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Abstract

Heavy metals such as uranium are among the most common pollutants in industrial effluents and
water environments. Uranium is one of the most dangerous heavy metals in the environment due to its
chemical toxicity and radioactivity. Removing toxic and radioactive pollutants from the environment
for safe and efficient disposal of waste is a vital challenge that requires the development of selective
and high-capacity separation materials. Since uranium contamination threatens surface and
underground water, it is important to make more efforts for new materials and technologies to
separate and remove uranium from aqueous solutions. The rapidly expanding field of nanotechnology
is producing many exciting new materials with novel properties. Apart from all other applications,
nanomaterials are expected to act as a new class of solid phase adsorbents for the separation of
pollutants and heavy metals, including uranium, due to their unique surface and morphological
characteristics. The present review has reported a summary of the types of nanosorbents for the
purpose of separating and removing uranium ions. Adsorbent materials include magnetic nanoparticle,
FesO4, hybrid nanomaterials, oxide and phosphate-based nanomaterials, and non-magnetic
nanoparticles. According to reports, magnetic nanoparticles are used to remove elements such as:
cadmium, cobalt, nickel, uranium, etc. This article has studied and reviewed various types of
nanosorbents as very efficient structures for separating and removing uranium.

Introduction

Uranium is one of the chemical elements whose atomic number is 92 and its symbol is U. Uranium is
a silver-gray metal that is part of the actinide family. A uranium atom has 92 protons and 92 electrons.
Because uranium isotopes are unstable, so that the half-life of its natural isotopes is between 159,200
years and 4.5 billion years, this element has weak radioactivity. The most common isotopes of natural
uranium are uranium-238 (with 146 neutrons and constituting more than 99% of the uranium on earth)
and uranium-235 (with 143 neutrons and constituting about 0.72% of the uranium on earth). The
density of uranium is about 72% of the density of lead and a little less than gold or tungsten. Uranium
exists naturally and in very small amounts, about a few parts per million, in soil, rocks and water, but
it is commercially extracted from minerals such as uraninite. Uranium is one of the most important
natural radionuclides in the earth's crust, which can cause surface and underground water pollution
(Zhang et al., 1994). Uranium is present in the earth's crust in considerable amounts and its abundance
is even greater than that of gold, so it can enter the food cycle of animals and humans in the form of a
combination with other elements, even the waters of rivers, springs and wells. They contain
measurable amounts of uranium, which, of course, have completely different concentrations in
different geographical locations. Contaminated drinking water is the main way to enter the human
food cycle and increase the rate of uranium adsorption into the human body. Figure 1 shows the
routes of exposure to uranium, including through drinking water and how it is transferred to the food
cycle. Humans enter some uranium into their body daily depending on the type of diet. This element
can accumulate in the kidney and the first effect will be diabetic nephropathy. Short-term and long-
term studies regarding the chemical toxicity of this element are not available, and therefore, a
specified amount has not been obtained by the World Health Organization for uranium in drinking
water. Also, remaining uranium in the body due to its radioactive nature can lead to an increase in the
risk of cancer, including colon cancer and genetic problems (Anke et al., 2009, Ribera, 1996). With an
average uranium concentration of 3.3 ng/ml, seawater is a source of about 4.5 billion tons of uranium
(Singhal et al., 2017). Uranium is the heaviest and most abundant radioactive element that makes up
2.4 milligrams to 1 kilogram of the earth's layer. It can be easily dissolved, moved and settled in
surface waters with little changes in the environment. With a half-life of millions to billions of years,
uranium atoms slowly decay into a series of radioactive by-products: thorium-230, radium-226,
radon-222. To use uranium as an energy source, the ore must be enriched to obtain a higher
concentration of a certain isotope (uranium-235). Uranium-235 is fissile and produces a large amount
of energy in the form of free heat, as well as a large amount of radioactive waste and enters the
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environment. Currently, spent uranium can only be stored, reprocessed or disposed of (Martins et al.,
2010). New solid adsorbent materials are being investigated by many groups of scientists all over the
world for the effective extraction of uranium from surface waters, including seas. Apart from the
natural abundance of uranium in sea water, uranium contamination in groundwater caused by natural
mineral rocks or its artificial activities has become a great concern for the health of living organisms
(Chouyyok et al., 2016, Saha et al., 2019). The World Health Organization and the US Environmental
Protection Agency have set 30 ng/ml as the maximum tolerable uranium concentration in drinking
water (Saha et al., 2017). This substance has a very toxic and carcinogenic nature, therefore increasing
efforts are made to prevent environmental pollution when dealing with sewage. Therefore, the
development of more efficient solid adsorbent nanomaterials specific for metal ions may serve the
dual purpose of uranium preconcentration from seawater and removal of uranium pollution from
underground water. However, the extreme concentration of uranium in such samples and the
interference of competing ions make this work challenging (Zheng et al., 2019). Magnetite
nanoparticles have been studied by different scientists over the years to adsorb hexavalent uranium.
The high magnetic response of magnetite nanoparticles makes them a unique choice compared to
other solid phase extractants (Singhal et al., 2020). In some reports, the high adsorption capacity of
hexavalent uranium was obtained while maintaining the good magnetic response of magnetite
nanoparticles, the equilibrium time for batch extraction studies was from 2 to 24 hours (Zhou et al.,
2019Tan et al., 2015 Li et al. , 2016). It should be mentioned that the selectivity of each
nanoadsorbent towards 5 specific metal ions determines its application in complex environmental
matrices. Therefore, there is still a lot of scope for the development of new magnetic nanoadsorbent
materials. In this view, we will focus on the investigation of various types of nanosorbents for the
selective extraction of uranium ions in water environments.

* Uranium chemistry

Tetravalent uranium is stable in reducing environments, it is slightly soluble, and it is the least mobile
form of uranium. Uraninite is the most common type of depleted mineral and is the main ore rock in
many uranium deposits. Hexavalent uranium is stable in oxidizing environments and its compounds
are the most soluble and therefore the most mobile. It can also form complexes with hydroxides,
carbonates, sulfates and phosphates. Therefore, in the presence of oxygen, uranium four is oxidized to
uranium six oxide, which allows uranium to dissolve in water as uranyl cation (Ouyang et al., 2020).
The dissolution of uraninite is shown in equation (1): (Wanty, 2020).

2U0O;(s)+4H"*(aqg.)+02(g)—>2U02**+2H,0 (@)

Uranium in the form of uranyl ion has significant solubility in water. However, the actual species
depends on its concentration and the pH of the environment. Up to pH 4, uranyl ions are the dominant
species in water. On the other hand, in the pH range of sea water (pH 7 to 8.5) and underground water
(pH 6 to 8), the dominant species are: (UO;)2CO3(0OH)s™ «(UO,)2(OH)2?* <UO2(CO3),* and so on (Xie
et al., 2019 Rosenberg et al., 2016). You can see the equilibrium phase diagram for aqueous uranyl
systems as a function of pH and the concentration of different cations and anions in Figure 2.
Uranium has four oxidation states which are usually indicated by U** «U*" «UQ,*(5+) and UO,**(6+).
Due to its high chemical reactivity, uranium easily reacts with other elements and can form various
types of complexes. Hexavalent uranium, which exists mainly in the form of uranyl cation, easily
reacts with various anions such as carbonate, phosphate, sulfate, chloride and fluoride. Uranyl ion is
very stable in aqueous solutions with low pH (pH less than 5). While at pH close to 7, uranyl ion
reacts with phosphate and carbonate anions and forms stable complexes. Especially, for drinking
water sources with pH values from 7 to 10, uranyl carbonate complexes including UO,(COs),%and
UO2(CO3)s* are the dominant anionic species (Katsoyiannis et al., 2013Sarri et al., 2013). « Chemical
toxicity of uranium Exposure to uranium can lead to chemical and radiological toxicity. The main
chemical effect associated with exposure to uranium and its compounds is nephrotoxicity. This
poisoning can be caused by breathing air containing uranium dust or eating materials containing
uranium, which then enter the bloodstream. When uranium compounds enter the bloodstream, they
are filtered by the kidneys, where they can damage kidney cells. Consuming too much uranium
(between 50 and 150 mg depending on the person) can cause acute kidney failure and death. At lower
intake levels (about 25 to 40 mg), damage can be detected by the presence of protein and dead cells in
the urine, but no other symptoms. Also, consuming uranium at lower intake levels and not re-
exposing the person to this metal leads to the kidney repairing itself within a period of several weeks
(Mathews et al., 2015). However, workers who are in close proximity to large amounts of uranium in
a warehouse or in a processing plant are also exposed to low levels of external radiation from uranium
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decay products. At exposure levels typically associated with uranium handling and processing, the
primary health effect of radiation concern is an increased lifetime risk of developing cancer. Cases of
radiation-induced cancer are generally indistinguishable from other "natural™ cancers and occur years
after exposure. As the consumption of uranium increases, the probability of cancer caused by
radiation increases (Asic et al., 2017). « Solubility of uranium-containing compounds and their route
of exposure The extent of damage caused by exposure to a uranium compound depends on the
solubility of the compound and the route of exposure. In most assessments, only inhalation, ingestion
and external radiation are considered. Although adsorption of some soluble compounds through the
skin is possible, such dermal exposures are generally not significant. For inhalation or ingestion of
soluble or relatively soluble compounds such as uranyl fluoride or uranium tetrafluoride, uranium
enters the bloodstream and reaches the kidneys and other internal organs, so that chemical toxicity is
of primary importance. For inhalation of insoluble compounds such as uranium dioxide and
triuranium octaoxide, uranium is generally deposited in the lungs and can remain there for long
periods (months or years). The main concern with exposure to these insoluble compounds is the
increased risk of cancer from internal exposure to radioactivity. Equation 2 is used to determine the
amount of cancer risk through breathing (inhalation) of each heavy metal (Zhang et al., 2022):

Risk= CDlina *URF (2

where in:

e Chronic Daily Intake of inhalation (CDlima)= amount of daily intake of pollutant caused by
breathing

e Unit Risk Factor (URF) = inhalation unit risk factor

Insoluble ingested compounds are poorly adsorbed from the gastrointestinal tract and remain in the

body for only a short time, so they generally have low toxicity (Mathews et al., 2015).

Methodology

In the present review, some recent articles on the adsorption of uranium from aqueous solutions by
nanoparticles were studied. The articles were classified into magnetic and non-magnetic categories
based on the type of adsorber. In the field of magnetic adsorbers, 17 articles published between 2003
and 2022 were reviewed. The main conditions and parameters of each article were extracted and
presented. The parameters of different articles were compared. Exactly the same thing was done on
articles that had adsorbed uranium with non-magnetic adsorbents. The number of reviewed articles
that used non-magnetic adsorbents was 7, and their publication year was between 2012 and 2020. In
addition to the above, general information about uranium, including uranium chemistry, chemical and
radiological toxicity of uranium, solubility of uranium-containing compounds, and their exposure
route were examined in the introduction section. Apart from this, a table comparing the synthesis
routes for the formation of magnetic nanoparticles was placed in the section of uranium removal
methods by magnetic nanoparticles. At the end of the article, two tables were placed to compare
different adsorbents used for uranium removal from the thermodynamic, kinetic and adsorption
isotherm points of view, and the adsorption capacity of the adsorbents was also compared.

Conclusion

In the present study, the separation of uranium from aqueous solutions was investigated using
magnetic and non-magnetic nanoparticles in different conditions according to the data obtained from
different articles. Most of the studies showed that the maximum adsorption of uranium occurs
between pH 4 and 6. Also, the adsorption data of nanosorbents showed the best agreement with the
Langmuir adsorption isotherm model and pseudo-second order Kinetics. In thermodynamic
conditions, most of the reviewed articles with both magnetic and non-magnetic nanoparticles showed
that AG® was negative and as a result the reaction took place spontaneously. Magnetite nanoparticles
as adsorbents are a far more suitable alternative to hon-magnetic nanoparticles for the separation and
adsorption process. Due to the fact that they can be easily used in the solid/liquid separation process
with the help of an external magnetic field. In addition, most of them have a higher adsorption
capacity than non-magnetic nanoparticles.
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