (fully ripe), but some kimri and khalal stages (mature but unripe)
could also be collected. From 2 kg to 4 kg fresh bunches were carefully detached, from two
directions of the tree. Two large leaves with midribs were sampled from two directions.
For the barks, around 20 cm long pieces were sliced from surface, but deeper layers could
not be sampled to avoid damage to the palms. For each tree, soil was collected at 4–6
randomized spots under the canopy (Figure 1B), to an average depth of 22 cm, using a 10
cm diameter soil Auger (Figure 1D), and mixed to make one composite sample per tree.

2.2. Sample Processing

Date fruits were detached from the pedicels (see Figure 1C,E). Likewise, green leaflets
were separated from the thick midribs of each compound leaf. A sample processing method-
ology was developed following the internationally acclaimed technique for radionuclide
measurements in biological samples [3], and a careful adaptation of similar studies con-
ducted elsewhere on fruits and vegetables [19,20]. In the end, for each of the 14 palms under
study, 1 sample each of fruit (pulp with skin), pit/seed, pedicel, leaflet, leaf midrib, upper
bark, and soil were obtained. In this phase of the experiment, fruit, leaflet, and soil samples
from only seven of the palm trees were completed and reported. Numbered I to VII, in
Figure 1, samples with fully ripe fruits were selected. In this paper, only ripe edible pulp
(with skin) of the dates are referred to as ‘fruit’, and the green leaflets as ‘leaf’. Quantities
of fruit pits, midribs and barks are relatively more difficult to analyse in the current setting
of detector-sample geometry and are postponed for the next phase of this study.

Fruits were gently washed 2–3 times under tap water to remove dust and dirt. Then
they were washed with distilled water and left on paper towels to air-dry for one night.
The following day, they were cut lengthwise into multiple 1–2 cm wide pieces. Date-pits
were separated and stored, while the fruit pieces were spread on steel plates and allowed
to dry to a constant weight, in a forced-air convection oven at 100–105 ◦C. For the seven
fruit samples, the net weight reduction due to heating, which amounts to the water content
of the fruits, varied between 24% and 34%, and averaged around 26%. Dried fruit pieces
were ground using a heavy-duty centrifugal mill. For some samples, the fruits were too
sticky because of their high sugar-content. Those samples were briefly embrittled by
dipping in liquid nitrogen bath, then immediately ground, and re-dried for the removal
of any additional moisture absorbed during air-condensation [21]. Leaves were cleaned
multiple times, cut, oven-dried, ground, and packed in the same manner as the fruits. The
average moisture content in the leaves was found to be around 38%. Finally, the dried
ground powders of fruits and leaves were sieved to <2 mm grain size and packed in 1 L
polyethylene bottles. Homogenous and tight pack geometry was ensured. The average net
weight of fruits packed in a bottle was about 704 g, while that of leaves was about 382 g.
The bottles were properly capped. A two-layer air-tight sealing was done for the caps using
aluminium-backed tapes topped with two rounds of polyvinyl tapes.

Soil samples were at first sieved to remove larger chunks of rocks, debris, roots, etc.
Then they were thoroughly homogenized by mixing in large plastic drums. Around 1 kg
units of wet soil were packed in air-tight zip lock bags for physiochemical analyses. The
rest were oven dried like the plant samples, sieved to <2 mm, and packed in 1 L tin cans,
each typically packing 1.2 kg to 1.5 kg of dried soils. After securing the caps, a thin ~5 mm
layer of molten wax was applied to seal the containers. All the sealed sample bottles and
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cans were stored for around one month (time > ten half-lives of 222Rn/224Ra) to ensure
radioactivity secular equilibrium between 226Ra and its progenies [22].

2.3. Analytical Techniques

Wet (homogenized, unprocessed) soil samples were studied for their physiochemical
properties (Table 1) such as pH, organic matter content (OM), cation exchange capacity
(CEC), electrical conductivity (EC), moisture content, and USDA texture class [23], using
standardized soil analysis techniques [24,25].

Table 1. Minimum (Min.), maximum (Max.) and AM (Avg.) of the physicochemical characteristics of
the soil samples. Parameters include pH, electrical conductivity (EC, unit: dS m−1), organic matter
content (OM, unit: weight %), percent moisture content (Mois.), cation exchange capacity (CEC, unit:
meq (100 g)−1), and soil texture, i.e., the percentage contents of clay, silt, and sand.

pH EC OM Mois. CEC Clay Silt Sand

Aggregate of Sample Numbers I to V and VII (excluding Sample number VI)
Min. 7.4 1.2 1.8 2.0 4.8 1.6 1.2 91.3
Max. 7.6 2.8 2.8 16.0 8.2 3.9 4.9 96.5
Avg. 7.5 1.9 2.2 9.6 6.8 2.7 2.6 94.4

Aggregate of all seven samples
Sample# VI 7.5 52.3 2.0 6.9 5.8 4.8 7.8 87.3

Avg. (I to VII) 7.5 9.1 2.1 9.2 6.6 3.0 3.3 93.4

The processed samples of soils, fruits and leaves were assayed for their gamma spectra
using two cylindrical high-purity germanium (HPGe) detectors, located at the Emirates
Nuclear Energy Corporation (ENEC) [8] Environmental Radiochemistry Laboratory (ERL).
The detectors’ relative efficiencies are 40% and 60%, and the energy resolution is 1.9 keV
at 1332 keV. They are calibrated for energy and efficiency using a calibration standard
containing 105 kBq mixed gamma radionuclides (EZAG 8503 mixture), in the same geome-
tries as the sample containers. Counting times on HPGe detectors were limited to 4 h for
soil samples in tin cans and 16 h for plant samples in plastic bottles. The measurement
characteristics are optimized for higher processing speeds as per the program requirements
of the ERL. Quality assurance for natural radionuclide quantification in environmental
matrices is achieved by frequent comparison with certified reference materials, successful
participation in standardized proficiency tests (PT) conducted by International Atomic
Energy Agency (IAEA) and other top bodies.

NORM measurement protocols as per Ref. [22] were followed. A wide range of
radionuclides with progenies from each series were set to be identified, including but not
limited to 235/238U, 228/232/234Th, 224/226/228Ra, 210/212/214Pb, 212/214Bi, 228Ac, 208Tl, and
40K. A priori minimum detectable activities (MDA), in units of Bq kg−1, for the five key
radionuclides are: [40K: 2.41, 214Bi: 1.53, 214Pb: 1.65, 228Ac: 2.72, and 208Tl: 2.23] in 1 L plastic
bottles used for plant samples, while [40K: 11.7, 214Bi: 2.61, 214Pb: 2.85, 228Ac: 4.65, and
208Tl: 3.70] in 1 L tin cans used for soil samples. The spectra were further analysed using
GENIE 2000 [26] to obtain the nuclide’s activity concentrations, along with the necessary
corrections as needed, such as interference and coincidence summing, background and
Compton corrections, etc.

2.4. Data Treatment

To establish a benchmark for multivariate analyses necessary for the TF experiments
in the UAE, the data on soil characteristics were employed in non-parametric Kendall’s τB
Rank Correlation tests [27,28]. The results were studied in terms of coefficients of correlation
(r) and statistical significance (p), where r > 0.7 and p < 0.05 have been taken as a measure of
strong correlation. This partially helps in understanding radionuclide speciation and fate in
the UAE soils, as further nuclear activities and waste remediation efforts are implemented.
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Based on theoretical considerations, biogeological distributions such as the CRs often follow
lognormal statistics. Therefore, central tendencies are reported alternatively as arithmetic
means (AM) with 1σ standard deviations (SD), as well as geometric means (GM) with
geometric standard deviations (GSD) [2,7].

3. Results and Discussion

3.1. Physiochemistry and Radioactivity of Soils

Table 1 reports the range (minimum and maximum) and average values (excluding
sample number VI) of the main characteristics for the six soil samples (I–V and VII).
Preliminary studies have concluded that sample number VI has higher salinity due to
disposal of wastewater and construction debris in the sampling position. So, in Table 1,
characteristics of soil sample VI are reported separately, along with the respective averages
for all seven samples. A major difference can be noted in the average values of electrical
conductivities. Overall, the sampled soils are slightly alkaline, but near neutral, with an
average pH of about 7.5. Their organic matter content is between 1.8% and 2.8%, and
moisture is between 2% and 16% of the weight. They have been classified under the USDA
texture class: sandy (with an average sand content of 93.4%).

Gamma-spectrometry of the soil samples (each one assayed for about 4 h) yielded clear
measurements of all the NORM chains. Box-whisker plots in Figure 2 depict variations of
the respective radionuclides over the seven soil samples. For 238U chain, 214Pb and 214Bi
have been consistently recorded and their activity concentrations agree with each other
very well. Likewise, for the 232Th chain, progeny radionuclides measured accurately are
228Ac and 208Th, again with excellent inter-agreement. The weighted AM ± SD values for
activity concentrations of the soils in units Bq kg−1 are: 15.5 ± 2.8 for 238U, 8.3 ± 0.8 for
232Th, and 278.9 ± 57.7 for 40K.

Figure 2. Box-whisker plots showing variabilities of activity concentrations (in unit: Bq kg−1) in
the seven soil samples for the main measured radionuclides under NORM decay chains of (A) 238U,
(B) 232Th, and (C) 40K. X shows the AM of the data.

Radionuclide speciation in soil solids vs. in aqueous solutions in a plant growing
soil–water system, are known to be associated with the soil’s physiochemical properties [29].
However, such relationships have rarely been established for soils primarily composed
of desert sands, as we encountered in this study. A cross-correlation test between various
reported parameters have provided some interesting observations, albeit with a very
limited number of samples in a small population. There is a clear relationship between
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concentrations of 40K and 214Bi. The former is also impacted by moisture content in the soil.
Moisture, furthermore, has a strong correlation with the organic matter/carbon retention
in the soils. Finally, electrical conductivity is found to be positively associated with silt
content of the soils, also observable for sample VI in Table 1.

Figure 3 compares the ranges and mean values NORM activity concentrations between
various soil studies in the UAE, nearby countries, and world average. Soil NORM activities
as measured in this study agrees well with previous measurements conducted in the UAE,
with samples specifically from agricultural lands [30], from coastlines [31], as well as those
averaging over all territories within the UAE [9].

Figure 3. Range (shown with error bars, black dash showing maximum and green the minimum) and
AMs (square markers) of soil activity concentrations for (A) 238U-series, (B) 232Th-series, and (C) 40K,
as measured in this study, and compared with other measurements in the region. Sources: UAE
overall [9], UAE agricultural [30], UAE coastline [31], Saudi Arabia [16], Qatar [32], and World [33].

The eastern and western coastlines on the UAE feature some differences, due to
differences in geologies, soil makeup [10,18], more rains on the east, and gradient of salinity
between the two seas (Arabian Gulf on west, and Arabian Sea on east). The averaging
across all coastlines in Ref. [31] has led to relatively lower potassium and thorium contents
than urban soils. Abu Dhabi soil radioactivity is very similar to those in Saudi Arabia and
Qatar, within the uncertainty margins.

Compared to the world average [33], the activity concentrations of the NORMs in
the UAE soils are consistently lower, and well within the recommended limits. Low
retention behaviour of sandy soils can be a reason behind the low U and Th values. A
comparatively higher content of potassium can be attributed to large-scale application of
potassium-containing fertilizers [2,34] in farms, gardens, etc. However, the mean 40K in
soils in the UAE and nearby countries such as Qatar, are lower than the global average.
Because caesium and potassium uptakes are known to compete [2], in scenarios of large
137/134Cs depositions in the local soils, it is probable that low K-levels in soils can promote
the uptake of radiocaesium by plants [35].

3.2. NORM Concentrations in Date Palms

Unlike the soils, the fruit and the leaf samples from date palms have considerably
lower concentrations of NORM radionuclides, except for 40K. Gamma-spectrometry has
quantified the activity concentrations for 238U and 232Th in only 3–5 samples each of fruits
and leaves. This is based on the weighted means of the same progenies as in Figure 2
and as shown in Table 2. AM of 238U and 232Th activity concentrations in both leaves and
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fruits vary between 1.1 and 3.2 Bq kg−1, with the average concentrations in leaves greater
than those in fruits. In general, 232Th measures slightly higher than 238U for the plant
samples. One of the progenies of 238U chain, 210Pb, has been consistently found in 6/7 of
the leaf samples, with AM ± SD as 30.3 ± 5.7 Bq kg−1, an order of magnitude higher than
the weighted mean of the decay chain’s radioactivity. This can be due to the superficial
contamination of leaves with lead contained in the aerial pollutants, but it requires further
experimental verification.

Table 2. Measured ranges and averages (in parentheses) of activity concentrations of NORMs
radionuclides in leaf and fruit samples from this study. BDL stands for below detection limit. A
comparison (bottom part) is shown with similar studies on date fruits in the UAE and Saudi Arabia.

Ref. Country 238U/226Ra 232Th 40K

Date palm leaf

This study a UAE BDL–2.85 (2.05) BDL–4.04 (3.18) 75.2–393 (234.2)

Date palm fruit

This study a UAE BDL–1.47 (1.06) BDL–1.79 (1.43) 277–370 (308)
[9] b UAE BDL BDL 173–302 (219)
[14] UAE BDL–0.8 (0.66) BDL–0.23 (0.15) 191–362 (277)
[13] UAE BDL 0.31–0.62 244.8–302.3

[16] c Saudi Arabia 1.3–7 (5.6) 1.4–6.3 (2.8) 89.5–252 (181)
[36] Saudi Arabia 1.3–1.4 (1.3) 0.5–0.7 (0.6) 137–198 (163)
[15] Saudi Arabia 1.1–1.5 (1.37) 1.15–1.3 (1.22) 123–131 (127)

a weighted averages of respective progenies are reported. b values reported for fresh dates; c values reported for
date-pits.

The measured concentrations of 40K are much higher (average of leaves and fruits
around 271 Bq kg−1) than the other two NORMs. This is due to the large appetite of desert
plantations towards macronutrients such as potassium. It is also enhanced by the frequent
fertigation using NPK supplements in the soils and waters to sustain the growth and
improve yields [10,34]. It is worthwhile to reiterate the competition between the Cs and K
uptakes in plants [2]. Larger extraction of potassium, even at 40K soil concentrations lower
than the world average, could mean much higher risks of 137/134Cs transfers to date palms
and other trees in the UAE and nearby countries [35]. Furthermore, phosphates from the
fertilizers, depending on their original production process, are known to add considerable
amounts of uranium to the soil. This must impact uptake concentrations, which requires a
detailed study in future projects.

A pragmatic approach has been taken in estimating the low levels of U and Th
concentrations in plant samples. These radionuclides have often suffered with large relative
uncertainties in the primary gamma-ray peak area (going to 200%). As they are extremely
important data to evaluate, all detected cases providing relative uncertainty up to 50–60%,
and within gamma line MDA limits have been accepted, to generate at least their rough
estimates. In the future, either much higher efficiency gamma-detection setups should be
employed, or alternative techniques with lower limits of detection should be developed.
However, it is important to point out that the natural contents of NORMs in the UAE’s
dates have been verified to be extremely low in other works as well (see Table 2). The
literature has merely a few instances of the UAE’s date fruits gamma-assays, and the U- and
Th-series are often below detection limit (BDL) and difficult to quantify. No measurements
on leaves are available for comparison. However, for the fruits, averages of previously
measured values are consistently lower than the ones reported in this study, although
within the statistical variance margins.

3.3. Concentration Ratio Estimations

Soil to plant NORM CRs for date palm fruits and leaves have been estimated by
taking the ratios of the activity concentrations (Bq kg−1) in the plant part to that in the
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corresponding soil. After calculating the ratios for each sample, GM and GSD values are
calculated to provide central tendencies for each NORM. A complete demonstration of
the process is shown for 40K in Figure 4, with sample-wise variation of Bq kg−1 in soils,
fruits, and leaves, along with CR values for fruit:soil and leaf:soil, as well as the fruit:leaf
translocation factor.

Figure 4. Sample wise distribution of 40K measurements: (top) activity concentrations in soil, fruit,
and leaf, (middle) CR values fruit:soil and leaf:soil; and (bottom) CR fruit:leaf. The connecting lines
are for guidance only.

For the fruits, 40K CR has a GM of 1.12 ± 1.2, and for leaves it is 0.77 ± 1.6 (see
Table 3). This indicates a preferential bioconcentration of 40K in the fruits. Dates and
nuts are typically potassium-rich fruits [19], which is a possible explanation for CR > 1. A
comparison has been done for the CR values from this study with the much lower ones
available in the literature in Table 3. Ref. [16] cites a recorded CR~0.22, while Ref. [15]
gives CR~0.55 for 40K. A main driver for potassium uptake in the urban Abu Dhabi date
palms is the larger application of NPK fertilizers (with potassium in concentrations of
22 kton [11]—much higher than the global average). This observation highlights the need
for a detailed study of the impact of fertilizers on the CR values.

Estimation of CRs for the U- and Th-chains has been difficult due to the low activity
concentrations of the corresponding radionuclides in the plant samples. For all the available
cases, the measured CRs with 1σ uncertainties are plotted in Figure 5. Regarding both of
these decay chains, five samples could provide estimates for leaf:soil CR, three for fruit:soil
CR, and two for fruit:leaf CR. The mean values of all CRs are reported in Table 3, and
are compared with the two literature cases of date palm CR measurements [15,16]. The
fruit:soil CR for 238U (GM = 0.08 ± 1.6) is only 20% deviant from the literature value on
Saudi dates. The same comparison is more pronounced for CR of 232Th, which deviates by
more than 40%. Uncertainties in the case of Th chain are much higher than the U chain (see
Figure 5). This is mainly because the inherent thorium content in UAE soils (see Figure 2)
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is lower by an order of magnitude than uranium, adversely impacting the transfer factor
measurements. For some samples, the large uncertainty margins render the 232Th CR < 0,
which is a physically impossible extreme. This brings us to the caveat that the estimated
CRs for Th- and U-decay chains in date palms are indicative only.

Table 3. Overall values expressed using frequency of observations (n), GM and GSD, for the soil-to-
plant CRs for leaf and fruit, with fruit:leaf CR. Literature CR value are also shown for comparison.

Ref. CR type 238U/226Ra 232Th/228Ra 40K

n GM GSD n GM GSD n GM GSD

This
Study

leaf:soil 5 0.13 1.4 5 0.36 1.3 7 0.77 1.6
fruit:soil 3 0.08 1.6 3 0.17 1.3 7 1.12 1.2
fruit:leaf 2 0.39 a 0.3 b 2 0.39 a 0.1 b 7 1.46 1.6

[15] fruit:soil 5 0.10 1.4 5 0.07 1.2 5 0.22 1.1
[16] pits:soil 9 0.33 2.1 9 0.22 1.8 9 0.51 2.0

a,b arithmetic mean and arithmetic standard deviation are reported, as n ≤ 2.

Figure 5. Sample wise variation of fruit:soil CR and leaf:soil CR values for (top) 238U and (bottom)
232Th. Unlike 40K in Figure 4, these NORMs were observed in a few samples only. For some cases,
very high 1σ uncertainties yield CR < 0 as (meaningless) limits.

3.4. Aggregated Risk Factors

Obtained average activity concentrations of the soils and plant samples have been
used for estimating the conservative ranges of radiation exposure 1 m above the earth
surface using the standard methods proposed in Refs. [33,36,37]. For soil and date palm
(leaf and fruit), the radium equivalent (Raeq), internal hazard index (Hin), absorbed dose
(Dabs), and effective dose equivalent (Deff) are reported in Table 4.

For the fruits, additional calculations are done for per capita annual radioactivity
intake based on the measured indicative activity concentrations. This is further used
to evaluate the associated committed effective doses. For the risk factors due to fruits,
FAOSAT data on the total annual production of dates in the UAE and total population
have been employed [11], adding up to give the maximum committed effective dose
from consumption of the studied dates, providing conservative risk estimates. All the
aggregated dose factors and hazard indices are well within the UAE national [9] and global
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limits [33] and pose no risks to the public, as specified in the table. This demonstrates that
the phytoextraction of natural radionuclides in the Abu Dhabi date palms are below the
safety limits, promising its large-scale propagation in agriculture and landscaping.

Table 4. Summary of aggregated doses and risk factors from exposure to NORM baseline radioactivity
in soil, leaf, and fruit of date palms, with (bottom part) ingested doses from date fruits, presented
with respective global control limits for comparison.

Average Activity Concentration (Bq kg−1) Dabs Deff

226Ra/238U 228Ra/232Th 40K Raeq Hin (nGy h−1) (μSv y−1)

Soil 15.5 8.3 278.9 48.9 0.17 24.0 29.4
Leaf 2.0 3.2 234.2 24.6 0.07 12.7 15.6
Fruit 1.1 1.4 307.6 26.8 0.08 14.2 17.4

Global Limit [370] [1] [55] [1000]

Per Capita Intake Radioactivity (Bq y−1) Committed Deff (μSv y−1)

226Ra/238U 228Ra/232Th 40K 226Ra/238U 228Ra/232Th 40K Total

Fruit 35.1 47.5 10,220.9 9.8 32.8 63.4 106.0

Global Limit [120] [120] [170] [290]

3.5. Perspectives and Possible Expansions

This experiment has strengthened the avenues for future CR measurements in the
UAE, but it has also highlighted the necessary developments in our laboratory capabilities.
A major shortcoming for measurements of low levels of NORMs in UAE plants is the high
detector counting uncertainties. Improved gamma-spectrometry setups, and alternative
radioanalytical techniques such as liquid scintillation counting, gross alpha/beta spectrom-
etry, and sequential extraction based isotopic analyses, need to be employed to fill the gaps
and improve the confidence in measurements. Using counting times much longer than the
one employed in this study (16 h), will also improve the uncertainties and detection limits
greatly. Our sample processing steps require longer instrument times and can work with
larger quantities (few kg) of samples only. This reduces the speed of our studies, increases
manual work, and leads to higher instrumental expenses. Experimental setups adaptable
to various quantities and geometries of samples are under development, to reduce the time
and expenditure for all steps, from sampling to analysis.

In this pilot study, a limited geographical distribution and statistically smaller number
of samples could provide only indicative values of activity concentrations and CRs. In
the following stages, many more locations will be sampled, with better focus on the
representative, large-scale, commercial farms. An important aspect is to include local
agricultural practices in hyper-arid countries, such as the use of modern greenhouses/net
houses. Dedicated sampling efforts are necessary to account for the factors capable of
systematically impacting the average CR estimates such as the species of fruits sampled,
age of trees, seasonal dependency, irrigation, and fertigation practices in the fields, etc.
The impact of fertilizers is a highly significant research topic for root uptake studies in
UAE farms. More fieldwork is demanded to ascertain the detailed biochemical kinetics of
transfer/translocation of radionuclides in date palms, with full-body studies on multiple
tree samples. Further sophistication of experiments is expected for the CR estimation for
other major crops of the UAE, viz.: vegetables (cucumber, tomato, capsicum, etc.), animal
fodder (maize, Rhodes grass, Alfalfa mixture, etc.) and desert plants (Rimth, Ghaf, etc.).
Studies addressing the above issues have been planned under the ENTC’s coordinated
project with IAEA [38].

4. Conclusions

This paper describes the development and results of a field experiment towards the
first estimation of natural radionuclides’ soil to plant concentration ratios (CR) in the
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date palms in the UAE. Date palms are one of the topmost crops, exported entities, and
traditional foods of Arab nations. Native date palms have been adopted for enhanced
cultivation and propagation with modern agriculture and are utilized in sustainable land
and biodiversity managements in arid lands. Upcoming nuclear power development in
the region raises the risks of radioactivity release to the environments. In this regard, date
palms have not been studied thoroughly, making it a critical subject for obtaining the
associated radioecological transfer factors and phytoextraction safety limits.

As part of a pilot study in Abu Dhabi (UAE), seven date palm trees were sampled.
Samples of their rootzone soils, fruits and leaves were processed and assayed for gamma-
emitting NORM radionuclide activities. The soil samples have high concentrations of 40K,
but values for 238U and 232Th are much lower. The measured soil radioactivity is below
the global averages. The uptake of 40K is considerably high in the dates, leading to GM of
CR ~1.12. Only rough estimates of 238U (~0.08) and 232Th (~0.17) could be obtained due
to their very low inherent contents in the local dates. The experiment also recorded the
uptake to leaf, also a consumer product, as 0.77 for 40K, 0.13 for 238U and 0.36 for 232Th.
The values obtained here compare very well with the limited literature measurements but
makes a novel and complementary input to the global arid region radioecology database.
The developed protocol will be replicated for more accurate estimations of date palm CRs,
which can be further utilized in national exercises of risk prediction, radioactive waste
management, and nuclear emergency-preparedness. Preliminary calculations suggest
negligible personal dose factors due to the baseline radioactivity in Abu Dhabi soils and
date palms. More detailed experiments and computational impact assessments are planned
based on this experience, expanding to new geographies in the country, as well as new
measurement techniques, and other important crops.
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Abstract: Sweet marjoram (Majorana hortensis) is an important aromatic herbal plant that has long
been used and well managed in the traditional and general medical, pharmaceutical, food, cosmetic,
and perfume industries. Thus, the increase in its productivity appears to be of great value since
there is a large number of bioactive secondary metabolites as well as an increase in the demand in
domestic or foreign markets. The purpose of this study is the possibility of promoting the sustainable
development of marjoram in the framework of organic farming through gamma irradiation, chitosan
and yeast. Field experiments were conducted in a factorial split-plot design with three iterations
over two consecutive seasons (2019 and 2020). The main plot is an abiotic elicitor (15 Gy gamma
irradiation), two biotic elicitors 500 ppm chitosan, 0.5% yeast, and a non-elicitor (as control), while in
the sub-main plot, there were two organic fertilizers, water extract of moringa 20 g/m2 dry leaves,
20 g/m2 fulvic acid, and 20 g/m2 (NPK); the latter is a traditional agrochemical. Statistical analysis of
all characteristics of production and quality of biomass and biologically active secondary metabolites
revealed that the use of organic fertilizers helped in increasing the yield of marjoram, both quali-
tatively and quantitatively, and significantly outperformed the chemical fertilizer. The experiment
enhances the comprehensive and integrated development of marjoram under organic cultivation and
achieves a promising alternative to traditional cultivation without the use of microbicides and/or
agrochemical pesticides.

Keywords: elicitation; gamma irradiation; organic agriculture; secondary metabolites; yeast

1. Introduction

Sustainability is currently a global issue that has provoked significant challenges for
modern economic technologies and researchers, especially in using plants to solve major
environmental problems worldwide [1,2]. With great application of nuclear technologies,
the risk for humans and the environment has been considered of significant importance.
In concert with sustainability and nuclear applications, green and dry plants [3,4] have an
important role in the remediation of wastewater contaminated with stable and radioisotopes
then followed by sustainable stabilization in cement [5,6]. Moreover, plants could be used
in treatment such as aiding the recovery of the workers at the Chernobyl accident site
using a daily oral dose of G. Biloba [7]. Medicinal plants and their constituents can alter
radiolabeling and biodistribution via several mechanisms [8]. On the other hand, nuclear
radiation can be used to improve the efficiency and performance of medicinal plants used
in modern and traditional medicinal applications [9].

Sweet marjoram (Majorana hortensis) is a precious herbaceous aromatic plant native
to the Mediterranean region that belongs to the Lamiaceae family [10]. In addition, it is a
medicinal plant that is widely applied in domestic medical systems. Sweet marjoram is
grown in numerous Asian, North African, and European nations, including Tunisia, Egypt,
India, France, Hungary, Germany, Spain, Hungary, Portugal, Poland, and France [11].
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Egypt has been internationally known for the cultivation and export of quality marjoram
fresh or dry tender stems and the leaves are used for condiments and spices [12].

The leaves and flowers of the plant contain delicate fragrant essential oils that are
widely used in traditional medicinal including, but not limited to, lotions, perfumes, creams,
and soap [13]. The use of the plant has been documented to treat many ailments such as
headaches, asthma, ear problems, and others. Additionally, cramps, depression, dizziness,
gastrointestinal disorders, migraine, headache, paroxysmal cough, and a diuretic are all
treated with O. majorana. Its essential oil is used in perfumery, the pharmaceutical industry,
and cosmetics.

Recent studies have shown the vital role of marjoram in the treatment of cancer and
as an active anti-fungal, antioxidant and cytotoxic agent. The antioxidant properties of
marjoram have been studied extensively [14]. However, it is used mainly as a spice and
natural preservative for foods, especially meat.

Elicitors are described as herbal or synthetic (organic or non-biological) substances,
and while they are permeable to plants at low levels, they stimulate stress responses in
plants and aid in the synthesis of secondary metabolites [15]. Elicitors serve as signals,
and elicitation begins with signal perception by eliciting specific receptors on the plant
cell membrane, which is followed by the initiation of a signal transduction cascade, which
subsequently changes the expression levels of different governance transcription genes
of secondary metabolic pathways [16,17]. Elicitation is a successful and commonly used
biotechnological method for inducing new secondary metabolites in plants [18].

Elicitors’ innate plant resistance mechanisms are induced using biotic and abiotic fac-
tors. Elicitation can be an important strategy for producing bioactive secondary metabolites
(BSMs). It has been suggested that foliar application of these compounds’ (abiotic & biotic
elicitors) under normal and stressful conditions improved phytochemicals and biosyn-
thetic pathways of secondary metabolite (BSM) content in plants, including medicinal and
aromatic plants [18,19].

Elicitors improve the quality and quantity of BSMs that promote health [17,19,20].
Changes in elicitor growth and development can affect morphological, physiological, and
biochemical properties and improve biomass production and quality [21,22].

Attention to agriculture has become imperative over time and implementation of
sustainability in this field is crucial. To move forward towards sustainability involves main-
taining modern technology and rationing the use of pesticides of various kinds to increase
production. These pesticides have been selectively used on medicinal and aromatic plants
as well as cereals and horticulture. Pesticides have a negative impact on the environment
and hinder long-term growth [23], and several studies have linked the increased use of
these pesticides to health issues [24,25]. Organic farming has grown in popularity in recent
years, as has pharmaceutical production of organic medicinal and aromatic plants as an
alternative to regular agriculture [26]. Considering the above facts according to recent
trends and future prospects of various strategies to direct increased productivity of biomass
and bioactive secondary metabolites in medicinal and aromatic plants are highlighted. It
is notwithstanding works dealing with these aspects are scarce. Hence, the present arti-
cle highlights elicitation coupled with organic fertilizer mediating biomass and bioactive
secondary metabolites production and quality to promote the achievement of sustainable
development for marjoram under organic agriculture.

2. Materials and Methods

2.1. Practical Field Experiment

Two consecutive seasons of field experiment trials, 2019 and 2020, were constructed as
split-plot design with three replications based on randomized full block design.

The primary plot had three elicitors: 15 G gamma irradiation (GI), 500 ppm chitosan
(CH), and 0.5 g/L (YS) solution in water with 0.1 percent (v/v) Tween 20 as a surfactant.
The sub-main plot contained three fertilizers, two organic fertilizers, Moringa dry leaves

88



Sustainability 2022, 14, 9608

water- extract 20 g/m2 (MO), fulvic acid 20 g/m2 (FA), and traditional chemical fertilizer
NPK, 20 g/m2.

Gamma irradiated and non-irradiated marjoram seeds on 1st February for both seasons
were planted in trays containing soil, sand, beat mixed (1:1:1) ratio (v/v) subsequently
established in a greenhouse. Seedlings 4 weeks of age were transplanted to the field in plots
4 × 4 m in row 50 cm interspacing that contain 64 plants/plot. At such seasons, plants’
leaves were sprayed with water, (Zero elicitor), (NA)CH, and YS a non-elicitor or solution
two times 1st April, 1st May before 1st harvesting on 1st June. They were also sprayed on
1st July and 1st August before harvesting on 1st September.

2.2. Biomass Yield Production

The fresh weight of leaves was determined pre-plot and per m2 for the 2019 and
2020 seasons.

2.3. Bioactive Secondary Metabolites Production (BSMs)
2.3.1. Phenolics (TPC)

The Folin–Ciocalteu reagent was used to determine total phenol content, as described
in [27]. A diluted sample extract (1 mg/mL) aliquot was mixed with 125 L of Folin-Clocaiteu
reagent and 500 L of water. The mixture was stirred and left for 5 min before adding 125 g
of 7% of Na2CO3. A 1 mL quantity of distilled water was added and well mixed. After
90 min in the dark, the absorbance at 760 nm was compared to a blank. Using a gallic acid
solution, a calibration curve was constructed. Equations drawn from the standard gallic
acid diagram are used to create content.

2.3.2. Flavonoids (TFC)

Flavonoid content was determined according to [28]. Sechium edule (jacq.) antioxidant
activity of Swartz extract. Food Chemistry, 97:452:458. Each extract was dissolved in 1 mL
of ethanol. One mL of the extract was combined with 1 mL of a 2% methanolic AlCl3
solution. After 15 min of incubation at room temperature, the absorbance at 430 nm was
measured, and the total flavonoids in the sample extract were quantified using a calibration
curve (quercetin).

2.3.3. Flavonols (TFL)

The total flavonoids in O. majorana ethanolic extracts were calculated using the method
described by [29]. Two mL AlCl3 (2%) ethanol and 3 mL of sodium acetate solution (50 g/L)
were mixed together. The blend was mixed before being incubated at 20 ◦C for 2 h. At
440 nm, the absorbance was measured. The amount of total flavonoids was measured in
mg of quercetin equivalents per gram of dry weight (mg EQ/g DW).

2.3.4. Tannins (TAE)

Total tannins were calculated using a procedure devised by [30] based on the protein
bovine serum albumin precipitation. The approach works by measuring the absorption
of colored compound Fe2+ phenols at 510 nm using spectrophotometry. The results were
calculated in milligrams of tannic acid equivalent per gram of dry weight (mg TA/g DW).

2.3.5. Essential Oils (EO)

Fresh leaf samples from the plots were subjected to hydrodistillation for three hours
to obtain content. The extracted essential oil was concentrated using sodium sulphate
(anhydrous Na2SO4) and reserved in an amber glass sealed with Teflon kept at 4 ◦C even
analysis as the following:

1-EO% = Extracted EO, g/ground leaves sample X100-moisture
2-EOY, Kg/m2 = EO% X FLY, Kg/m2 EO
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Essential oil contents (EOC), analyzed by GC/MS using Shimadzu-HPLC System
(Shim-adze Co., Kyoto, Japan) prepared with a CBM–20 AH controller, and LC20 AP Pump
and an SPD–M2OA Photo Diode Array (FDA) detector.

3. Statistical Analysis

Using a statistical analysis method, the data sets were first checked for normality using
the Anderson and Darling normality tests (SAS, 2003). There are no statistically significant
differences in the data from the two seasons. As a result, the pooled mean values of two
seasons for all attributes examined were statistically analyzed. LSD at the 1% level was
used to compare the significant means.

4. Results and Discussion

Statistical analysis revealed that solitary application with elicitors and fertilizers
achieved a significant positive impact for such lasted trait as, chitosan (CH) > yeast (YS)
> γ- irradiation (GI) under Moringa (MO) > fulvic acid (FA) > NPK for both two seasons
However, the drenches between the two seasons were insignificant.

4.1. Biomass Yield Production

Pooled fresh leaves yield (FLY), 6.060 KG/m2 as control (NE.NPK), was increased
significantly, expressed as % of control (0) as the flowing:

CH.MO, CH.FA, and CH.NPK were 27, 22, and 19 respectively. In addition, YS.MO,
YS.FA, YS.NPK were 24, 21, and 17 respectively and GI.MO, GI.FA, GI.NPK were 20, 17,
and 11 respectively. Additionally, NE.MO, NE.FA, NE.NPK were 11, 8, and 0 (control
6.060 Kg/m2) respectively as listed in Table 1 and represented in Figure 1.

Figure 1. FLY, EO%, EOY.

4.2. Essential oils % (EO%)

PM EO %, 0.532% (control NE Significant, as % of control according to the following:
CH.MO, CH.FA, CH.NPK were 3122, and 8, respectively. As well as, YS.MO, YS.FA,
YS.NPK were 28, 19, and 5 respectively, and GI.MO, GI.FA, GI.NPK were 18, 12, and
2 respectively. In addition, NE.MO, NE.FA, and NE.NPK were 12, 10, and 0 (control
0.532 Kg/m2) respectively as represented in Table 1 and Figure 1.

90



Sustainability 2022, 14, 9608

Table 1. Marjoram; fresh leaves yield, Kg/m2, essential oil % and essential yield oil, Kg/m2, in
response to elicitation with gamma irradiation (GI), chitosan (CH) and yeast (YS) under the use of
chemical fertilizer (NPK) and organic fertilizer; Moringa (MO) and fulvic acid (FA) over 2 subsequent
seasons (2019 and 2020).

Application
Treatment

Fresh Leaves Yield, Kg/m2 Essential Oil % Essential Oil Yield, Kg/m2

2019 2020 PM 2019 2020 PM 2019 2020 PM

NE.NPK 5.920 6.200 6.060(0) 0.522 0.524 0.532(0) 3.090 3.294 3.192(0)

NE.MO 6.630 6.820 6.725(11) 0.600 0.592 0.596(12) 3.979 4.038 4.009(26)

NE.FA 6.453 6.696 6.574(8) 0.590 0.582 0.586(10) 3.807 3.897 3.852(21)

GI.NPK 6.690 6.882 6.786(11) 0.548 0.540 0.544(2) 3.666 3.716 3.691(16)

GI.MO 7.163 7.440 7.301(20) 0.632 0.629 0.630(18) 4.527 4.680 4.604(44)

GI.FA 7.045 7.254 7.149(17) 0.616 0.603 0.609(12) 4.340 4.374 4.357(36)

CH.NPK 6.926 7. 228 7.228(19) 0.580 0.571 0.575(8) 4.017 4.071 4.044(27)

CH.MO 7.637 7.750 7.693(27) 0.705 0.692 0.699(31) 5.385 5.363 5.374(68)

CH.FA 7.282 7.502 7.392(22) 0.653 0.645 0.649(22) 4.744 4.839 4.792(50)

YS.NPK 6.808 7.316 7.062(17) 0.564 0.556 0.560(5) 3.840 4.068 3.954(24)

YS.MO 7.518 7.564 7.541(24) 0.679 0.676 0.678(28) 5.105 5.113 5.109(60)

YS.FA 7.400 7.378 7.389(21) 0.642 0. 624 0.633(19) 4.751 4.604 4.678(46)

LSD1% 0.035 0.031 0.027 0.003 0.005 0.004 0.022 0.025 0.026

Values between parentheses ware % over control. PM: pooled mean for two seasons (2019–2020).

4.3. Essential Oils Yield (EOY, Kg/m2)

EOY, 3.192 Kg/m2 (control) increased significantly as % of control as the following:
CH.MO, CH.FA, CH.NPK, 68, 50, 27, respectively, and YS.MO, YS.FA, and YS.NPK, 60, 46
and 24, respectively.

Furthermore, GI.MO, GI.FA and GI.NPK were 4436,and 16, respectively. In addition,
NE.MO, NE.FA, and NE.NPK were 26, 21, and 0 (control 3.192 Kg/m2), respectively as
represented in Table 1 and Figure 1. Biomass, FLY, Kg/m2, EO%, EOC and Kg/m2 were sig-
nificantly increased in response to elicitor, CH > YS > GI integrated with MO > FA > NPK,
despite the fact that no pest infestation and microbial disease incidences in the field exper-
iment were detected in either season without using any agrochemical pesticides and/or
micro-biocides. The disappearance of any pests and microbial diseases was in agreement
with [31,32].) In addition, many researchers supported our results and declared a positive,
significant impact on biomass yield production [33,34].

4.4. Quali–Quantitative Bioactive Secondary Metabolites (BSMs)
4.4.1. Essential Oil Contents (EOC)

EOC, 11 tirpenoids; &-terpnene, cineol, y-Terpinene, p-cymene, Terpineolene, D-linnalol,
Terpineol-4ol, Bcaryphellene, &-Terpineol, Tymol, carvacol (Table 2) were measured. The
total percentages of these 11 terpenoids were increased significantly as the following:

Values of CH.MO, CH.FA, and CH.NPK were 79.81, 76.48, and 69.66, respectively.
Furthermore, YS.MO, YS.FA, and YS.NPK were 70.94, 73.80, and 71.32 respectively, and
GI.MO, GI.FA, and GI.NPK were 71.60, 71.04, and 69.58 respectively. In addition, NE.MO,
NE.FA, and NE.NPK were 69.03, 68.75, and 67.43 (control).
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Table 2. Marjoram essential oil contents; in response elicitation with gamma irradiation (GI), chitosan
(CH) and yeast (YS) under the use of chemical fertilizer (NPK) and bioorganic fertilizer; Moringa
(MO)and fulvic acid (FA) in 2 subsequent seasons (2019 and 2020).

Application
Treatmen

Essential Oil Content from Terpinoids

∞-Ter-
Pinene

Cineol
Y-Ter

Pinene
P–Cy–
Mene

Terp-
Ineolene

D-Lin-
Alool

Terpin-
Eol
4ol

Bcar-
Yophe
Llene

∞-Ter-
Pineol

Tymol Carvacol Total%

NE.NPK 7.15 1.44 12.51 2.62 2.24 1.23 23.41 1.92 3.64 9.95 9.32 67.43
NE.MO 7.75 1.62 12.81 2.75 2.62 1.71 23.99 1.97 3.92 9.89 1.52 69.03
NE.FA 7.53 1.48 12.60 2.68 2.42 1.53 23.66 1.95 3.71 9.75 1.44 68.75

GI.NPK 7.75 1.10 12.79 2.72 2.64 1.52 23.89 1.85 3.75 9.87 1.70 69.58
GI.MO 7.92 1.18 12.91 2.82 2.86 1.76 23.93 1.92 3.89 9.91 1.87 71.60
GI.FA 7.89 1.77 12.99 2.83 2.71 1.60 23.95 1.90 3.81 9.97 1.62 71.04

CH.NPK 7.69 1.52 12.75 2.66 2.63 1.05 23.76 1.78 3.72 9.75 1.75 69.66
CH.MO 8.77 2.72 13.80 3.51 3.45 2.32 24.81 2.75 3.63 10.80 2.25 79.81
CH.FA 8.42 2.35 13.31 3.25 3.31 2.25 24.35 2.27 4.35 10.42 2.20 76.48

YS.NPK 7.80 1.72 12.82 2.71 2.60 2.55 23.85 1.88 3.81 9.86 1.72 71.32
YS.MO 8.35 2.18 13.32 3.15 3.21 3.32 24.35 2.27 4.19 10.25 2.35 70.94
YS.FA 8.25 2.11 13.25 3.12 3.18 3.27 24.11 2.15 4.12 10.17 2.23 75.86

LSD1% 0.25

4.4.2. Total Phenolic (TPC)

TPC, 7.83 mg GAE/g. DLW. (the control was increased significantly as % of control
(Table 3 and Figure 2) as the following:

CH.MO, CH.FA, and CH.NPK were 171, 159, and 97, respectively, and YS.MO, YS.FA,
and YS.NPK were 156, 135, and 85, respectively. In addition, GI.MO, GI.FA, GI, and NPK
were 122, 109, and 44, respectively. Furthermore, NE.MO, NE.FA, and NE NPK were 63, 51,
and 0 (control = 7.83 mg GAE/g DLW).

4.4.3. Total Flavonoids Content (TFC)

TFC, 0.15 mg QE/g DLW (control) was increased significantly, as % of control (Table 3
and Figure 2) as the following:

Table 3. Marjoram total phenolic (TPC), flavonoid (TFC), flavonols (TFL), tannin (TAN) in response
elicitation with gamma irradiation (GI), chitosan (CH) and yeast (YS) under chemical fertilizer (NPK)
and organic fertilizer; Moringa (MO)and fulvic acid (FA) at 2 subsequent seasons (2019 and 2020).

Application
Treatment

TPC, mg GAE, g/DW TFC, mg QE/DW TFL, mg QE/gDW TAN, mg TAE/gDW

2019 2020 PM 2019 2020 PM 2019 2020 PM 2019 2020 PM

NE.NPK 7.85 7.81 7.83(0) 0.16 0.14 0.15(0) 2.58 2.53 2.55(0) 1.26 1.23 1.25(0)
NE.MO 12.64 12.89 12.77(63) 0.29 0.24 0.26(73) 3.90 3.97 3.93(54) 1.70 1.69 1.70(36)
NE.FA 11.78 11.87 11.83(51) 0.22 0.20 0.21(41) 3.61 3.59 3.60(41) 1.59 1.58 1.58(26)

GI.NPK 11.15 11.32 11.24(44) 0.24 0.22 0.23(53) 4.26 4.28 4.27(67) 1.74 1.75 1.75(40)
GI.MO 17.27 17.57 17.42(122) 0.33 0.29 0.31(106) 4.82 4.83 4.82(89) 2.03 2.03 2.03(62)
GI.FA 16.25 16.48 16.37(109) 0.28 0.25 0.26(73) 4.59 4.60 4.59(80) 1.85 1.86 1.86(49)

CH.NPK 15.31 15.46 15.39(97) 0.34 0.30 0.32(113) 4.67 4.73 4.70(84) 2.03 2.07 2.05(64)
CH.MO 21.20 21.24 21.22(71) 0.43 0.38 0.41(173) 5.94 6.55 6.25(144) 2.33 2.32 2.33(86)
CH.FA 20.18 20.38 20.28(59) 0.38 0.33 0.35(133) 5.03 5.01 5.02(97) 2.16 2.09 2.12(69)

YS.NPK 14.37 14.60 14.49(85) 0.29 0.26 0.28(87) 4.44 4.43 4.44(74) 1.92 1.89 1.91(53)
YS.MO 19.70 20.15 19.93(125) 0.35 0.32 0.34(127) 5.39 5.87 5.63(121) 2.17 2.14 2.16(73)
YS.FA 18.13 18.67 18.40(135) 0.32 0.29 0.30(100) 4.82 4.78 4.80(88) 2.03 1.99 2.01(61)

LSD1% 0.07 0.08 - 0.04 0.03 - 0.05 0.06 - 0.06 0.07 -

PM: pooled mean for two Seasons (2019–2020) parentheses were % of control (NE > NPK) Values between
parentheses are % of control.
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Values of CH.MO, CH.FA, CH.NPK were 173, 133, and 113, respectively, and YS.MO,
YS.FA, and YS.NPK were 127, 100, and 87 respectively. In addition, values of GI.MO, GI.FA,
GI, NPK were 106, 73, and 53 respectively, and NE.MO, NE.FA, NE NPK were 73, 41, and 0
(control = 0.15 mg QE/g DLW).

Figure 2. TPC, TFC, TFL, TAE, respectively.

4.4.4. Total Flavonols (TFL)

TFL, 2.55 mg QE/g. DLW, increased significantly, as % of control (Table 3 and Figure 2)
as the following: values of CH.MO, CH.FA, and CH.NPK, 144, 97, and 84, respectively.
Furthermore, YS.MO, YS.FA, YS. and NPK, 121, 88, and 74, respectively. In addition, values
of GI.MO, GI.FA, GI, and NPK were 89, 80, and 67, respectively, and NE.MO, NE.FA, and
NE NPK were 54, 41, and 0 (control = 2.55 mg QE/g DLW).

4.4.5. Tannin (TAN):

TAN;1.25 mgTAE/g. DLW, was increased significantly, as % of control, Table 3 and
Figure 2 summarize the result, and show the following: CH.MO, CH.FA, and CH.NPK
were 86, 69, and 64, respectively. In addition, values of YS.MO, YS.FA, and YS.NPK were
73, 61, and 53, respectively.

In addition, values of GI.MO, GI.FA, GI.NPK were 62, 49, and 40, respectively, and
NE.MO, NE.FA, and NE.NPK were 36, 26, and 0 (control = 1.55 mg TAE/g DLW)

Elicitor application resulted in significant positive impacts for marjoram BSM production
and quality (EO, TPC, TFC, TFL and TAN) as CH >YS > GI integrated with MO > FA > NPK.

Several researchers have supported our results [17,33] under agrochemical agriculture
which impacts the environment preventing sustainable development [23].

Furthermore, under bio-fertilizer bio or organic fertilizers, organic, BSMs were in-
creased [35,36].

The overall results manifested strong evidence that CH > YS > GI integrated with
MO > FA > NPK could be considered as a reliable technological strategy to improve biomass
and BSM (EO, TPC, TFC, TFL, TAN) production and quality of marjoram plants. The dis-
appearance of any microbial diseases or pest infestation from the plant without using any
pesticides such as micro-biocides is attributed to the following: (1) enhancing tolerance
of plants to biotic and abiotic stresses [37] and leading to strong resistance to pests, mi-
crobial agents and nematodes [34]; (2) induced systemic resistance (ISR) prior to infection
by regulating systemic resistance (ISR) prior to infection by regulating the expression
genes involved in the production and accumulation of bioactive secondary metabolites
(phytoalexins) which specific toxins characterized a broad spectrum of biomachrobio-
cide and biopesticides, making them less susceptible against microbial diseases and pest
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infecting [38]. Furthermore, (3) chitosan (CH); exhibited strong antifungal and antibacte-
rial [39] nematocidal, virucidal [40,41] and biopesticide attributes [42]. Moringa exhibited
anti-fungal traits [43], and improved resistance to pests and microbial diseases [44,45].

5. Conclusions

The overall results show strong evidence for the potent of biotic elicitors chitosan >
yeast > abiotic, gamma irradiation coupled with organic fertilizers moringa > fulvic acid
> traditional agrochemical fertilizer NPK, as reliable CO-friendly solutions, significantly
improving marjoram biomass, secondary metabolites production and quality without
using agrochemical pesticides and/or microbicides. In addition, chitosan > yeast > gamma
irradiation coupled with organic fertilizers exceeded their integration with chemical NPK
fertilizer. This highlights the sustainable and reclusive development for marjoram under
organic agriculture and could be an alternative to conventional agrochemical agriculture.
This section is not mandatory but can be added to the manuscript if the discussion is
unusually long or complex.
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Abstract: Thermoluminescence characteristics of natural rhyolite have been studied. Dose response
at a wide dose range of 0.5–2000 Gy has been determined. Minimum detectable dose and thermal
fading rate are evaluated. Glow curve deconvolution is conducted after determining the best read-out
conditions. The repeated initial rise (RIR) method is used to detect the overlapping peaks, and a glow
curve deconvolution procedure is used to extract the thermoluminescence parameters of rhyolite.
According to the findings, rhyolite glow curves show five interfering peaks corresponding to five elec-
tron trap levels at 142, 176, 221, 298, and 355 ◦C, respectively, at a heating rate of 3 ◦C/s. The obtained
kinetic order for the deconvoluted peaks showed mixed-order kinetic. The reported results might be
useful to introduce rhyolite as a natural sustainable material for radiation dosimetry applications.
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1. Introduction

Thermoluminescence dosimetry (TLD) is a proper method for assessing ionizing
radiation dosage. TLD materials come in a broad range of physical shapes, allowing for
evaluating various radiation characteristics at dosage levels ranging from micro to kilo
Gray. The tiny physical size of TL dosimeters and the point that no cables or additional
equipment are required during dose measurement are significant benefits. As a result, they
are well-suited to many dosimetric applications [1–3].

Sustainable materials are those that can be obtained in enough amounts without
exhausting the non-renewable resources or altering the environment natural resources.

These materials can range from bio-based polymers derived from polysaccharides to
highly recyclable materials, such as glass, which can be reused indefinitely without the
need for additional mineral resources. Recyclable materials, such as waste composites,
are used in many industrial applications, such as in stabilization and solidification of
radioactive waste [4]. Reuse of cement kiln dust and polystyrene waste could contribute
to environmental protection [5]. Cement can be used as a shielding material with modifi-
cation by using various additives, such as cellulosic waste [6,7], bitumen [8,9], glass [10],
polymers [4,11,12], nanomaterials [13,14], and cement wastes [5,15].

Natural minerals are used for a large variety of purposes in modern science and
technology, which enhances human life. Quartz is a typical natural mineral with several
benefits in a variety of TL dosimetry applications, such as for determining a substance’s
radiological history [16,17], monitoring of nuclear accidence [18], and food irradiation
control [19]. Thermoluminescence characteristics of gamma irradiated sandstone showed
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that its linear dose-response covers the range of 1–50 Gy followed by sub-linearity at a high
dose level [20]. Based on radiation induced free radicals, Egyptian limestone was used as
an effective and low-cost electron paramagnetic resonance (EPR) gamma dosimeter [21].
Thermoluminescence characteristics of sedimentary natural calcite in Gebel El Galala,
Egypt, revealed an average TL sensitivity of 322.356 Gy−1 mg−1 with minimum detectable
dosage of 976.221 μGy and a wide range of linearity, from 1.1 to 330 Gy in response to
beta particle irradiation [22]. For the sake of retrospective dosimetry, thermoluminescence
properties of natural tuff were investigated in the dose range 0.5–5 Gy, where linear dose-
response is obtained [23].

Rhyolite is an igneous rock that extrudes and has a high silica content. It is generally
pink or grey in appearance, with tiny grains that are difficult to notice without a hand
lens. Rhyolite is made up of quartz, plagioclase, and sanidine, with some hornblende
and biotite thrown in [24]. Thermoluminescence emission of rhyolite was recently studied
without in-depth investigation of the its full dosimetric properties and kinetic parameters
involved [25].

A thorough understanding of the kinetic parameters is required for reliable research
of thermoluminescent materials for usage in diverse nuclear applications.

The kinetic parameters, on the other hand, are a crucial aspect in describing the physi-
cal characteristics of TL materials. This may be done by looking at the thermoluminescence
curve of the TL materials after they have been exposed to ionizing radiation. When elec-
trons are liberated from the traps during heating, they recombine with trapped holes,
causing light to be emitted. A collection of glow peaks is formed based on the amount of
trapping bands in the material, which serves as a fingerprint for each substance. The kind
of incident radiation and its energy, as well as the geological origin of minerals, chemical
forms, kinds of impurities, and flaws, all influence the glow peaks [26].

The current study aims to investigate the capability of using rhyolite as a natural
thermoluminescent dosimeter material. Thermoluminescence characterization, as well as
its structural and compositional analysis, will also be investigated.

2. Material and Methods

Rhyolite rock was obtained from the Makkah area, Kingdom of Saudi Arabia, around
190 km southeast of Taif, in the mountainous region, at 20.64◦ N longitude and 42.12◦ E
latitude. This rock sample was crushed into 100 μm granules and then washed with
distilled water to remove organic contaminants. Magnetic separation was used to remove
magnetic particles from the sample after it was dried. The powder was annealed at 400 ◦C
in a muffle furnace for 2 h to eliminate any past radiation exposure, then quickly cooled to
room temperature.

At room temperature, a Bruker S8 TIGER XRF spectrometer was used to identify the
elemental composition of rhyolite samples while a Rigaku Ultima 4 XRD was used for
crystallographic phase identification. An Optica FT-IR Spectrometer was used to measure
Fourier transformation infra-red (FTIR) absorption spectra of prepared samples in the
spectral range 400–4000 cm−1. According to a qualitative XRF examination of the natural
rhyolite sample, silicon was the predominant ingredient (53%), with lesser amounts of
aluminum (15.8%), potassium (15.2%), calcium (2.5%), and a variety of other elements as
impurities.

For the sake of shaping and forming small rigid disks, 25 mg average weight suitable
for the TLD reader samples are compressed at 3 tons using a hydraulic press. The obtained
small rhyolite disks of 2 mm diameter and 1 mm thickness are shown in Figure 1.

A Harshaw TL-reader model 3500 (Harshaw, WI, USA) was used for the thermolu-
minescence measurements. The temperature range for the recorded TL glow curves was
50–400 ◦C, with the heating rate of 3–25 ◦C/s.

The 60Co irradiation source (GC220), factory-made by the Canadian Atomic Energy
Authority, was utilized to gamma irradiate the samples at 0.3 Gy/s. The source is provided
by the Egyptian National Center for Radiation Research and Technology.
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Figure 1. Rhyolite compressed disks at 3 tons.

3. Results and Discussions

3.1. Structural Analysis (XRD and FTIR)

The X-ray diffraction pattern (XRD) for natural rhyolite is shown in Figure 2. Crystal-
lographic phase identification and line profile analysis were performed using the Maud
computer program by Luca Lutterotti [27]. Sodium aluminum silicate (42.193 ± 0 wt. %),
potassium aluminum silicate (32.826 ± 1.079 wt. %) and silicon oxide (24.982 ± 0.671 wt. %)
are three identified phases corresponding to three minerals: albite—low, microcline—
intermediate, and quartz—low, respectively. The obtained peaks are matched to the as-
signed peaks regarding the forementioned three phases, which were obtained from the
crystal structure database of the American Mineralogist [28–30].

Figure 2. The x-ray diffraction pattern (XRD) for natural rhyolite.

The line profile fitting estimates that the sodium aluminum silicate phase has triclinic
structure with crystallite size of 73 nm and the lattice parameters, a, b, c, α, β, and γ of
8.14, 12.79, 7.16 Å, 94.26, 116.62, and 87.80◦, respectively. The potassium aluminum silicate
phase also has triclinic structure with crystallite size of 73 nm and the lattice parameters,

99



Sustainability 2022, 14, 6918

a, b, c, α, β, and γ to be 8.60, 13.00, 7.20 Å, 89.98, 115.93, and 89.43◦, respectively. Silicon
oxide phase has trigonal structure with crystallite size of 73 nm and the lattice parameters,
a and b of 4.92 and 5.41 Å, respectively.

Figure 3 shows the FTIR transmission spectrum of the natural rhyolite under investi-
gation. The observed absorption peak at 3435.91 cm−1 can be attributed to the OH group’s
stretching and bending vibrations [31,32], while the those observed at 1093 cm−1 and
661 cm−1 are attributed to the stretching and bending vibrations of the Si-O in quartz,
respectively. The most intense bands recorded at around 1100 cm−1 and 460 cm−1, are
associated with the asymmetric stretching vibrations Si-O(Si) and bending vibrations O-
Si-O present in silicate tetrahedra, respectively. The doublet 800–780 cm−1 is related to
the symmetric stretching vibrations of Si-O-Si bridges [33]. This doublet is found in low-
temperature quartz and is utilized as the analytical band for determining the phase’s
quantitative properties [34]. The Al-O-Si vibration in aluminum silicate is shown by the
absorption band at 1384.16 cm−1 [35].

Figure 3. The FTIR transmission spectrum of the investigated natural rhyolite.

Metal cation vibrations, such as Na+ and Al+, are responsible for the bands detected
at 588.41, 532.27, 463.94, and 428.08 cm−1 [36–38]. These findings are matched with those
obtained with XRD study.

3.2. Glow Curves

The recorded glow curves of 50 Gy gamma irradiated natural rhyolite disks at 3 ◦C/s
heating rate display one intensified TL peak around 135 ◦C, as shown in Figure 4.
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Figure 4. Thermoluminescence glow curve of 50 Gy gamma irradiated natural rhyolite disk heated at
3 ◦C/s heating rate.

The dosimetric properties, such as the effect of heating rate, dose-response, minimum
detectable dose, reproducibility of the obtained response, and thermal fading, will be
studied as follows.

3.3. The Effect of Heating Rate

The impact of various heating rates on natural rhyolite disks irradiated with 50 Gy
gamma radiation is shown in Figure 5. The acquired findings verified that as the heating
rate was increased, the dosimetric peak was pushed to a higher temperature.

Figure 5. The effect of heating rate on the thermoluminescence glow curve of 50 Gy gamma irradiated
natural rhyolite.

Due to increased interfering of sub-peaks at higher heating rates, the width of all
dosimetric peaks at its half maximum increases [39]. This is due to a temperature discrep-
ancy between the TL reading tray (planchet) and the sample’s real recorded temperature
at high heating rates. As a result, the peak seems to be at a greater temperature than it
actually is. Slow heating rates, on the other hand, do not cause this because heat is more
homogenously distributed in the sample, as a result of which there is no change in the peak
temperature [40]. Figure 6 shows the results of TL response at various heating rates from 1
to 25 ◦C/s, where the maximum value was recorded at the 3 ◦C/s heating rate.
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Figure 6. Gamma dose response of natural rhyolite at various heating rates.

3.4. Dose Response

As shown in Figure 7, the variation of the induced TL with gamma dose over the range
1–20 Gy displays a linear fitting (R2 = 0.999) described by the formula I = (1.011 ± 0.026) D;
followed by a supralinearity behavior up to 2000 Gy described by the formula
I = (202.35 ± 20.98) D1.28±0.02, where I refers to the intensity of the TL signal and D is
the irradiation dose. The strong value of R2 suggested that the studied material possesses
a homogeneous delivery of deep electron traps, providing a linear dose-response across
the irradiation dosage range studied. The following formula can be used to compute the
linearity index f(D) at a given dosage D [41]:

f(D) =
[S(D)− S0]/D
[S(D1)− S0]/D1

(1)

where S0, S(D), D1, and S(D1) denote the TL response at zero dose, S(D), dosage in the
linear area; and S(D1) denotes the TL response corresponding to dose D1; respectively. The
value of f(D) equals one for linear behavior, higher than 1 for supralinearity, and lower than
1 for sublinearity.

The calculated f(D) versus irradiation dose from 0.5 to 2000 Gy confirmed the linear-
supralinearity criteria within this range because f(D) equals approximately one for the
range of 0.5–25 Gy, while supralinearity behavior for the residual dose range up to 2 kGy
where the values of f(D) are greater than unity are shown in Figure 8.

The unified interaction model has been used extensively to model the behavior of f(D).
Many experimental measurements have also shown that as the glow peak temperature
rises, the supralinearity of the various glow peaks rises. This can be explained based
on the increased charge carrier migration distances during the recombination (heating)
stage resulting in increased effects of track interaction and, in turn, increased luminescence
recombination efficiency [42,43].

3.5. Thermal Fading

The TL-response of Dosimeters is affected by a variety of environmental conditions.
The temperature of the surrounding medium is maybe the most critical. After irradiation,
heat can liberate electrons from its traps, a process known as thermal fading. The trapping
parameters affecting this process are the frequency factor (s) and activation energy (E) [44].
Figure 9 shows the thermal fading behavior of 50 Gy gamma irradiated rhyolite disks
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during a 28-day period. These samples were annealed before the irradiation process and
stored at room temperature (20–25 ◦C) with a humidity of 40–50%.

Figure 7. Dose response of natural rhyolite disks in the range of 0.5–2000 Gy.

Figure 8. Linearity index of rhyolite at dose range 0.5–2000 Gy.

After 24 h, 52 h, one week, and two weeks, the results showed a 32 percent decrease,
52 percent reduction, and 57 percent reduction. During the remaining research time of
two weeks, no additional thermal fading was noticed. In the case where the TL readout is
delayed, these data will aid in estimating the precise absorbed dosages.

3.6. Reproducibility

Another key criterion in determining reusability of the recommended TL material is
its reproducibility for dosimetry applications. The average TL intensity of a collection of
annealed rhyolite disks was measured after numerous cycles of 50 Gy gamma irradiation.
Based on a standard deviation of six measurements, the obtained data in Figure 10 show that
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the rhyolite dosimeter has acceptable reusability, with roughly 4% variance in successive
measurements.

Figure 9. Thermal fading of 50 Gy gamma irradiated natural rhyolite.

Figure 10. Reproducibility use of natural rhyolite for dosimetry applications.

3.7. Minimum Detectable Dose (MDD)

By using the dose calibration factor (F), the average background reading (B∗), and its
standard deviation (σB), the following formula provided by Furetta et al. can be used to
compute the rhyolite disks’ minimal detectable dose (MDD) (2000) [45].

MDD = (B∗ + 2σB)F (2)

Rhyolite has dose calibration factor F = 0.98 (0.75) Gy g nC−1, the average background
signal B* = 0.40 nC g−1, and its standard deviation σB = 0.06 nC g−1. The calculated values
of the MDD based on the above equation are about 0.5 Gy. Thus, natural rhyolite can
measure low gamma doses up to 0.5 Gy.
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3.8. Kinetic Parameters Determination
3.8.1. Repeated Initial Rise (RIR) Method

This method was developed by Garlick and Gibson in 1948 and is wildly used for
determining the activation energy (E) [46]. The RIR method is based on the fact that at
low temperatures, where TL intensities are less than 10–15% of the maximum intensity
corresponding to a specific cut-off temperature, the change in charge carrier concentration
in the traps is minimal and independent of the kinetic parameters [47]. The TL-intensity
I(T) can be formulated as:

I(T) = const.e−E/kT (3)

The plot of ln (I) against 1/kT where k is the Boltzmann constant, gives a straight line
where the activation energy (E) can be determined from the slope. This approach may recur
with various stopping temperatures Tstop to acquire a large number of activation energies,
and then the number of peaks in the glow curve can be determined if there are many peaks.
The irradiation sample was heated at a continuous pace until it reached a certain cut-off
temperature Tstop, at which point a thermoluminescence decay was recorded. Several
heating and cooling cycles have produced a set of data I(T) spanning the temperature range
of 333–673 K.

For a section of the data acquired at stopping temperatures of 100, 110, 130, 140, and
150 ◦C, Figure 11 depicts the relationship between ln (I) vs. 1/kT. The activation energy
value is anticipated by the slope for each stopping temperature. The graph of the acquired
values of the activation energy E vs. Tstop is shown in Figure 12. The obtained results
displayed that the activation energies are nearly similar in five places (plateau region),
indicating that the glow curve has five overlapping peaks with average activation energies
of 0.77 ± 0.01, 0.86 ± 0.01, 1.01 ± 0.01, 0.99 ± 0.00, and 1.78 ± 0.01 eV, respectively.

Figure 11. Initial raise plots of natural rhyolite sample at some values of Tstop.
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Figure 12. The activation energies (E) of natural rhyolite given by the RIR method.

3.8.2. Computerized Glow Curve Deconvolution (CGCD) Method

The glow curves of natural rhyolite have been deconvoluted into five interfering peaks
using the general order kinetics equation given by Kitis et al. [48].

I(T) = nos exp
(
− E

kT

)[
(b − 1)skT2

βE
× exp

(
− E

kT

)
(1 − Δ) + 1

]− b
b−1

(4)

where I is the glow-peak intensity, s (s−1) is the frequency factor, E (eV) is the activation
energy, n0 is the initial concentration of trapped carriers, T (K) is the absolute temperature,
k (eV K−1) is the Boltzmann constant, Δ = 2 kT/E, and β is the heating rate. The deconvolu-
tion process was carried out using the Korean atomic energy institute’s TL-ANAL tool [49].
As initial approximations, the number of peaks (five) and the corresponding values of their
activation energies (obtained by the RIR method) were entered into the algorithm. The
calculated value of the figure of merit (FOM) for all TL glow peaks determines the accuracy
of the study [50]. The fit is satisfactory if the FOM values are between 0.0 and 2.5 percent,
2.5 and 3.5 percent is minor fit, and >3.5% is bad fit.

Figure 13 shows the glow curve deconvolution of a natural rhyolite sample irradiated
with 50 Gy and recorded at a 3 ◦C/s heating rate. The glow curve deconvolution findings
are summarized in Table 1. The computed standard deviation of the mean owing to many
measurements or fitting peaks during the deconvolution process is incorporated in the
considered activation energy data, which is the uncertainty type A. The acquired findings
indicated that the glow curve of rhyolite material has five overlapping peaks created at 142,
176, 221, 298, and 355 ◦C, respectively, at a heating rate of 3 ◦C/s, and that the activation
energies are compatible with the RIR method’s results. The obtained kinetic order for the
deconvoluted peaks showed mixed-order kinetic.
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Figure 13. Glow curve deconvolution of natural rhyolite at 3 ◦C/s heating rate and irradiated by
50 Gy.

Table 1. The kinetic parameters for natural rhyolite.

Peak Number
Peak Temperature RIR Method CGCD Method

(◦C) E (eV) E (eV) s (s−1) b

1 142 0.77 ± 0.01 0.78 ± 0.02 4.60 × 108 1.07
2 176 0.86 ± 0.01 0.87 ± 0.02 8.29 × 108 1.41
3 221 1.01 ± 0.01 1.02 ± 0.05 3.02 × 109 2.04
4 298 0.99 ± 0.00 0.98 ± 0.01 4.46 × 107 1.66
5 355 1.78 ± 0.01 1.76 ± 0.02 2.00 × 1013 2.02

4. Conclusions

In this paper, natural rhyolite material is shaped into small disks to be used as a ther-
moluminescence dosimeter. Chemical composition and crystal structure of its composite
phases showed that sodium aluminum silicate (42.193 ± 0 wt. %), potassium aluminum
silicate (32.826 ± 1.079 wt. %), and silicon oxide (24.982 ± 0.671 wt. %) are the three
identified phases of rhyolite composition. Linear dose response up to 25 Gy followed
by supralinearity up to 2000 Gy are obtained. The obtained TL characteristics of rhyolite
showed that this material has linear dose response up to 25 Gy, followed by supralinearity
up to 2000 Gy, as well as relatively high fading rate of 57% after two weeks with no more
thermal fading noted. Low detection limit of roughly 0.5 Gy and reasonable repeatability of
about 4% variation in successive measurements are noted. These characteristics may qualify
rhyolite as the sustainable natural material used in this study for a variety of applications
involved radiation dose assessment.
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Abstract: Radiopharmaceuticals (RPC) used for diagnostic and therapeutic purposes in nuclear
medicine may contaminate surface areas due to spillage during its preparation or accident during
RPC transfer from laboratory to the treatment room. Fluorine-18 Fluorodeoxyglucose (18F-FDG)
is the most common RPC for positron emission tomography (PET) scan in nuclear medicine due
to its ideal annihilation converted energy at 511 keV and short half-life at 109.8 min. Ineffective
medical waste management of 18F-FDG may pose a risk to the environment or cause unnecessary
radiation doses to the personnel and public. Depending on the incident rate of these events, simple
decontamination methods such as the use of chemicals and swabs might not be cost-effective and
sustainable in the environment. This study aims to propose an alternative method to decontaminate
18F-FDG by using graphene oxide (GO). GO was synthesised using the Hummers method while the
physical morphology was analysed using a field emission scanning electron microscope (FESEM).
18F-FDG adsorption efficiency rate using GO nanolayers was analysed based on the kinetic study
of the GO:18F-FDG mixtures. The chemical adsorbability of the material was analysed via UV–vis
spectrophotometer to interlink the microstructures of GO with the sorption affinity interaction.
Resultantly, the adsorption rate was effective at a slow decay rate and the optical adsorption of
GO with 18F-FDG was dominated by the π → π∗ plasmon peak, which was near 230 nm. By
elucidating the underlining GO special features, an alternative technique to isolate 18F-FDG for the
decontamination process was successfully proven.

Keywords: radiopharmaceutical; radioactive spillage; decontamination; radioactivity; adsorption;
nuclear medicine

1. Introduction

Radiopharmaceutical (RPC) resources are essential for nuclear imaging and thera-
peutic purposes in nuclear medicine. Fluorine-18 Fluorodeoxyglucose (18F-FDG) is the
most ideal RPC for positron emission tomography (PET) scans due to its ideal half-life
and versatile molecular structure [1,2]. Fluorine is considered a favourable atom in drug
development due to its physical properties, including a small van der Waals radius (1.47 Å),
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high electronegativity, and ability to form a strong bond with carbon (C-F energy bond
of 112 kcal/mol) [3]. In comparison with a carbon-hydrogen bond (C-H energy bond of
98 kcal/mol), 18F-FDG is more thermally stable and oxidation resistant [3]. Unexpected
radioactive contamination might occur in a nuclear medicine department either from
source handling, such as breakage of a radionuclide vial, or may originate from the patient
either by sneezing, vomiting, or urinating [4]. The hazard associated with radioactive
contamination and waste depends on the concentration and nature of the activity of the
radionuclide [5]. 18F-FDG, an unstable radioisotope, will decay in the human metabolic
process and produce positrons, thereby leading to an annihilation process with electrons
and producing pairs of 511 keV gamma-ray photons in 180◦ directions [6]. This energy is
quite high and exposes the personnel, patient, and public to unnecessary radiation doses.

The high demand for PET scans requires mass production of 18F-FDG using cyclotron,
which indirectly leads to an increase in the incident rate of radionuclide spillage contamina-
tions. Meanwhile, the usage of a large volume of simple decontamination chemical agents
might not be sustainable in the environment [7], and is not cost-effective as its periodic
purchase is met with limited production. Thus, alternative decontamination agents must
be considered by ensuring the application of a competent material for radionuclide decon-
tamination, which is more efficient, environmentally friendly, and economical in terms of
long-term usage of the resources [8].

Graphene oxide (GO) is a nanolayer material that has a carbon compound and is rich
in oxygenated functional groups, which makes it a fitting adsorbent for various molecules
either in aqueous or dispersed in a polymeric solution [9]. GO also has several desirable
properties, such as high surface area, high mechanical strength, electrical conductivity,
large pore volume structure, and high solubility due to abundant oxygen-based functional
groups [9]. GO is a two-dimensional (2D), carbon-based material that has a single-atom-thin
full sp2 hybridised carbon structure with minimal defects, which makes it a well-known
adsorbent [10]. Due to its uniquely tuneable physicochemical characteristics [11] and
biocompatibility [12], GO has been use in many applications such as the removal of metal
ions [13], biomedical [14], electrochemical energy [15], catalysis [16], sensing [17], polymers
composite [18], removal of heavy metals [19], wastewater treatment [20] and antibacterial
agents [21].

The availability of various functional groups such as carboxyl, hydroxyl, epoxy and
keto groups on its nano surface [22] give advantages to GO as a super adsorbent carbon
material to efficiently interact with any hazardous and toxic liquid, gas or solid contami-
nants [23]. Practically, radioactive waste has been decontaminated using special chemical
agents which might chemically produce other chemical by-products [24] due to chemical
interactions with unstable energetic radionuclide.

Application of GO nanosheets in trapping radionuclides has been conducted on
238U [25], 137Cs [26], 131I [27], 232Th, 95Am, 94Pu, 63Eu, 38Sr and 99mTc [28]. However,
adsorption and chemical adsorption characterization of short-live radionuclides such as
the 18F radionuclide by using GO has not been comprehensively reported. Herewith, we
conduct experiments to prove the efficiency of 18F-FDG decontamination by using GO,
which is a stable carbon-based material with minimal production of chemical by-products.
The interactions between these compound mixtures with different concentration of GO
and activities for energy variations were characterize by using UV–vis spectrometer for
complex adsorption capabilities.

2. Materials and Methods

Graphite powder, a naturally occurring form of crystalline carbon along with inorganic
compound potassium permanganate (KMnO4) and corrosive substances, sulphuric acid
(H2SO4) and phosphoric acid (H3PO4), were used to make up the GO mixture. Hydrogen
peroxide (H2O2, 30%) and ice cubes were used to initiate and phase out the oxidation
process. Consequently, hydrochloric acid (HCl) and distilled water were used for the
centrifuge process. 18F-FDG was obtained at the Nuclear Medicine & Molecular Imaging
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Department, Chancellor Tuanku Muhriz Hospital, Universiti Kebangsaan Malaysia. A dose
calibrator (Capintec CRC-25R, Capintec Inc., Florham Park, NJ, USA) was used to monitor
and record the activity of the radionuclides. The characterisation of the synthesised GO
was performed using FESEM (FEI QuantaTM 450 FEG, FEI Company, Hillsboro, OR, USA)
at SEM Laboratory, School of Health Sciences, Universiti Sains Malaysia. Furthermore, a
morphological analysis of the nanolayers and their porosity was conducted. Meanwhile,
the chemical adsorbability affinity of the GO:18F-FDG was analysed using a UV–vis spec-
trometer (CARY 100 Bio, Agilent Technologies Inc., Santa Clara, CA, USA) at the Analytical
Laboratory, School of Health Sciences, Universiti Sains Malaysia.

2.1. Synthesis of Graphene Oxide

The Graphene oxide was synthesised by the widely used Hummer’s method [29–31].
About 3 g of graphite and 18 g of KMnO4 were added to the 320 mL of H2SO4 and 80 mL of
H3PO4 in a ratio of 4:1, respectively. The mouth of the beaker was closed with an aluminium
foil and stirred for three days continuously before transferring the reagent into a 500 mL ice
cube along with 27 mL of H2O2 (30%) to stop the oxidation and cooling process. The dark
brown mixture formed was known as graphite oxide, which was then washed with HCl to
separate the GO from the chemical by-products and unexfoliated graphite. About 15 mL of
the mixture and 15 mL of HCL were mixed and centrifuged at 5000 g/rpm for 10 min. This
washing process was repeated thrice before washing with distilled water several times and
centrifuged with the same setting until a pH of 5 was achieved.

2.2. Isolation of 18F-FDG

The GO concentrations were varied into 1 mg/mL, 2 mg/mL, and 3 mg/mL, which
were obtained by applying Equation (1), where M1 is the initial concentration of the solution,
V1 is the volume of the solution, M2 is the concentration of the diluted solution after adding
more solvent, and V2 is the volume of the diluted solution.

M1V1 = M2V2 (1)

The FDG dispenser (NUCLEMED 317R3, NUCLEMED BV, Roeselare, Belgium) was
used to accurately prepare the 37 MBq, 74 MBq, and 111 MBq of 18F-FDG, and three
different concentrations of GO were added into each glass serum vial as shown in Figure 1a.
The mixture of GO:18F-FDG was then poured on a filter paper, and the sediment was
obtained as depicted in Figure 1b. The radioactivity of the sediment along with the filter
paper and the filtrate (if available) were obtained using the dose calibrator ionisation
chamber over the function of time (Ao = initial activity, Ao/4 = 54.9 min, Ao/2 = 109.8 min,
Ao3/4 = 164.7 min, and Ao/16 = 219.6 min). The radioactivity of each activity with different
concentrations was compared to the natural decay of 18F-FDG by plotting the decay graph.
A Geiger–Muller survey meter (Model Fluke 451B, Fluke Corporation, Everett, WA, USA)
was used during the experiment to measure the radiation exposure, ensuring there was no
leakage or spillage of the radionuclide source on any surfaces in the laboratory.
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Figure 1. (a) GO solution with 1 mg/mL, 2 mg/mL and 3 mg/mL mixed with 18F-FDG of 1mCi
(~37 MBq) in glass serum vials. (b) GO:18F-FDG mixture poured into filter papers.

3. Results and Discussions

3.1. Characterisation of GO Nanolayers

Graphene oxide (GO) images obtained from the FESEM were well defined and in-
terlinked two-dimensional (2D) graphene sheets. Figure 2a,b show random sophisticated
2D structures with different magnifications. The surface appears as a wrinkly ‘wax tissue
layer’ with hollow structures (red arrows in Figure 2a) and a continuous vast layer-by-layer
surface area with random size of GO flakes (numbering layers in Figure 2b). This feature is
advantageous to the GO in terms of ‘wrapping’ or entrapping other materials with vari-
ous chemical bonds by the numerous carbon functional groups existing at the molecular
structure level [32]. It also shows that the ‘wax tissue layer’ [33,34], which resembles the
GO sheet, reflects that the deformation of the graphene layers was due to the oxidation
process in the synthesised GO. Hence, the carbon lattice became distorted following the
addition of oxygen lattice into the structures [35]. The generated hollow pores as shown in
Figure 2a could be formed via the hydrothermal method by crumpling graphene sheets
together, which results in the formation of voids between the sheets [32]. These features
in the GO appear to be advantageous in terms of the hydrophilicity and dispersion into
various media, including aqueous and organic solvents.

 

Figure 2. GO flake 2D structures with random ‘wax-tissue’ layers and complex hollow structures.
(a) Complex hollow structures with wrinkles and exfoliated tissue layers, (b) wrinkles and exfoliated
stacked structures with random small flakes.
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Stacked GO structures can be clearly seen in Figure 3a,b for 250×, and 500× mag-
nification. The stacking structures enhance the continuous interaction probabilities with
other compounds, where the large substrate surface area will participate in the molecular
interactions [33]. The interactions probabilities are continuously increased with stacking
layers by layers of GO and might be trapped within the compound with increasing depth
via complex interactions.

 

Figure 3. GO substrate surface stacked nanostructures. (a) Random stacks of small-flake GO nano-
layers, (b) flat surface of large-flake GO nano-layers.

Meanwhile, a single substrate of GO nanolayers can be seen in a close-up micrograph
in Figure 4a,b. The micrograph enhances the size of the nano substrate surface for molecular
interactions to trap the 18F-FDG and other compounds. Some contaminants on the GO
surface can be seen in Figure 4a, which might be due to the incomplete washing of some
foreign particles (red arrows). However, Figure 4b shows a significant structure of single
wax tissue layers of GO with wrinkles and exfoliated networking lines on the surface
(arrows), ready for the adsorption process via the molecular interaction of many available
functional groups.

 

Figure 4. Close-up of single substrate GO nanolayers. (a) Contaminants existed on the GO nano-
layers, (b) continuous wrinkle and exfoliated networking lines ready for adsorption interactions.
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In additions, the complex structures of GO nanolayers have been focused within
smaller scales as those shown in Figure 5a,b. The agglomerated ‘wax tissue’ nanolayers
with non-uniform structures are shown in Figure 5a. The complex wrinkles and exfoliated
structures can be seen via the red arrows, whereas the agglomerated long strand ‘wax-
tissue’ nanolayers can be seen on another site. On the other hand, Figure 5b shows the
multiple stacking layers that can still be identified from the agglomerated wax tissue layers.
These structures demonstrate that the continuous multiplex nanolayers randomly existed
for fine focused micrograph and widely spread on the GO substrates.

 

Figure 5. Agglomerated ‘wax-tissues’ GO with stacking layers. (a) Random and long strand agglom-
erated ‘wax-tissue’ nanolayers, (b) identification of stacking layers on agglomerated GO structures.

Moreover, agglomerated wrinkle and exfoliated structures have been further charac-
terized with smaller scales to show a close up image of the 2D single nanolayers of the
‘wax-tissue’ GO structures as shown in Figure 6a,b. It can be seen that the small spherical
agglomerated GO nanostructures are randomly attached on the upper site as shown in
Figure 6a and the lower site as shown in Figure 6b of the single nanolayers. This phe-
nomenon proves the complex random structures of agglomerated GO nanolayers existed
along the stacking surfaces and promote high interactions with any materials via molecular
interactions [36]. However, agglomerated unattached spherical nano structures are also
randomly seen in Figure 6a, which leads to random complex interactions efficiency during
the adsorption process [37].

In Figure 7a, a stacking wrinkles and exfoliated GO nanolayers has been selected for
characterization by using X-ray diffraction technique (XRD) (Bruker D2, Bruker Corpora-
tion, Billerica, MA, USA) and UV–vis spectrometer. XRD spectrum of the GO is similar to
the GO reported in other previous published works. It can be seen in Figure 7b that the
characteristic peak of GO centred at 10.0◦, which was assigned to the (0,0,1) reflection of
GO. The UV–visible adsorption spectra of GO are shown in the Figure 7c. As revealed by
the spectrum, two characteristic peaks of GO were observed at 227 and 229 nm, which were
π → π* transition of aromatic C-C bond and the n → π* of C=O group, respectively. This is
in agreement with the results published elsewhere [38].
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Figure 6. (a) Attached and free spherical agglomerated GO structures and (b) small spherical ag-
glomerated GO nano structures have been randomly attached on the stacked wrinkles and exfoliated
single GO nanolayer.

 
Figure 7. (a) Stacking wrinkles and exfoliated GO nanolayers [34], (b) XRD characterization of GO
centred at 10.0◦, and (c) UV–vis spectrum characteristic peaks of GO observed at 227 and 229 nm.

3.2. Kinetic Study

The kinetic study of the isolation of GO:18F-FDG mixtures for different concentrations of
GO concentrations and RPC activities was extrapolated using the radioactive decay equation
as shown in Equation (2), where A is the radionuclide activity, Ao is the initial radionuclide
activity, λ is the decay constant, and t is the decay time. Each of the activities (37 MBq, 74 MBq
and 111 MBq) that were mixed with different GO concentrations (1, 2, 3 mg/mL) and trapped
by using a filter paper were measured using a dose calibrator within specific periods (54.9 min,
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109.8 min, 164.7 min, and 219.6 min). The activities were differentiated in order to investigate the
influence of the positrons and gamma-ray photons’ production rate on the molecular adsorption
process. Three graphs to study the kinetics of the 18F-FDG isolated by GO based on activity
over time were plotted for different values of A0 as shown in Figures 8–10.

ln (A/Ao) = −λt (2)

Figures 8–10 depict the exponentially plotted graph of GO:18F-FDG activities versus
time for three different concentrations (1, 2, and 3 mg/ mL). From these graphs, the activity
of GO:18F-FDG was exponentially decreased to half from their approximate initial activities
within 109.8 min, which is the natural half-life of 18F [39]. From the graph, the first term
half-life for three different activities (37 MBq, 74 MBq and 111 MBq) are sharply reduced due
to their active decay processes with respect to its initial activities (high activity), becoming
stagnant for the second term of its half-life and approximately close to zero for total decay
(219.6 min). The decay process depends on the activities of the radionuclide, where higher
activities promote active interactions with random decay processes in the nucleus. In this
study, the existence of different concentrations of GO with RPC influenced the nuclear
decay process within the unstable 18F nucleus, where there are different activities has been
measured for different concentrations in a specific natural half-life. This phenomenon
might be due to the adsorption of GO at the molecular level which is mostly via van der
walls and ionic interactions [40], causing some inter-molecular changes of weak nuclear
and electromagnetic forces in 18F during its decay process. Influence of the weak nuclear
forces that control the nuclear activities for any radioisotope decay [41], might cause some
changes in the decay rate of the materials during complex molecular interactions.

Generally, 1 mg/mL concentration of GO can trap the 18F-FDG effectively, where the
activity is always higher in each measured time as shown in Figures 8–10. This might be due
to random nuclear interaction activities in the 18F nucleus, where vast numbers of electrons
for higher concentrations might fluctuate or slow the molecular interactions. Fluctuation at
the initial activity due to a high decay rate may be attributed to the reactivity of the orbital
electrons of fluorine, which actively tend to be stabilised via complex interaction [42].

The adsorption interactions might also be influenced by the physical volume of the
RPC that coagulate with certain GO concentrations, where the insoluble process might
occur due to saturated solutions. It also shows that a higher concentration of GO could
reduce the activity of 18F-FDG due to the interactions occurring at molecular levels. High
activities of 18F-FDG (111 MBq and 74 Mbq) actively produce positron, which originates
from the nucleus and leads to an annihilation process rather than adsorption interaction
with the GO. Figures 9 and 10 show the undifferentiation for low and high concentrations of
GO and their influence on the activity decay of 18F-FDG, where the line is almost redundant
with each other. However, the slower decay process provides a likelihood for adsorption
interactions, where the line is seen to be identical at 50 min onwards in Figure 6, as well
as the whole measurable activity in Figure 8. This might be due to the availability of
free electron clouds in 18F-FDG, which have more chance to be interacted with and form
functional groups in the GO chemical structures at low activity.
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Figure 8. GO:18F-FDG mixtures with an initial activity of 37 MBq and different concentrations of GO.

 

Figure 9. GO:18F-FDG mixtures with an initial activity of 74 MBq and different concentrations of GO.
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Figure 10. GO:18F-FDG mixtures with an initial activity of 111 MBq and different concentrations of GO.

3.3. UV–Vis Spectrometry and Chemical Analysis

The study of absorbability of the graphene oxide and the radionuclide using the UV–
vis spectrophotometer provided detailed information about the peak of the wavelength
based on the Beer–Lambert law [43]. The GO and 18F-FDG UV–visible adsorption spectra
were obtained as shown in Figure 11. A single band GO adsorption peak can be observed,
which was centred at 220 nm as depicted by the dashed red line. This band value indicates
the π → π∗, the transition of aromatic C-C bonds, which have numerous sp2 bonds into the
molecular mixtures [44]. The molecule absorbs the UV–vis light starting at the wavelength
of 200 nm and begins to decline before attaining the peak at 220 nm. Thereafter, the molecule
continues to decline to show that the functional group of GO has partially decreased as
it passes a higher value of wavelength. The optical adsorption of GO is dominated by
the π → π∗ plasmon peak, which is near 230 nm [45]. This occurrence depends on two
conjugative effects: clusters of nanometer-scale sp2 and the chromophore unit, such as C=C,
C=O and C-O bonds [45].

The chemical structure of 18F is 1s22s22p5 and has a single free orbital electron. It is able
to produce high energetic photons with 511 keV which activate the orbital electrons of the
functional groups and delocalize on to the GO nano sheets via continuous π → π∗ stacking
interactions due to the stacked nanolayers of GO structures. The 511 keV photons energy might
eject the orbital electrons at available functional groups to provide free molecular vacancy to
be filled in by unstable 18F atoms. The electrons might interact with epoxy bridges, hydroxyl
groups, and pairwise carboxyl groups in GO nanolayers [45] and might be influenced by excess
energies received during the internal nuclear decay, leading to the annihilation process as shown
in Figure 12.

The peak obtained at 220 nm was probably due to the aggregation of chromophore
effects that were affected by the mixture of GO:18F-FDG for different GO concentrations [46].
The 1 mg/mL showed the highest peak and the highest adsorbability compared to 2 mg/mL
and 3 mg/mL of GO concentrations. This result is in line with the kinetic study illustrated
in Figure 8, where a slow decay rate of low 18F-FDG activity provided the chances for
the molecular adsorption rate to occur. Higher concentrations might yield a complex
saturated phase between the molecular mixtures to interact within a short time, whereas
higher activities will generate excess energy to the particles for the annihilation process or
eject the electrons from orbitals without interactions. The mixture probably modified the
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oxygen-containing functional groups, thereby causing the mixture to absorb a slightly lower
range of UV–vis wavelength. The wavelength of adsorption also depends on the energy
difference between the bonding or antibonding and non-bonding orbital concerned [47].

 
Figure 11. The UV–vis adsorption of GO:18F-FDG with different concentrations has been seen on at
the peak of 220 nm.

 

Figure 12. Illustration of energetic gamma rays produced by unstable 18F when activating the
adsorption process with functional groups and GO nanosheet structures.

4. Conclusions

Conclusively, GO has demonstrated high sorption affinity towards the radionuclide
of a pure radiopharmaceutical. The high sorption capacity and the ability to coagulate
with any reactive elements at molecular structures, such as 18F-FDG, makes it a prime
option for alternative radionuclides decontamination. The ‘wax tissue’ nanolayers and vast
surface area have been shown to help GO wrap and adsorb radionuclides effectively. The
adsorption rate was effective at a slow decay rate of 18F-FDG, where more available free
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electrons are ready for the adsorption interaction with GO functional groups. Fluctuation
of electron interactions and the active annihilation process occurred at high activity, thereby
reducing the coagulation process within a short time due to the energetic nuclear process.
The optical adsorption of GO with 18F-FDG is dominated by the π → π∗ plasmon peak,
which is near 230 nm.
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Abstract: The current research uses sustainable methods to preserve the environment, such as ex-
ploiting municipal or industrial waste that may harm the environment. The wreckage of polyvinyl
chloride (PVC) pipes and asphaltene are used as additives to cement to improve its mechanical prop-
erties, while stabilizing the radioactive waste resulting from the peaceful uses of nuclear materials, or
enhancing its radiation shielding efficiency. New composites of Portland cement with ground PVC or
asphaltene up to 50% are investigated. Fast neutron removal cross-section (ΣR) and gamma shielding
parameters, such as mass attenuation coefficient (MAC), half-value layer (HVL), effective atomic
number (Zeff), and exposure build-up factor (EBF) at wide energy range and thickness, are determined.
The compressive strength and apparent porosity of the examined composites are examined to test
the durability of the prepared composites as stabilizers for radioactive waste. The obtained results
show that the bulk density of hardened cementitious composites was slightly increased by increasing
the additive amount of PVC or asphaltene. The compressive strength of cement composites reached
more than 4.5 MP at 50 wt.% PVC and 8.8 MPa at 50 wt.% asphaltene. These values are significantly
higher than those recommended by the US Nuclear Regulatory Commission (3.4 MPa). Additionally,
the obtained results demonstrate that although the gamma MAC is slightly decreased by adding
asphaltene or PVC, the neutron removal cross-section was highly increased, reaching 171% in the case
of 50 wt.% asphaltene and 304% in the case of 50 wt.% PVC. We can conclude that cement composites
with PVC or asphaltene have optimized radiation shielding properties and can stabilize radioactive
waste.

Keywords: asphaltene; cement; polyvinylchloride; radiation shielding; waste immobilization

1. Introduction

Radiation shielding and radioactive waste stabilization are two critical requirements
for safe peaceful nuclear applications. The various applications of radioactive materials
have adhere to general radiation protection principles, such as justification, optimization,
and dose and risk limits [1]. The reduction in personnel dose is a fundamental principle of
radiation protection. To reduce the occupational radiation hazard, the level of radiation
must be assessed, and three parameters are typically emphasized in controlling the radiation
hazard: time, distance, and shielding [1].

The stabilization of radioactive waste reduces the possibility of radioactive contami-
nation, migration, or the dispersing of radionuclides. Stabilization is defined as the trans-
formation of waste into another form through solidification, embedding, or encapsulation
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for safe handling, transportation, storage, and disposal in designated landfills. Radioac-
tive waste is encapsulated by physically surrounding it in materials such as bitumen or
cement, which isolates it and retains radionuclides. Packaging or immobilization protects
the radioactive substances, and prevents them from being accessed by the environment or
escaping into the environment [2]. Furthermore, radioactive materials constantly irradiate
through the immobilizing medium, sometimes at high levels of radiation. Radionuclides
with long half-lives have extended irradiation periods and make the immobilization process
a problem with no simple solution, necessitating the use of another material with high
radiation shielding properties.

In the solidification/stabilization process, radioactive waste is converted into a stable
solid form that is insoluble by cementation or vitrification, so as to prevent the radio
contamination of the surrounding environment [3].

The excellent compressive strength and cost-effectiveness of cement allow it to be
widely used as a stabilizer for hazardous and radioactive waste produced initially or as a
by-product from treatment operations [4,5]. Cementation technology is used for the immo-
bilization of radioactive waste. The practice of encapsulating radioactive waste in Portland
cement began during the early years of the nuclear industry due to its low cost, availability,
and compatibility with aqueous waste. The properties of cement vary depending on the
type of cement used and the additives used, as well as the desired characteristics that the
slurry design should have in order to maintain the durability of the cement. To achieve this
goal, several studies and experiments have been carried out with the target of increasing
the cement’s stability, lifetime, and quality, while decreasing the cement’s deterioration.
Portland cement can be modified using a range of additives. These may include cellu-
losic waste [6,7], bitumen [8,9], glass [10], polymers [11–14], nanomaterials [15,16] and
cement wastes [17,18].

With the growing problem of the high levels of problematic plastic waste produced
today, polyvinylchloride (PVC) is the third most-produced synthetic polymer on a global
scale. Annually, approximately 39.3 million tons are consumed worldwide, with a 3.2%
increase in demand per year [19]. The recycling of PVC waste, including mechanical,
chemical, re-extrusion, and burning, has been a leading cause of the presence of dioxin in
incinerators when they are burned, and poses a harmful waste problem [20]. PVC wastes
require recycling to overcome the many troubles of waste disposal and attain a sustainable
solution for various industries, including nuclear applications. PVC wastes can be mixed
with cement as a sustainable additive to produce cementitious products suitable for the
immobilization of radioactive waste or as a shielding construction material. This technique
is an environmentally friendly and economic method for developing economies such as
Egypt, due to the great need to dispose of PVC and radioactive waste at the same time.

Another type of problematic material is asphaltene, since it can form dense floccu-
lation and deposits in reservoirs, wellbores, and transportation pipelines, and thus can
cause severe operational and production problems. Fortunately, asphaltene is a low-cost
hydrocarbon byproduct produced during deep oil refining, with no significant uses in the
pavement industry. Recently, asphaltenes were chemically modified for use as a novel
thermal conductivity enhancer for liquid paraffin [21], and have been used with cement
as additives to asphalt emulsion-stabilized layers [22]. Presently, asphaltene is character-
ized by its proper ability to mix with cement and produce a new composite of reasonable
radiation shielding properties.

This research offers a comparative study to evaluate the mechanical properties, gamma
attenuation and fast neutron removal cross-section of two cement composites, namely, a
cement–PVC composite and a cement–asphaltene composite. This research reports on a
systematic study demonstrating the effects of the incorporation of various ratios of grated
PVC waste or asphaltene emulsion into Portland cement to improve the durability and
mechanical properties of the produced composite, which will be used as a solidifying agent
for radioactive waste, to enhance the attenuation coefficient required to achieve radiation
safety in a shielding construction material, or to achieve the two purposes at the same
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time. This study aimed to investigate the suitability of some cement additives of definite
compositions for producing proper composites with good performances and high densities,
using different types of aggregates (asphaltene or PVC) that could enhance the shielding
efficiency or achieve the safe stabilization of radioactive waste. The most significant issue
in the present study is the elimination of two problematic wastes (asphaltene and PVC),
and the production of an innovative product with reasonable efficiency that can be used
in the immobilization of radioactive waste or radiation shielding construction, with eco-
sustainability, low energy demands, and cost minimization.

2. Methodology of Research

2.1. Materials
2.1.1. Portland Cement

A commercially available Portland cement supplied by El Sewedy cement company,
CEM1(42.5 N), was used in this study as the binding material, developed according to
Egyptian Standard Specifications, ES 4756-1/2005 [23], and the British Standard Institution
(BSI), EN 197-1/2011 [24].

2.1.2. Polyvinylchloride (PVC)

Scraps of polyvinylchloride pipes were collected as municipal solid waste and cleaned
with tap water. The large pieces were crushed and sieved to obtain fine particles of
polyvinyl waste appropriate for the subsequent blending with cement [25].

2.1.3. Asphaltene

The asphaltene used in this study was of commercial grade. Asphaltene is a fraction of
a hydrocarbon fuel, consisting of condensed polynuclear aromatic ring systems at the center
bearing alkyl side chains with hetero elements, the FT-IR spectrum has been presented
previously in the literature [26].

2.2. Preparation of Cementitious Samples

Portland cement, the major component used in this study, was hydrated with 35%
tap water without any additives to prepare the blank samples, or was blended with
various additives, such as asphaltene or PVC, to prepare the different composites at various
additive ratios.

Each group of compositions contained more than six specimens, three of which were
subjected to compressive strength tests, three to porosity and water absorption measure-
ments, and the remaining were subjected to attenuation testing. The pastes of various
groups were poured into cylindrical bottles that were internally coated with Vaseline, man-
ually compacted, tightly closed, and safely stored in the laboratory at room temperature
(25.5 ◦C in wet conditions) for 28 days to allow complete reaction and proper solidification.
After curing, the solidified samples were demolded and subjected to mechanical integrity
tests, permeability spectroscopic analysis, and attenuation measurements.

2.3. Assessment of Mechanical Properties

The mechanical integrity is here expressed as compressive strength in MPa for cemen-
titious samples—either cement mixed with asphaltene or PVC, or cement hydrated without
any additives. In the Italian testing machine, Ma test E 159 SP, cylindrical samples were
loaded axially between the loading plates to determine the maximum load before sample
cracking, determined via the ASTM C109 standard test method [27]. Furthermore, the
boiling water technique was used to measure porosity, bulk density, and water absorption
following ASTM C 20-00 [28]. Using the water displacement method, which is based on
Archimedes’ saturation technique, the masses of porous specimens, both dry and in water,
were recorded. The following two equations can be used to calculate apparent porosity.

P = [(W − D)/V] × 100 (1)

127



Sustainability 2022, 14, 3525

V = W − S (2)

P—apparent porosity (%), W—saturated mass of the specimen (g), D—dry mass of
the specimen (g), S—suspended weight of the specimen (g), V—exterior volume of the
specimen (cm3).

Then, the bulk density (r) can be calculated from the volume and saturated mass of
the sample, as:

r = D/V (3)

2.4. Determination of Gamma-Ray Shielding by Theoretical Aspects

The attenuation of γ-rays by a medium can be described by the well-known Lambert–
Beer formula [29]:

I = B × I0 × e−μmxρ (4)

where I and I0 are, respectively, the transmitted and initial intensities of photons; B (X, E)
is the build-up factor, depending on the penetration depth x of the material and energy E
of the incident photon; μm is the mass attenuation coefficient (cm2/g) and ρ is the mass
density (g/cm3). The mass attenuation coefficients (MAC) of the prepared samples at an
energy range of 0.015–15 MeV were calculated using Phy-X/PSD, a user-friendly online
software. This program, published by the National Institute of Standards and Technology,
includes the coefficients of attenuation of all elements in the periodic table at various
energies (NIS) [30].

The radiation protection efficiency (RPE), which is provided by the following equation,
may be used to study the shielding efficiency of an absorber sample.

I = (1 − I
I0
)× 100 (5)

The effective atomic number (Zeff) of a sample containing a mixture of elements is the
ratio of its effective atomic cross-section (σa) to its electronic cross-section (σe), and can be
calculated using the following formula [31];

Ze f f =
σa

σe
=

∑i fi Ai(μm)i

∑i fi
Ai
Zi
(μm)i

(6)

where Ai and Zi are the atomic weight and the atomic number, respectively, of the i-element
inside the sample. The term fi refers to the fractional abundance. The Auto-Zeff program
is a user-friendly software presented recently by Taylor that can be used for the quick
computation of Zeff [32].

The equivalent atomic number (Zeq) of the prepared sample at a specific energy may
be calculated using the fractional mass attenuation coefficient owing to Compton scattering
R = (μm)comp/(μm)total. This may be accomplished by matching R1 and R2 for two pure
elements with two consecutive atomic numbers Z1 and Z2 at the same energy, resulting in
R being positioned between R1 and R2 (near to R). The logarithmic interpolation formula of
Zeq is as follows [33]:

Zeq =
Z1(log R2 − log R) + Z2(log R − log R1)

log R2 − log R1
(7)

Harima et al. created the Geometric Progression (G-P) approximation, which is used
to calculate the exposure build-up factors (EBF) of the prepared samples (1993). Using
the interpolation formulas below, one can calculate the G-P fitting parameters and the
related EBF [34,35].

B(E, X) = 1 +
b − 1
K − 1

(
KX − 1

)
for K �= 1 (8)

B(E, X) = 1 + (b − 1)X for K = 1 (9)
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where X is the penetration depth (X ≤ 40 mfp), b is the EBF value at 1 mfp, K (E, X) is the
multiplicative dose factor, and b, c, a, XK and d are the computed G-P fitting parameters,
which depend on the attenuating medium and the source energy. The G-P fitting parameters
(b, c, a, XK, and d) of the prepared samples throughout the 0.015–15 MeV gamma-ray energy
range up to 40 mfp may be interpolated using a comparable logarithmic formula, such as
Formula (5) [36,37]. The G-P fit requirements for the elements were derived from a research
study conducted by the American Nuclear Society [38].

The fast neutron removal cross-section (ΣR) of this material is the proportion of fast
neutrons removed from a beam of neutrons during its penetration and after the first contact
with the target material. For neutron energies of 2–12 MeV, the effective removal cross-
section is nearly constant [36]. In the case of a combination of components, the removal
cross-section may be calculated using the following formula:

ΣR = ∑
i

wi(ΣR)i (10)

where wi and (ΣR)i are the elemental weight fraction and removal cross-section, respec-
tively. Dividing by the mass density (ρ), the fast neutron mass removal cross-section
ΣR/ρ (cm2 g−1) can be calculated.

3. Results and Discussion

3.1. Investigation of Mechanical Integrity and Porosity
3.1.1. Cement-Based PVC

The mechanical stability, reflected in the compressive strength of the reference sample
of cement without any additives, had the highest value of 24.4 MPa; this is compared with
the steady decrease in compressive strength, to 4.5 MPa, with an increasing PVC ratio
from 10 to 50 wt.%, as shown in Figure 1. This fall in compressive strength is attributed to
the heterogeneity between the two components, and their pores. On the other hand, the
porosity showed the opposite trend; a gradual increase in porosity was correlated with
an increasing PVC content in cement. The behavior of porosity explains the decreasing
compressive strength.
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Figure 1. Compressive strength, density, water absorption, and porosity of cement blended with
extended ratios of PVC.

However, the bulk density of the hardened cementitious composites was slightly
increased by increasing the additive amount of PVC granules, due to their relatively
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high density, while the water absorption showed a constant value while increasing the
addition of recycled PVC. According to previous research and in agreement with the
current experiment, absorption affinity indirectly reflects the porosity due to permeable
pore volume and connectivity [39]. As per the US Nuclear Regulatory Commission, the
standard value relative to the compressive strength of solidified radioactive waste has to be
more than 3.4 MPa [40], and the compressive strength of cement mixed with 50 wt.% PVC
has reached more than 4.5 MPa; this value is significantly higher than recommended, and
displays the standard parameters required for the immobilization of low and intermediate
levels of radioactive waste.

3.1.2. Cement-Based Asphaltene

To examine the effect of increasing the addition of asphaltene into cement paste on the
mechanical properties of the produced composite, the compressive strength, bulk density,
porosity and water absorption are reported in Figure 2. In this condition, asphaltene
will produce a homogeneous mixture with cement compared with PVC. A significant
improvement in porosity to 24.24 can be observed with the gradual decrease in water
absorption by increasing the amount of asphaltene, due to the potential filling of voids
and pores inside the cementitious paste with asphaltene granules. A reasonable decrease
in compressive strength was achieved with higher additions of the asphaltene, to reach
8.8 MPa at 50 wt.% asphaltene. It can be concluded from the results presented in Figures 1
and 2 that the heterogeneity and low density of the PVC with cement are higher than in
the case of using asphaltene with cement, thus the porosity and water absorption increase
while the compressive strength decreases [41,42].
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Figure 2. Compressive strength, density, water absorption, and porosity of cement blended with
extended ratios of asphaltene.

A slight increase in the bulk density of the cementitious samples including asphaltene
was detected when increasing the ratio of mixed asphaltene. Despite the presence of
asphaltene not causing improvements in the mechanical integrity, the compressive strength
of cement-based asphaltene at 50 wt.% has a value more than twice that required of
materials used in radioactive waste stabilization, according to the standard specifications
previously mentioned (3.4 MPa) [40], and this value is higher than in the case of PVC
with cement (4.5 MPa). It is possible to conclude that asphaltene is more advantageous
than PVC when mixed with cement up to 50 wt.%, and that it could be considered as a
good additive to Portland cement for use in the solidification/stabilization of radioactive
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waste. Table 1 shows a descriptive comparison between the results here obtained and those
reported previously in the recent literature.

Table 1. Comparing the mechanical properties of the present materials and others previously studied.

System Compressive Strength, MPa Porosity, % Reference

Standard value 3.4 - [40]
Cement without additives 32.0–36.5 27.5–30.0 [43,44]

Cement mixed with bitumen (30 wt.%) 7.62 60.14 [8]
Cement mixed with PVC (50 wt.%) 4.5 78.3 Present study

Cement mixed with asphaltene (50 wt.%) 8.8 24.24 Present study

3.2. Radiation Shielding Performance
3.2.1. Gamma-Rays Shielding Properties

The obtained results of the mass attenuation coefficients (MAC) of the prepared
samples are shown in Figure 3. A regular trend in the MAC for all the prepared samples
is observed. The MAC values are dramatically reduced at low photon energies of less
than 0.1 MeV, where photoelectric interactions are prominent. The controlling of the
photoelectric effect in such a region is perceived as a dramatic drop in the MAC. Compton
scattering eventually became the dominant interaction as the energy range increased from
0.1 to 1 MeV, and the likelihood of interaction was inversely related to the energy. Therefore,
the values of the MAC for all samples were also gradually decreasing. The MAC values
for all samples increased somewhat in the energy range 1.02–15 MeV, where the pair
formation interaction became the most prominent and was directly proportional to the
energy. The obtained results indicate that adding asphaltene or PVC to cement samples
slightly decreases the mass attenuation coefficient, and in turn increases the half-value
layer of the cement, as shown in Figures 3 and 4. This was expected due to the low Zeff of
asphaltene and PVC compared with cement.

Figure 3. Mass attenuation coefficients of cement samples containing different concentrations of (a)
asphaltene and (b) PVC.
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Figure 4. Half value layer (HVL) results of the cement samples containing different concentrations of
(a) asphaltene and (b) PVC.

3.2.2. Radiation Protection Efficiency (RPE)

The prepared samples’ radiation protection efficiencies compared with those of known
materials, such as barite concrete at 0.662 MeV and 2 cm thickness, are shown in Figure 5.
The obtained results show that cement with asphaltene and cement with PVC have larger
RPEs than pure cement. Additionally, cement with 50% PVC has the largest RPE (79.4%)
compared with pure cement (46.8%) and barite concrete (63.2%). The enhanced RPE of
cement with the addition of asphaltene or PVC indicates these composites for use in radioac-
tive waste stabilization. Moreover, the highest RPE of cement with 50% PVC recommends
its use for gamma radiation shielding applications, more strenuously than concrete.

 
Figure 5. Radiation protection efficiency (RPE) results of the cement samples containing different
concentrations of asphaltene and PVC.
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3.2.3. Effective Atomic Number (Zeff)

Figure 6 shows the predicted effective atomic number Zeff findings for the samples
including asphaltene or PVC at energy ranges of 0.015–15 MeV. The Zeff varies depending
on the dominant interaction in each energy range, since the attenuation cross-section is
proportional to Z4–5 for photoelectric attenuation, to Z for a Compton interaction, and to
Z2 for pair creation [45].

Figure 6. Effective atomic numbers of the cement samples containing different concentrations of
(a) asphaltene and (b) PVC.

3.2.4. Exposure Build-Up Factors (EBF)

The computed gamma-ray energy exposure buildup factors (EBF), as a function of the
incoming energy at 1, 2, 5, 10, 20, 30 and 40 MFP, are presented in Figures 7 and 8 for the
cement samples with asphaltene and PVC, respectively, based on the acquired G-P fitting
parameters (b, c, a, Xk, and d) for each sample.

Using the photon energy, additive concentrations (PVC or asphaltene), and penetration
depth dependencies of the EBF, the data may be understood. The lowest EBF values were
found in low- and high-energy areas, whereas values in the intermediate energy zone
were greater for all asphaltene and PVC concentrations, as shown in Figures 7a–f and 8a–f,
respectively. In the low- and high-energy areas, total absorption was most likely caused by
the photoelectric effect and pair creation. Multiple Compton scattering, and hence larger
EBF values, were seen in the intermediate area [45].

3.2.5. Fast Neutron Removal Cross-Section

Furthermore, the calculated fast neutron removal cross-sections ΣR of the examined
samples are shown in Figure 9a,b. Although the gamma MAC is slightly decreased with
the adding of asphaltene or PVC, the neutron removal cross-section was highly increased,
reaching 171% in the case of 50 wt.% asphaltene and 304% in the case of 50 wt.% PVC.

This can be attributed to the higher fast neutron removal cross-sections of the con-
stituent elements of both PVC and asphaltene. The effective fast neutrons mass removal
cross-sections ΣR/ρ (cm2 g−1) of cement and PVC are 0.03069 and 0.06252 cm2 g−1, respec-
tively [46], while for asphaltene this value is about 0.08820 cm2 g−1. Finally, based on the
obtained radiation shielding results, we have found that adding PVC or asphaltene does
not significantly change the gamma shielding qualities, but it does improve the neutron
removal cross-section and the mechanical properties of the cement.
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Figure 7. Exposure build-up factors of the cement samples containing different concentrations of asphal-
tene at photon energies of 0.015–15 MeV up to 40 mfp for (a) 0 wt.% asphaltene, (b) 10 wt.% asphaltene,
(c) 20 wt.% asphaltene, (d) 30 wt.% asphaltene, (e) 40 wt.% asphaltene and (f) 50 wt.% asphaltene.
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Figure 8. Exposure build-up factors of the cement samples containing different concentrations
of PVC at photon energies of 0.015–15 MeV up to 40 mfp for (a) 0 wt.% PVC, (b) 10 wt.% PVC,
(c) 20 wt.% PVC, (d) 30 wt.% PVC, (e) 40 wt.% PVC and (f) 50 wt.% PVC.
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Figure 9. Fast neutron removal cross-sections of the cement samples containing different concentra-
tions of (a) asphaltene and (b) PVC.

Comparisons between the results obtained here for the prepared composites and
those for the well-known ones such as Barite concrete and Portland cement are shown in
Table 2. The tabulated results indicate that cement mixed with bitumen has a higher mass
attenuation coefficient than the other composites, while the fast neutron removal cross
section of cement mixed with PVC or asphaltene showed the highest values.

Table 2. Comparison between similar shielding materials.

System
Rang of μm (cm2/g) × 10−2

(at 0.662 MeV)
Fast Neutron Mass Removal

Cross-Sections, ΣR/ρ (cm2 g−1)
Reference

Barite concrete 6.7–7.8 0.041–0.027 [47,48]

Portland cement 7.76 0.031 [30]

Cement mixed with bitumen
(10–50 wt.%) 9.94–14.11 - [8]

Cement mixed with PVC
(10–50 wt.%) 7.78–7.84 0.045–0.182 Present study

Cement mixed with
asphaltene (10–50 wt.%) 7.80–8.01 0.045–0.122 Present study

4. Conclusions

In this study, the elimination of two problematic waste products (asphaltene and PVC),
in order to produce an innovative product with a reasonable efficiency that can be used
in the immobilization of radioactive waste or radiation shielding construction, has been
conducted, while the achieving of environmental sustainability, low energy demand, and
cost minimization have been considered in parallel.

Asphaltene or PVC were mixed with Portland cement in different proportions up
to 50%. The performances of the resulting compounds were evaluated using several
parameters, such as compressive strength, porosity, bulk density, water absorption, and
attenuation coefficient. The physical and mechanical stabilities of the modified cement
composites gradually decreased with the increases in the amounts of both additives, while
the attenuation and isolation performance, as well as γ-radiation shielding, were slightly
affected. The effective cross-sections for removing neutron mass from cement with PVC
or asphaltene were significantly increased. The results of this study show that the new
compound prepared by mixing cement with asphaltene or PVC can be used to safely
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encapsulate hazardous toxic and radioactive wastes, while providing adequate radiation
shielding from gamma-rays for the environment at the same time.
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Abstract: Massive stockpiles of uranium (U) mine tailings have resulted in soil contamination with
U. Plants for soil remediation have low extraction efficiency of U. Chelating agents can mobilize U
in soils and, hence, enhance phytoextraction of U from the soil. However, the rapid mobilization
rate of soil U by chelating agents in a short period than plant uptake rate could increase the risk of
groundwater contamination with soluble U leaching down the soil profile. This review summarizes
recent progresses in synthesis and application of chelating agents for assisting phytoremediation of
U-contaminated soils. In detail, the interactions between chelating agents and U ions are initially
elucidated. Subsequently, the mechanisms of phytoextraction and effectiveness of different chelat-
ing agents for phytoremediation of U-contaminated soils are given. Moreover, the potential risks
associated with chelating agents are discussed. Finally, the synthesis and application of slow-release
chelating agents for slowing down metal mobilization in soils are presented. The application of
slow-release chelating agents for enhancing phytoextraction of soil U is still scarce. Hence, we
propose the preparation of slow-release biodegradable chelating agents, which can control the release
speed of chelating agent into the soil in order to match the mobilization rate of soil U with plant
uptake rate, while diminishing the risk of residual chelating agent leaching to groundwater.
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1. Introduction

Nuclear energy is a major source of low-carbon electricity and plays an important
role in the achievement of carbon neutrality. According to the World Nuclear Performance
Report 2021, there are 443 operational reactors with a total capacity of 3.94 × 105 MWe,
and 57 reactors with a total capacity of 5.88 × 104 MWe under construction worldwide [1].
The global nuclear power generation reached 2.55 × 103 TWh in 2020, meanwhile the
annual global demand for uranium (U), a primary element used in nuclear energy, has
increased to 6.25 × 104 t [1,2]. At the same time, soil contamination with U has become a
serious environmental issue.

There are two main sources of U in soils, i.e., natural source and anthropogenic source.
U naturally occurs in soil parent materials. Due to different accumulation levels of U in
different soil parent materials, the concentration of U in soils can vary greatly. For example,
the average background concentration of soil U in the United States (US) is 3.5 mg/kg, and
that in China is 3.13 mg/kg, whereas Portugal reaches 25.1 mg/kg [3]. The background
concentration of U in the environment is usually low. However, anthropogenic activities
(e.g., industrial and agricultural production and military activities) have emitted a large
amount of U into the environment, resulting in distinct accumulation of U in soils [4–9]. U
tailings are the main source of U in contaminated soils. For example, U contamination in
the soil and groundwater within the catchment of a U mill tailings pond can be caused by
the hydrological cycle around the tailings pond [10].
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Although U has a long half-life and relatively weak radioactivity, it may induce
chemical and radiological toxicity in organisms after long-term exposure to U-contaminated
soils or U accumulation in the organism through the food chain [11–17]. On the one hand, U
can induce ionic toxicity similar to that of cadmium (Cd), copper (Cu), zinc (Zn), and other
heavy metals. The ionic toxicity of U increases with U concentration in the contaminated
environmental substrate. On the other hand, the radiation from the decay of U can cause
oral necrosis, anemia or chronic diseases of lung and kidney in mild cases, and central
nervous system damage or death in severe cases [17,18]. In addition, chronic U exposure
can cause chromosome aberrations and increase cancer risk [19,20]. Therefore, it is of great
importance to clean up U-contaminated soils.

Among common remediation technologies for soil contamination with heavy metals
and radionuclides, phytoextraction is a popular in situ technology for large-scale soil
remediation due to its low cost and environmental friendliness. Although several plants
(e.g., broad bean (Vicia faba L.), willow (Salix smithiana Willd.), radish (Raphanus sativus L.),
Indian mustard (Brassica juncea L.), and sunflower (Helianthus annuus L.)) have the ability
to absorb U from soils [21–25], hyperaccumulator plant species of U have not yet been
discovered. In addition, plants for remediation of U-contaminated soils usually have low
extraction efficiency of U, which results in a long-term remediation period and consequently
hinders large-scale phytoremediation of U-contaminated soils. Apart from searching for
U hyperaccumulators, numerous studies have showed that chelating agents can mobilize
heavy metals and radionuclides in soils and therefore enhance plant uptake of these
contaminants [26–28]. Due to the lack of U hyperaccumulators, chelating agent-assisted
phytoremediation can be an effective approach for U-contaminated soil remediation.

It should be noted several previous studies found that the mobilization rate of soil U
by chelating agents exceeded the plant U uptake rate, consequently causing groundwater
contamination with soluble U through leaching processes as well as transient phytotoxic-
ity [26,28]. In fact, U contamination in groundwater is also a global environmental issue.
It is reported that the groundwater in India, South Korea, the US, and Zambia has been
contaminated with U to a varying extent [29]. In Nambe, New Mexico, US, the maximum
groundwater U concentration reached 1200 ng/mL, which is conspicuously greater than the
drinking water standard (20 ng/mL) recommended by the US Environmental Protection
Agency (US EPA) [30]. U in contaminated groundwater can enter into the human body via
groundwater drinking pathway and consequently pose a risk to human health. Epidemi-
ological studies found that U mainly accumulates in kidney. Long-term consumption of
U-contaminated groundwater can induce kidney tubular cell death, resulting in kidney
diseases [30,31]. In addition, chronic drinking of U-contaminated groundwater can cause
other detrimental health effects, such as hindering bone growth [32], disrupting metabolic
processes in liver [33], affecting germ cell growth [34,35], and triggering inflammatory
responses in nervous system [36]. Therefore, it is necessary to tackle the secondary pol-
lution issue due to the short-term rapid mobilization of soil U so as to achieve effective
phytoremediation and ensure groundwater safety.

This review elucidates the interactions between chelating agents and U ions, and then
explains the phytoextraction mechanisms and summarizes recent progresses in synthesis
and application of chelating agents in assisting phytoremediation of U-contaminated soils.
The major factors influencing phytoextraction efficiency are given. The environmental risks
of existing chelating agents are also discussed. Finally, recent advances in slow-release
technology are reviewed, with synthesis and application of slow-release chelating agents
for slowing down metal mobilization in soils in order to match plant uptake rate presented.
This review aims at shedding light on the promise of slow-release biodegradable chelating
agents for enhancing phytoextraction of soil U. This novel approach is considered as a
green and sustainable remediation technology for U-contaminated soils.
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2. Interactions between Chelating Agents and U Ions

2.1. Mechanisms of Chelation

The atomic number of U is 92. There are 92 protons and 146 neutrons in the nucleus,
forming four electron-filled layers (K, L, M, N) and three under-filled electron layers (O,
P, Q). The six electrons (5f36d17s2) on the three underfilled electron sublayers are valence
electrons, which determine the chemical properties of U [11]. After losing six valence
electrons, the outermost energy level of U is filled (S2P6), forming noble gas structure,
which has a strong affinity with oxygen. Therefore, U usually exists in the forms of oxides
and oxysalts in the crust and soil. Specifically, U is mainly present in the form of uranyl
ion (UO2

2+) in soils, which has a strong complexing ability to form stable complexes
with phosphate (PO4

3−), carbonate (CO3
2−), hydroxyl (OH−), sulfate (SO4

2−), etc., and
consequently reduces the mobility and bioavailability of U in soils [37,38].

Chelating agent refers to ligand which can form a cyclic structure complex with
central ions (usually metal ions). Once in the soil, it can chelate with heavy metals and
radionuclides to form water-soluble and exchangeable metal-chelating agent complexes,
which can increase their mobility and bioavailability, and consequently promote plant
uptake of these contaminants [39]. Chelating agents can be divided into two main categories
including aminopolycarboxylate chelating agents (APCAs) (e.g., aminotriacetic acid (NTA),
ethylenediaminetetraacetic acid (EDTA), ethylenediaminedisuccinic acid (EDDS), and N,
N-Bis(carboxymethyl)-glutamic acid (GLDA)) [40,41] and low molecular weight organic
acids (LMWOAs) (e.g., citric acid (CA), oxalic acid (OA), and succinic acid (SA)) [42,43]. In
addition, APCAs can be classified as biodegradable and non-biodegradable [44], whereas
LMWOAs are biodegradable [26,45]. The chemical structures and biodegradability of
commonly used chelating agents are shown in Table 1.

141



Sustainability 2022, 14, 6379

Table 1. Structures and biodegradability of commonly used chelating agents, and structures and
stability of chelates formed by UO2

2+ with these chelating agents.

Category Chelator Chelator Structure Biodegradability U Chelate Structure logKU *

Aminopolycarboxylate
chelating agents

(APCAs)

Ethylenediaminetetraacetic
acid (EDTA) Half-life > 40 d [46]

7.4
(UO2

2+:EDTA =
1:1) 17.87

(UO2
2+:EDTA =
2:1)

Ethylenediaminedisuccinic
acid (EDDS)

Completely
degraded after 54 d

[47]
10.7

Nitrilotriacetic acid (NTA) 75% degraded after
21 d [48] 9.5

Diethylenetriaminepentaacetic
acid (DTPA) Similar to EDTA [49] 11

Low molecular
weight organic acids

(LMWOAs)

Citric acid (CA) 69% degraded after
20 d [50] 8.96

Oxalic acid (OA)

Hard to degrade in
nature due to the

formation of
Ca-oxalate [21]

6.36

Succinic acid (SA)

Half-life < 2 min and
200 h in soil solution

and for microbial
mineralization,

respectively [51]

3.87

Notes: ; * Data was sourced from [26,52,53].

Cyclic chelate formed by metal ion with ligand through coordination bonds has strong
stability. Table 1 shows the structures of chelates formed by UO2

2+ with commonly used
chelating agents. The stability constant (K) is used to indicate the stability of metal chelate,
which increases with K value. K value is calculated using the following equation [54–57]:

KT
ML =

CML

CMCL

where CML, CM, and CL are concentrations of metal chelate, metal ion, and ligand, respec-
tively; KT

ML is the stability constant.
It is worth noting that EDTA has the highest K values for various heavy metal chelates

compared to other chelating agents (Table 1) and therefore has been widely used in mobi-
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lization of metal contaminants in soils and soil washing over past decades [58]. However,
the tertiary amine in EDTA molecule makes it difficult to be biodegraded. As a result,
long-term retention of non-degradable EDTA in the environment has posed a critical risk
to the ecology and human health [59–63]. As shown in Table 1, biodegradable EDDS has
a high K value for U chelate. Moreover, its chemical structure is similar to that of EDTA.
Thus, EDDS has become an ideal substitute for EDTA [64–67]. The K value of NTA for U
chelate is slightly lower than that of EDDS. However, the use of NTA should be restricted
due to its carcinogenic effect [44,68]. For example, iron (Fe)-NTA can induce renal cell
carcinoma, which is widely used to perform oxidative tissue damage and carcinogenesis
experiments [69–71]. CA, which is a natural LMWOA, also has a high K value for U chelate.
Previous studies showed that CA increased the bioavailability of U in soils more effectively
compared to other chelating agents (i.e., OA, EDDS, and NTA) [26,72].

2.2. Mobilization of Soil U by Chelating Agents

Soil texture, pH, and redox potential (Eh) are dominant factors influencing the effect
of chelating agents on mobilizing U in soils [26,73–75]. Table 2 presents the mobilization
efficiency of soil U by different chelating agents. The dosages of chelating agents ranged
from 0.5 to 50 mmol/kg. The experimental soil pH values ranged from 5.6 to 7.3. The soil U
concentration reached nearly 1000 mg/kg. Among the chelating agents listed in Table 2, the
effect of CA on mobilizing U in soils, in particular, in sandy soil, was the most significant,
with the exception of NH4-citrate > CA in the loamy sand and heavy clay in the study by
Duquène, et al. [26]. A possible explanation for the different effects of CA on mobilizing U
in soils with contrasting textures is that the soil containing higher silt and clay contents has
a larger specific surface area, which can result in stronger adsorption of contaminants and
consequently reduce the mobilization efficiency of soil U by chelating agents [76,77]. In
addition, there are a large number of functional groups (e.g., amino and carboxyl groups)
in soils with high organic matter (OM) content, which has a strong adsorption capacity for
U ions [78–80]. This can also affect the effectiveness of chelating agents in mobilization of
soil U. A similar trend was observed in Jiang, et al., which showed that the mobilization
efficiency of chromium (Cr) in contaminated soils by CA was in the following decreasing
order: sandy soil > loam > clay soil [81]. The mobilization efficiency of soil heavy metals by
chelating agents tends to increase with increasing soil acidity [82]. For example, Yang, et al.,
found that the mobilization efficiency of heavy metals in the soil solution with low pH by
EDDS was significantly higher than that with high pH [83]. Likewise, Wang, et al., showed
that the mobilization efficiency of heavy metals by chelating agents (i.e., GLDA and NTA)
in the strongly acidic soil was 4-times higher than that in the alkaline soil, and the chelating
agents were more effective in mobilizing heavy metals in the sandy soil compared to the
clay soil at a wide soil pH range of 4 to 10 [82]. The leaching experiment of Kantar and
Honeyman showed that the lower pH of eluent facilitated the mobilization of soil U by
CA [84]. In addition, Eh can significantly influence the chemical forms of U present in soils
and therefore control the solubility of U in the soil [73]. Specifically, at low Eh, U is present
in solid phases, whereas at high Eh, U carbonates are transformed into soluble phases,
which tend to migrate with water. To sum up, chelating agents can transform soil U from
solid phase to soluble phase by forming high K value complex compounds with UO2

2+.
In particular, sandy soil with low pH, high Eh, and low OM content is favorable for the
mobilization of U by chelating agents.

143



Sustainability 2022, 14, 6379

Table 2. Effects of different chelating agents on mobilizing U in soils with different textures.

Item
Reference

[85] [72] [86] [26] [27]

Soil characteristics
Texture Silty loam Loam Sandy loam Sand Loamy sand Heavy clay Medium clay
OM (%) 3.4 4.2 3.47 4.9 7.8 9.2 12.1

pH 6.8 7.3 5.58 6.9 7.2 6.7 6.67
Total U (mg/kg) 909 280 272 14 13 41 18

Source of U
contamination Industrial Industrial U mine site Industrial Industrial Uraniferous

shale
UO2(NO3)3

·6H2O
Experimental design

Chelator CA and OA CA, EDTA,
and MA

CA, EDTA,
and EDDS CA, EDDS, OA, NTA, and NH4-citrate CA and EDDS

Chelator dosage
(mmol/kg) 2, 10, and 20 0.5, 1, 5, 10,

and 20
0.5, 2, 2.5, 5, 10,
15, 25, and 50 5 5, 5 + 5, 10, and

10 + 10

Test conditions Soil incubation
Soil incubation

and pot
experiment

Column
leaching test

Soil
incubation

Soil
incubation

Soil
incubation

Soil incubation
and pot

experiment
Result of most effective mobilization of soil U

Chelator and dosage
(mmol/kg)

CA
20

CA
20

CA
50

CA
5

NH4-citrate
5

NH4-citrate
5

CA
10 + 10

Days taken to reach the
maximum U

concentration in soil
solution

1 1 6 1 1 1 8

Maximum U
concentration in soil

solution and increment
compared to control

775 mg/kg,
increased by

140 times

240 mg/L,
increased by

200 times

2000–
2400 Bq/kg,
increased by

356 times

5019 μg/L,
increased

by 479
times

1106 μg/L,
increased by

368 times

733 μg/L,
increased

by 366
times

1463.6 μg/L,
increased by

215 times

3. Chelating Agent-Assisted Phytoremediation of U-Contaminated Soils

3.1. Mechanisms of Phytoextraction of U from Soils

Phytoextraction is a common technology for phytoremediation of U-contaminated
soils, which transfers U from the soil to plant roots, stems, and leaves, and therefore cleans
up the soil. Specifically, plant uptakes U4+ or U6+ ions through epidermal cells [3,87]. U
cations (e.g., UO2

2+) can be absorbed by roots through the same carrier or ion channel as
calcium (Ca2+), Fe3+, magnesium (Mg2+), and other necessary elements. U anions (e.g.,
UO2(CO3)2

2−) can pass through plant cell membranes in a way similar to CO3
2− [88]. For

most plants, the majority of U is enriched in roots [89,90], with a small proportion of plants,
such as sesbania (Sesbania rostrata) and water lily (Nymphaea tetragona Georgi) can further
transfer the absorbed U upward to stems, leaves, and fruits [3].

The dominant factors affecting root uptake of soil U include chemical forms of U, soil
environmental conditions (e.g., pH and Eh), and plant species [3,72,89–92]. U is mainly
present in the form of UO2

2+ in soils. PO4
3− and CO3

2− are common ligands for U ions and
can form uranyl phosphate, uranyl carbonate or triple uranyl-calcium carbonate complexes.
The formation of uranyl phosphate and uranyl carbonate in soils usually depends on the
contents of PO4

3− and CO3
2− in the soil [90]. Moreover, soil pH can influence U solubility

and sorption or desorption in soils, and consequently affect the bioavailability of soil
U. Soil OM is rich in functional groups (e.g., carboxyl, hydroxyl, and aromatic groups)
containing lone pairs of electrons, which can cause the formation of different U compounds
by altering soil Eh [93]. Moreover, when U is taken up by root cells, it is translocated to the
mid-column before being released into the xylem [3]. The transpiration and expression of
transporter protein genes can influence the translocation of U to the aboveground parts. For
example, three genes including IRT1, FRO2, and FIT1 were found to affect U translocation
in Arabidopsis thaliana L. [94,95].

3.2. Mechanisms of Assisted Phytoextraction of U from Soils

The principle of chelating agent-assisted phytoremediation of U-contaminated soils is
to use chelating agents to desorb U ions from soil particle surface into soil solution, and
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therefore increase the solubility of soil U. The chelating agent-mobilized U can be readily
available for plant uptake and facilitate phytoextraction of U from the soil. Table 3 lists the
effects of commonly used chelating agents on phytoextraction of U from soils. It can be
seen that although CA has a relatively lower K value for U chelate than EDDS (Table 1), CA
was the most effective in enhancing the phytoextraction of soil U in all phytoremediation
trials presented in Table 3. This can be related to the following three reasons: (1) CA can
reduce soil pH value, which may be favorable for the mobilization of soil U [72,96]. Lozano,
et al., found that CA had the most significant effect on the dissolution of U with acidic pH,
whereas the maximum dissolution of U with the addition of EDDS, EDTA or no chelating
agent was under alkaline conditions [86]. (2) CA can form U-CA complexes, which increase
the solubility and bioavailability of U in soils [91]. (3) CA can improve plant tolerance to
the bioavailable U in soils [97]. Rong, et al., found that 5 mmol/kg CA addition could
alleviate cell damage and improve the tolerance of perennial ryegrass (Lolium perenne L.)
to soil U [98]. They claimed that the optimal dosage of CA can avoid adverse effects (e.g.,
etiolation, withering, and even death) of CA in excess amounts on plant growth as well as
improve the buffer capacity of cytosol, enhance the photosynthesis of perennial ryegrass,
and decrease the electrical conductivity (EC) and malondialdehyde (MDA) content while
increasing the contents of soluble proteins and enhancing the activities of antioxidant
enzymes in the shoots and roots. Likewise, a significant increase in antioxidant enzyme
activities in the leaves of Macleaya cordata grown in the CA-treated soils has been noted,
thereby mitigating the oxidative stress induced by U and chelating agent and facilitating the
phytoextraction of soil U [27]. As shown in Table 3, the application rates of chelating agents
in assisting phytoremediation of U-contaminated soils ranged from 0.5 to 25 mmol/kg. At
a high application rate, the toxic effect of EDDS on plant growth was more pronounced
than that of CA and OA [99]. In addition, compared to the single application at a high rate,
multiple consecutive applications of chelating agents at a relatively low rate can alleviate the
toxicity of mobilized U to plants and increase phytoextraction efficiency of soil U. It is well
known that hyperaccumulator plant species play an important role in phytoremediation. At
present, the Global Hyperaccumulator Database records 759 hyperaccumulators. However,
there is still a lack of U-related hyperaccumulator plant species [100]. Therefore, the
enhancement of phytoextraction of soil U as assisted by chelating agents can be a possible
approach for filling the current gap of U hyperaccumulator plant species.

Table 3. Effects of different chelating agents on assisting phytoextraction of U from soils.

Chelator Plant
Total

U
(mg/kg)

Source of U
Contamina-

tion

Incubation
Period

Dosage
(mmol/kg)

Application
Frequency

Result of Most Effective Mobilization
of Soil U

Ref.

AA 1, CA,
and MA 10 species 6

280
and
750

Industrial

28 d of growth
prior to
chelator

addition and
harvested 7 d
after addition

20 Single

CA was the most effective in enhancing
U accumulation in plants. After 20

mmol/kg CA addition, shoot U
concentrations in four plant species (B.

juncea, B. chinensis, B. narinosa, and
amaranth) increased by more than 1000
times compared to control within a few

days.

[72]

CA,
CDTA 2,
DTPA,
EDTA,

HEDTA 3,
and OA

Sunflower
(Helianthus

annuus L.) and
Indian mustard
(Brassica juncea

L.)

300
Additional
UO2(NO3)3

·6H2O

28 d of growth
prior to
chelator

addition and
harvested

42–56 d after
addition

1–25 Single

CA was the most effective in desorption
of U ions and enhancing plant

accumulation of U. 20 mmol/kg CA
addition to loamy acid soil resulted in

the highest U concentration in sunflower
shoots, being 150 times greater than

control.

[89]
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Table 3. Cont.

Chelator Plant
Total

U
(mg/kg)

Source of U
Contamina-

tion

Incubation
Period

Dosage
(mmol/kg)

Application
Frequency

Result of Most Effective Mobilization
of Soil U

Ref.

AC 4, CA,
EDDS,

NTA, and
OA

Indian mustard
(Brassica juncea
cv. Vitasso) and
ryegrass (Lolium

perenne cv.
Melvina)

14

Industrial U-
contaminated

soil (sand,
labelled as

BK1)

28 d of growth
prior to
chelator

addition and
harvested 4–14

d after
addition

5

Single

The Indian mustard shoot U
concentration was in the following

decreasing order: EDDS > AC > CA >
OA > NTA in BK1; and CA > AC >

EDDS > OA = NTA in BI. The ryegrass
shoot U concentration was in the

following decreasing order: CA > AC >
OA > EDDS > NTA in BK1; and CA =

AC > OA = EDDS > NTA in BI.

[21]

41

Natural
U-enriched
soil (heavy

clay, labelled
as BI)

AC and
CA

Kochia (Kochia
scoparia L.
Schrad.),

sunflower
(Helianthus

annuus L.), and
sweet corn (Zea

mays L.)

78.7
Depleted U-

contaminated
soil

45 d of growth
prior to
chelator

addition and
harvested 6 d
after addition

20 Single

AC was as effective in enhancing plant
uptake of U as CA. The kochia leaves U

concentration was in the following
decreasing order: CA > AC, whereas

that in the stems: AC > CA. The
sunflower leaves U concentration was in

the following decreasing order: AC >
CA, whereas that in the stems: AC = CA.
Corn had the lowest U uptake capacity

and was considered as a negative
control.

[101]

CA and
MA

Indian mustard
(Brassica juncea

L.)
100

Additional
UO2(NO3)3·

6H2O

66 d of growth
prior to
chelator

addition and
harvested 7 d
after addition

5, 10, and
20 Single

A total of two restorations were carried
out. In the first round, the maximum

plant accumulation of U was noted in 10
mmol/kg CA treatment after 45 d and in
20 mmol/kg CA treatment after 55 d. In
the second round, the maximum plant

accumulation of U was noted in 20
mmol/kg MA treatment after both 55

and 65 d.

[102]

CA and
mixture
of CA,

MA, OA,
and LA 5

(labelled
as Mix)

Mustard
(Brassica juncea

var. tumida)
47.75

Additional
UO2(NO3)3·

6H2O

60 d of growth
prior to
chelator

addition and
harvested 7 d
after addition

5 for CA
and molar

ratio of
CA: MA:

OA: LA in
Mix =

2.5:2.31:1.1
5:0.044

Single Mix was more effective in enhancing U
accumulation in mustard. [103]

CA,
EDDS,

and OA

Red wetter grass
(Zebrina pendula

Schnizl)
150

Additional
UO2(CH3CO2)2·

2H2O

90 d of growth
prior to
chelator

addition and
harvested 7 d
after the last

addition

2.5, 5, and
7.5

Three
consecutive
applications

every three days

CA was the most effective in enhancing
U accumulation in Zebrina pendula

Schnizl. Addition of 5 mmol/kg CA
resulted in the highest U concentration

in the plant, being 5.7 times greater than
control.

[99]

CA,
EDDS,

and OA
Macleaya cordata 18

Additional
UO2(NO3)3·

6H2O

Chelator
addition at the
beginning of

flowering and
harvested 14 d

after the last
addition

5 and 10

Except for 10
mmol/kg EDDS,

all other
chelators were

applied both in a
single

application and
two consecutive

applications.

The enhanced U uptake was in the
following decreasing order: CA > EDDS
> OA. Two consecutive applications of
10 mmol/kg CA resulted in the most

significantly promoted solubilization of
soil U, being 215 times greater than

control.

[27]

CA,
EDDS,

and OA

Sunflower
(Helianthus
annuus L.)

15
Additional

UO2(CH3CO2)2·
2H2O

60 d of growth
prior to
chelator

addition and
harvested 7 d
after the last

addition

2.5, 5, and
7.5

Three
consecutive
applications

every three days

5 mmol/kg CA addition resulted in the
highest U phytoextraction efficiency,
being 1.78 times greater than control.

[28]

Notes: 1 AA: Acetic acid; 2 CDTA: Trans-1,2-diaminocyclohexane-N,N,N′,N′-tetraacetic acid; 3 HEDTA: N-
hydroxyethlenediaminetriacetic acid; 4 AC: Ammonium citrate; 5 LA: Lactic acid; 6 10 species: Amaranth
(Amaranth cruentus L.), Indian mustard (Brassica juncea L.), bush bean (Phaseolus vulgaris L.), Chinese cabbage
(Brassica chinensis L.), Chinese mustard (Brassica narinosa L.), corn (Zea mays), cow pea (Pisum sativum L.), field pea
(Pisum sativum L.), sunflower (Helianthus annuus L.), and winter wheat (Triticum aestivum L.).

3.3. Environmental Risks

Chelating agents can rapidly increase the mobility of soil heavy metals and radionu-
clides through chelation once applied to the soil. However, during the short period of
rapid mobilization of soil heavy metals and radionuclides, plants may only be able to
absorb a small proportion of the mobilized metal ions in the soil, whereas the remaining
large amount of mobilized metal ions exists in the soil and may cause contamination to
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subsurface soil and groundwater through leaching [60,62,63,104]. In addition, a sudden
short-term release of bioavailable and substantial heavy metals and radionuclides in the soil
may cause transient phytotoxicity and consequently inhibit plant growth [97,105–108]. For
example, Chen, et al., compared the growth of sunflowers in soils treated with EDDS, CA,
and OA at high (7.5 mmol/kg), medium (5 mmol/kg), and low (2.5 mmol/kg) application
rates [28]. They found that all chelating agents reduced sunflower biomass, and a greater
reduction was noted in soils treated with higher dosage of chelating agents. Whereas
Römkens, et al., found that although EDTA increased the concentrations of bioavailable
heavy metals in the soil, the plant uptake of heavy metals did not exhibit an increasing
trend after EDTA application [109]. This could be attributed to the limitations in plant
uptake capacity for and tolerance to U, beyond which plant growth and uptake of soil
bioavailable U will be affected. Similar results were obtained by Hou, et al., which showed
that the germination of tomato, cabbage, and radish seeds was significantly inhibited at a
soil U concentration greater than 320 mg/kg [24]. Therefore, plants have a limited uptake
capacity for soil U, and excess amounts of mobilized U in soils in a short period can be
toxic to plants.

In addition, chelating agents can influence the soil ecosystem by affecting soil micro-
bial metabolism. For example, additional chelating agents (e.g., EDTA and EDDS) can
affect the activity of soil microorganisms, especially dehydrogenase activity and basal
respiration [110]. Lee and Sung found that EDTA inhibited the microbial activity in heavy
metal-contaminated soils [111]. Soil microorganisms depend directly or indirectly on soil
solutions to absorb food and water, and increased concentrations of bioavailable metals in
soils may poison microorganisms [109]. Nevertheless, Cao, et al., found that biodegradable
chelating agents (e.g., EDDS and methylglycinediacetic acid (MGDA)) could alleviate soil
heavy metal stress and therefore benefit the bacterial community in the soil [112]. Thus,
varying chelating agents may bring different effects on the soil ecosystem.

Barona, et al., found that EDTA increased the leachability of heavy metals in the
soil and led to a weak adsorption of metal ions by soil compounds, which contributed
to phytoextraction [113]. The study of Udovic and Lestan showed that the mobility of
residual lead (Pb) in the EDTA-washed soil increased during the soil aging process [114].
The column leaching experiment of Wu, et al., also demonstrated that Cu, Zn, and Pb
migrated into the leachate with rainwater after EDTA application to the soil, and the heavy
metal concentrations in the leachate increased linearly with increasing rainfall [60]. This
indicated that the migration of soil heavy metals increased by EDTA, which was conducive
to phytoextraction. However, if the mobilized heavy metals in soils were not absorbed by
plants in time, they may migrate to groundwater with rainwater, and consequently cause
more serious environmental problems. Huang, et al., found that DTPA contributed more
significantly to the leakage of soil Pb than acid rain under planting conditions, posing a
great risk of groundwater pollution [115]. Nowack, et al., elucidated the unavoidability of
chelated metal leaching by preferential flow processes during the chelating agent-enhanced
phytoextraction [104]. They pointed out that the application of chelating agents to soils
should be limited to areas where the connection to groundwater has been broken, or where
groundwater contamination is not an issue. Chang, et al., found that CA enhanced the
accumulation of U in crop plants (i.e., edible rape, Indian mustard, canola, and sunflower),
whereas additional CA could lead to groundwater pollution with downward U migra-
tion [97]. Additionally, CA promoted the phytoextraction of U from the soil in the short
term, whereas the additional U-CA complexes could be converted into less available forms
(e.g., U trioxide) after dissociation in the long term, which could consequently reduce the
phytoextraction efficiency after the first few croppings [97]. Thayalakumaran, et al., found
that Cu leaching was much greater than herbaceous uptake after EDTA application [116].
Therefore, when using chelating agents to assist phytoremediation of U-contaminated soils,
it is necessary to consider the reasonable application rate and precipitation during the
application.
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4. Slow-Release Chelating Agents

4.1. Slow-Release Technology

Slow-release technology, which aims at extending the release time of a substance, was
first used in the pharmaceutical industry and has since been applied to synthesize a wide
range of slow-release materials such as slow-release fertilizers, slow-release pesticides,
and food packaging [117–119]. Controlled-release technology is also a way to extend the
release time, which allows the core material to be released at a specific rate or concentration
level [120,121]. There is a slight difference between the two technologies, but essentially
both extend the release time of core material, so this paper does not make a detailed
distinction between the two. Slow-release fertilizers are designed to control and slow
down the release speed of nutrients so as to reduce fertilization as well as nutrient loss
and increase crop yield [119]. In the food packaging industry, the quality of food products
for long-term storage is maintained or improved by slow release of substances such as
antimicrobials, antioxidants, enzymes, and spices [122–124]. Although used in different
industries, slow-release materials usually consist of three parts, i.e., core material which is
the active substance to be released, wall/carrier material which can regulate the release
speed of core material, and binding agent which forms the core material and wall/carrier
material into a cohesive whole.

There are four common approaches which can be used to achieve slow-release effect,
including blending, multilayer composite-controlled release, multi-hole adsorption carrier,
and microencapsulation [125,126]. To be specific, the blending approach uses the princi-
ple of chaotic convection in fluid mechanics to prepare different forms of polymers and
films [127]. The multi-layer composite controlled-release approach originated from the
layer-by-layer coating (LBL) approach in the pharmaceutical field. Han and Floros first
proposed the concept of multi-layer composite controlled-release approach, which is mainly
composed of internal controlled-release layer, intermediate active film layer, and external
barrier layer [128]. The inner layer is used to control the diffusion rate of active substance
to food surface, the intermediate matrix layer contains the active substance, and the outer
layer serves to prevent the extravasation loss of active substance. Multi-hole adsorption
carrier controls the drug release speed by modulating and modifying the porous material
to allow selective adsorption of target molecules. Microencapsulation uses coating material
to encapsulate the core material to form particles less than 1000 μm in diameter [129,130].
Microencapsulation is popular due to its simple operation and inexpensive equipment.
The common methods for preparing slow-release microcapsules include emulsion solvent
evaporation [131], spray drying [105], emulsion dispersion [132], chemical crosslinking, ion
exchange, and complex coalescence [133].

Slow-release technology has recently received growing attention in environmental
pollution treatment. In in situ chemical remediation, slow-release technology can control
the release of active compounds, reduce the non-selective consumption of oxidants, and
maintain the treatment effect for a longer period [134]. For example, Christenson, et al.,
prepared a slow-release oxidant by heating the mixed paraffin and potassium perman-
ganate and cooling them in the mold [135]. Their five-year field-scale test showed that the
slow-release oxidant gradually reduced trichloroethene (TCE) in a low permeable aquifer
by 89% and was only refurbished yearly. Tang, et al., used chitosan and urea as carriers to
prepare sodium persulfate slow-release material, which can prolong the generation time of
free radicals and improve the degradation of OM [136]. In bioremediation, slow-release
technology can continuously provide substrate, improve the removal efficiency of pollu-
tants, and maintain a longer period of anaerobic dechlorination [134]. For example, Tsai,
et al., reported that the slow-release material prepared by vegetable oil, cane molasses,
and surfactants, provided nutrients for microorganisms and changed the subsurface envi-
ronment to anaerobic conditions, which were conducive to reductive dechlorination. The
removal efficiency of TCE in the contaminated groundwater reached 99% after 50 d [137]. In
the study of Yeum, et al., slow-release precipitating tablets and slow-release floating tablets,
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both prepared from hydroxypropyl methylcellulose, were applied to in situ biological
denitrification systems to provide a continuous carbon source for microorganisms [138].

4.2. Slow-Release Chelating Agent-Assisted Phytoremediation

To address the current bottleneck problem that the rapid mobilization rate of soil
heavy metals and radionuclides by chelating agents does not match the plant uptake rate
of bioavailable metal ions in the soil [28,105], slow-release chelating agents have been
developed to control the release speed of chelating agent so as to avoid a sudden increase
in soil bioavailable heavy metals and radionuclides which exceed plant tolerance and
consequently cause phytotoxicity. The mechanisms of slow-release chelating agent-assisted
phytoremediation of heavy metal- or radionuclide-contaminated soils are illustrated in
Figure 1. As shown in Figure 1, the chelating agent as core material is wrapped by
degradable wall material. After being applied to the soil, the wall material will gradually
degrade meanwhile the internal chelating agent can be released to form chelates with metal
ions in the soil, which can increase their solubility and therefore facilitate plant uptake of
the contaminants.

Figure 1. Mechanisms of slow-release chelating agent-assisted phytoremediation of heavy metal- and
radionuclide-contaminated soils.

Slow-release chelating agents and slow-release fertilizers have conspicuous similarities
in their slow-releasing behaviors. Based on the comparatively mature preparation methods
for slow-release fertilizers, slow-release chelating agents can also be prepared in two
main ways, i.e., one method is to synthesize slow-release carrier and then use diffusion
mechanism to import chelating agent into the carrier in liquid form (e.g., [139–141]). The
other method is to use granular solid chelating agent as core material, and polymer organic
or inorganic materials is selected as wall material to encapsulate chelating agent particles
inside the slow-release chelating agent (e.g., [105,131,142,143]).

Until now, most studies have used synthetic organic polymers (e.g., polyethylene,
polycaprolactone, and ethylene-vinyl acetate copolymer) as wall/carrier material to prepare
slow-release chelating agents. However, these synthetic materials can be harmful to the
environment. In contrast, biodegradable natural organic polymers (e.g., starch, cellulose,
and chitosan) and organic-inorganic hybrid materials (e.g., acrylamide + montmorillonite
and cellulose + zeolite) are ideal wall/carrier materials, which have been used to syn-
thesize slow-release fertilizers. Current research on slow-release chelating agents with
biodegradable materials as wall/carrier material is relatively limited. Very recently, Wang,
et al., prepared a slow-release chelating agent with chitosan and cyclodextrin as carrier
materials and CA as core material [141]. In addition, considering the similarity between
slow-release chelating agents and slow-release fertilizers, some wall/carrier materials
applied to slow-release fertilizers (e.g., starch, cellulose, and chitosan) may also be ideal
for the synthesis of slow-release chelating agents. Furthermore, slow-release materials can
cause a burst-release effect after application in the water and soil environment [144,145].
The burst-release effect can be induced when a large amount of core material is released
after the shell of slow-release material with a shell-core structure degrades or the shell
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breaks down due to the increased internal pressure. To mitigate the above disadvantage,
polymers, such as polyvinyl alcohol (PVA) and gelatine, can be added to increase the
toughness of outer wall and enable it to withstand a certain amount of internal pressure.
Zhang, et al., prepared a biodegradable carboxymethylcellulose and PVA blended film.
They found that the water permeability of the film could be adjusted by changing the ratios
of PVA and formaldehyde [146]. If this film was applied to slow-release chelating agents,
the slow-release period could be prolonged. Han, et al., prepared a blended film from
starch and PVA that is biodegradable and has good compatibility [147], which may also be
used as a slow-release carrier for slow-release chelating agents.

It is worth noting that the aforementioned organic polymers and inorganic materials
have been used in preparation of adsorbents [148–152], suggesting that these materials may
promote the adsorption of some metal ions onto the wall/carrier material, leading to a tem-
porary passivation effect. Kos, et al., used EDDS and EDTA in conjunction with acrylamide
hydrogel to assist the phytoextraction of soil Pb [153]. They found that 10 mmol/kg EDDS
addition significantly increased the leachable Pb, whereas 5 mmol/kg EDDS addition not
only increased the phytoextraction efficiency of soil Pb, but also effectively controlled the
leaching of soil Pb. Hydrogel can be a promising carrier for the synthesis of slow-release
chelating agents as the chelating agent can be released into the soil through water loss
from the hydrogel. Moreover, hydrogel can maintain the soil nutrient balance by retain-
ing water in the soil. Hydrogel-based slow-release fertilizers have also been reported
by other researchers [154–158]. If the functions of nutrient supply, water retention, and
controlled release of chelating agent were incorporated into hydrogel-based slow-release
chelating agents, chelating agent-assisted phytoextraction technology could be significantly
advanced.

Until now, only a few studies have examined the effectiveness of slow-release chelat-
ing agents in assisting phytoremediation of heavy metal-contaminated soils, whereas
its application in phytoremediation of U-contaminated soils has been scarce. Table 4
lists slow-release chelating agents which have been used to remediate heavy metal- and
radionuclide-contaminated soils in recent years. As shown in Table 4, the particle sizes
of slow-release chelating agents ranged from 5–20 μm to 3–5 mm. EDTA is the most com-
monly used chelating agent in these studies. The slow-release period of these chelating
agents ranged from several days to months, which is mainly related to the particle size of
chelating agent and properties of wall/carrier material. Among the chelating agents listed
in Table 4, those with higher molecular weight organic compounds as the wall/carrier
material possessed a longer slow-release period. Recently, the first biodegradable slow-
release chelating agent with CA as core material has been prepared by Wang, et al., who
used carboxymethyl-β-cyclodextrin (CMCD) and hydroxypropyl chitosan as carriers [141].
They found that the novel slow-release chelating agent had a noticeable slow-release effect
on CA, which could reduce the impact of soil bioavailable U on Indian mustard (Brassica
juncea L.) growth and promote the absorption and accumulation of U in the plant. However,
compared with the slow-release chelating agent (i.e., microencapsulated EDTA) in Xie, et al.,
the release rate of the aforementioned slow-release CA in water is faster [131]. In addition,
due to the lack of long-term soil incubation experiment, the dynamic interactions between
the slow-release CA and U as well as other metals in the soil remain unclear. Therefore,
the slow-release period of slow-release CA prepared by Wang, et al., in soils is hard to be
estimated [141].
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Table 4. Components, synthesis methods, particle size, and slow-release performance of slow-release
chelating agents applied in remediation of heavy metal- and radionuclide-contaminated soils.

Wall/Carrier
Material

Core
Material

Synthesis
Method

Particle
Size

Slow-Release
Period

Contaminant
Dosage

(mmol/kg)
Test

Conditions
Ref.

Silicate EDTA-Na2 Spray drying 3–
5 mm

Release of EDTA
from slow-release

EDTA was still
significantly lower
than from uncoated
solid EDTA in soil

after 18 d.

Pb and Zn 13 Pot
experiment [105]

Talc, polyethylene,
ethylene-vinyl

acetate copolymer,
ethylene-octene-1
copolymer, and

polyoxyethylene
monomethyl ether

EDTA-Na2 Coating -
Release of 75% EDTA
ranged from 3 to 210

d in water
Pb 4 Pot

experiment [142]

Diethylenetriamine
and hexamethylene

diisocyanate
EDTA-Na4

Interfacial
polymeriza-

tion

5.78 μm
in av-
erage

Release of 85% EDTA
in water after 5 d - - Pot

experiment [143]

Polycaprolactone EDTA Solvent
evaporation

65 ±
15 μm

Release of 93% EDTA
in water after 30 d Cu and Pb 3 and 6 Pot

experiment [131]

Chitosan and its
derivatives EDTA-Na2 Spray drying 5–

20 μm

Release of EDTA
from slow-release

EDTA was still
significantly lower

than from non-
microencapsulated
EDTA in water after

3 d.

Cd, Cu, and
Pb 4 and 8 Pot

experiment [159]

Hydroxypropyl
chitosan-graft-

carboxymethyl-β-
cyclodextrin

CA Spray drying -
Cumulative release
of 80% CA in water

after 2 d
U 5 Pot

experiment [141]

Application rate of slow-release chelating agents is one of the most important factors
influencing mobilization of soil U. As summarized from Table 3, the application rates
of chelating agents alone in assisting phytoremediation of U-contaminated soils ranged
from 0.5 to 25 mmol/kg. In addition, previous studies reported that chelating agents
(e.g., EDDS, EDTA, and DIPA) reduced plant biomass and even caused plant mortality
at application rates greater than 5–7.5 mmol/kg [27,28,160,161]. The impact of chelating
agents on plant growth is also related to the types of chelating agent and plant. For example,
Chen, et al., found that 7.5 mmol/kg EDDS addition significantly inhibited the growth of
Zebrina pendula Schnizl and sunflower (Helianthus annuus L.) [28,160]. Hu, et al., also noted
some toxic symptoms such as chlorosis and necrotic spots occurred during Macleaya cordata
growth after the addition of 5 and 10 mmol/kg EDDS [27]. In contrast, under the same
experimental conditions, the aforementioned plants exhibited much higher tolerance to CA
treatments. As shown in Table 4, the application rates of slow-release chelating agents in
assisting phytoremediation of heavy metal and radionuclide-contaminated soils ranged
from 3 to 13 mmol/kg, which is close to the above application rate range of chelating agents
alone. Moreover, when comparing the effectiveness of chelating agents and slow-release
chelating agents in enhancing phytoextraction of soil contaminants, the amount of core
material in the slow-release chelating agent should be equal to that of chelating agent alone.
At present, research on the use of slow-release chelating agents in assisting phytoremedia-
tion of U-contaminated soils is still at juvenile stage. The evaluation of their effectiveness in
enhancing phytoextraction of soil heavy metals and radionuclides reported in scientific lit-
erature are exclusively obtained from laboratory pot experiments with no field applications
(Table 4). Hence, it is recommended that pilot-scale tests should be conducted to investigate
the effect of slow-release chelating agents on enhancing phytoextraction of soil U under
field conditions. This effort can provide a better evaluation of slow-release performance. In
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addition, bench-scale accelerated aging tests (e.g., wet–dry cycling and freeze–thaw cycling)
can be carried out to investigate the effect of slow-release chelating agents on controlling
the release speed of core material under simulated natural aging conditions, which can
make a contribution to elucidation of long-term slow-release mechanisms.

4.3. Evaluation of Slow-Release Performance

The slow-release performance of slow-release chelating agents can be indicated by
the increasing rate of core material (i.e., chelating agent) content in the soil with time
after application. The common methods for evaluating slow-release performance of
slow-release materials include hydrostatic dissolution, soil incubation, and soil column
leaching [162–166]. In the hydrostatic dissolution method, slow-release material is added
to deionized water. The mixture is then maintained at a constant temperature. The amount
of core material released into the water is measured regularly to calculate its release speed
with time. The method is simple, fast, and well reproducible. However, it ignores the
effect of soil environmental conditions on the slow-release performance. The soil incu-
bation method simulates the release of core material in the soil and is closer to natural
environmental conditions compared to the hydrostatic dissolution test. In the soil column
leaching method, slow-release material is subjected to leaching test, and the concentra-
tion of core material in the leachate collected with time is measured. Among the above
methods for evaluating slow-release performance, hydrostatic dissolution method has been
widely used (e.g., [141,167–169]) due to its simple operating procedure, controllable envi-
ronmental conditions, and convenient comparison between different slow-release materials.
Considering the complexity of actual contaminated site environment, it is necessary to
evaluate the slow-release performance of slow-release chelating agents in soils. Li, et al.,
first synthesized a slow-release chelating agent with EDTA as core material and silicate
as coating material [105]. They demonstrated that the change of DOC concentration in
the leachate could reflect the slow-release performance of coated EDTA. In contrast to the
inorganic wall material in Li, et al., Xie, et al., used polyethylene as the wall material of
microcapsule, and the concentration of EDTA in aqueous solution released from the mi-
crocapsule was determined by an ion chromatography (IC) [143]. Likewise, Shibata, et al.,
prepared polymer-coated EDTA and also characterized the slow-release property based
on the variation of EDTA concentration in distilled water using a high-performance liquid
chromatography (HPLC) [142]. The EDTA concentration in the solution can be determined
by HPLC after pretreatment with an extractant containing Cu or Fe ions [170], and Shi-
bata, et al., used a CuSO4 solution as extractant. However, due to the lack of details about
the operating procedures of the above methods, it is difficult to compare the slow-release
results obtained from different studies. The longest release period of slow-release chelating
agent recorded in literature is a polymer-coated EDTA synthesized by Shibata, et al., who
reported that 75% of the EDTA in the slow-release chelating agent was released into the wa-
ter after 210 d [142]. The pot experiment showed that among the five slow-release chelating
agents with different wall materials, the EDTA coated with 40% talc, 45% polyethylene, 10%
ethylene-octene-1 copolymer, and 5% polyoxoethylene monomethyl ether (0.72 mmol/g)
were the most effective in reducing Pb and EDTA concentrations in the soil solution and
increasing Pb enrichment in Sorghum bicolor L. seedlings with a release period of 80 d [142].

5. Conclusions and Future Perspectives

With the rapid development of nuclear energy and on-going U mining, cleaning up of
U-contaminated soils has become a major global challenge. At present, no U hyperaccumu-
lator plant species have been found, whereas plants for soil remediation have low extraction
efficiency and long-term remediation period for U-contaminated soils. Both APCAs (e.g.,
EDTA and EDDS) and LMWOAs (e.g., CA and OA) can enhance phytoextraction of soil U
by increasing bioavailable U in the soil via forming soluble chelate compounds. CA, which
can be generated by organisms and is biodegradable, has a pronounced effect on mobilizing
U in soils, and therefore assists phytoextraction of U from the soil. It should be noted that
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after chelating agents are applied to the soil, the mobility and bioavailability of soil U can
increase rapidly in a short period, resulting in the problem that the increasing rate of soil
bioavailable U does not match the plant uptake rate of and tolerance to U. The majority of
mobilized U may not be absorbed by roots and remained in the soil, posing a non-negligible
contamination risk to groundwater through leaching processes. Slow-release chelating
agents synthesized by slow-release technology can control the release speed of chelating
agent so that the mobilization rate of soil U matches plant uptake rate of U.

Currently, research on synthesis and application of slow-release chelating agents in
assisting phytoremediation of U-contaminated soils is still in its infancy. The slow-release
CA synthesized by Wang, et al., is the only slow-release chelating agent which was used
to enhance phytoextraction of soil U [141]. Meanwhile most of the existing slow-release
chelating agents designed for phytoremediation of heavy metal-contaminated soils contain
non-biodegradable EDTA as core material, which would cause secondary pollution. In
addition, the effective performance of the aforementioned slow-release CA was noted
in laboratory pot experiments, whereas its effectiveness in assisting phytoremediation
of U-contaminated soils in the field remains unclear. Future work can mainly include:
(1) selecting and developing environmentally friendly wall/carrier materials and cost-
effective preparation methods. Natural materials (e.g., starch, cellulose, and chitosan)
and simple preparation methods with low cost (e.g., interfacial polymerization and spray
drying) should be screened for synthesis of slow-release chelating agents prior to large-scale
application. (2) Some existing wall/carrier materials (e.g., chitosan and its derivatives)
of slow-release chelating agents have high adsorption capacity for heavy metals and
radionuclides. They can have a passivation effect on these contaminants in soils. Therefore,
it is necessary to eliminate the above negative impact of wall/carrier materials of slow-
release chelating agents on mobilizing soil U. This can be achieved by optimizing the ratio
of wall/carrier material to core material and modifying the surface porous structure of
slow-release chelating agent. (3) Existing slow-release chelating agents have been mainly
added to soils in the form of solutions. Synthesis of hydrogel-based slow-release chelating
agent can be a promising research direction because hydrogel as a carrier for chelating
agents has the potential to combine controlled release of chelating agent into the soil
with soil and water conservation, thus improving the soil environment. (4) The present
systematic review showed that CA is the most effective in enhancing phytoextraction of U
from contaminated soils compared to other commonly used chelating agents. However, CA
is easily decomposed in soils. Thus, it is encouraged to evaluate the long-term effect of CA
on mobilization of soil U as well as explore methods for maintaining the effectiveness of
CA during natural aging processes. (5) Soil microorganisms play an important role in the
formation of soil fertility, transformation of contaminants as well as nutrient elements [171].
Therefore, it is also necessary to investigate the effect of microbial metabolic activities in
rhizosphere soils on the slow-release performance of slow-release chelating agents and
explore the transport mechanisms of complex compound formed by chelating agents with
U ions at the plant-soil interface. This endeavor can contribute to the combination of
chelating agent- and microorganisms-assisted phytoremediation of U-contaminated soils.
(6) The studies of Saleh, et al.,e. demonstrated that aquatic plants including Eichhornia
crassipes, Ludwigia stolonifera, and Myriophyllum spicatum have an enormous accumulation
capacity of heavy metals (e.g., Cd, Cr, Cu, and Pb) and radionuclides (e.g., cesium (Cs)
and cobalt (Co)) [172–177]. Therefore, apart from the above on-going research relevant to
slow-release chelating agents, the effect of chelating agents on enhancing the accumulation
of U and other radionuclides in these aquatic plants in contaminated paddy soils and
riparian zones can be investigated.
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