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Abstract

Radioactive compounds are released in the environment by several anthropogenic activities,
however, studies reveal that naturally occurring radioactive materials are responsible for over 80%
of human exposure to ionizing radiation. Reports suggest that there are severe health risks
associated with exposure to elevated concentrations of radioactive materials, such as potassium
(*°K), uranium (28U and #°U), and thorium (***Th). The rarity of comprehensive reviews
addressing the occurrence, risk assessment, and potential remediation strategies of radioactive
pollution in Nigerian environments propelled the collection of data over the last decade.
Concentration as high as 2.42 + 0.28 Bg/L has been reported in rivers in Nigeria, much higher than
the radionuclide permissible level of 1 Bqg/L. There are emerging concerns as activity
concentrations of gamma-emitting radioactive materials found in soils are higher than worldwide
average crustal values based on several reports. In many cases, the absorbed air dose rates were
also greater (i.e., 86.44 nGy hr?) than acceptable limits (60 nGy hrt) except for few study areas.
The level of radionuclides reported is indicative of the type of parent rocks and mineral
composition of the studied area. Advances in remediation technologies suggest that
electroremediation, bioremediation, and adsorption are the most efficient remedial approach for
decontamination of radiochemical polluted sites. There is a need to explore an integrated
synergistic approach for sustainable remediation of heavily polluted sites and in the light of
environmental protection, attention must be given to areas with high levels of radioactive pollution.
This review seeks to bridge information gaps towards ensuring that radioactive materials do not
destroy our ecosystem.
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1. Introduction

The radiation in the environment emanates from natural and anthropogenic sources. However,
estimates revealed that more than 80% of the worldwide environmental radiation is from natural
sources (WHO 2016). Environmental radiation exposure is caused by the presence of primordial
radionuclides in the earth’s crust and atmospheric cosmic rays’ interaction (UNSCEAR 2008;
Jasaitis et al. 2020). The primordial radionuclides include *2Th, 2%U, 2%U, and “°K while the
cosmogenic radionuclides include 3¢Cl, 32Si, 'Be, “C, 1°Be, ®Al, and *H (Twining and Baxter
2012; Khandaker et al. 2012). The half-lives of these radioactive materials are comparable to their
decay products and the age of the earth (Primal and Narayana 2012; Mahamood et al. 2020). Due
to this, it is expected that non-cosmogenic radionuclides would have undergone radioactive decay
to a level that is probably undetectable (L’ Annunziata 2020). The half-lives, decay modes, and
isotopic abundance of these radioactive materials are presented in Table 1 while a representative
diagram of the radioactive decay in thorium (Th) and uranium (U) series is presented in Figure 1.
Under natural conditions, the presence of radioactive materials in the environment does not upset
the dynamic balance of the ecosystem (Liu and Lin 2018). However, it is presumed that elevated
levels of radioactive materials could bring about an alteration in the natural ecology of the

biosphere, posing severe hazards upon exposure.



Table 1: Long-lived naturally occurring radioactive materials (Lide 2010)

Nuclide Half-life (years) Isotope abundance (%) Decay mode Decay products
PK 1.26 x 10° 0.0117 B, EC 29¢Ca (B), 13Ar (EC)
2V 1.4 % 10%7 0.25 B, EC 39¢r (B7), 33Ti (EC)
87Rb 4.88 x 1010 27.835 B~ 87Sr

13cd 9 x 105 12.22 B~ 113
1 4.4 x 1014 95.71 B~ 15sn
123Te 1.3 x 103 0.908 EC 1235p
232Th 1.4 x 1010 100 a Z8Ra
BoU 7.04 x 108 0.72 a Z31Th
zB8y 4.46 x 10° 99.27 a Z34Th
1Nd 2.1 % 10%° 23.8 a 119Ce

Radionuclides such as radium, thorium, potassium, and uranium, are released into different

environmental matrices such as soil, water, and/or air. The naturally occurring radium, thorium,

and uranium are particularly associated with the release of gamma rays, with their concentrations

heavily dependent on geographical and geological conditions (Pandey et al. 2017; El-Taher et al.

2018, Akingboye et al. 2021). Gamma radiation is reported to contribute significantly to the

radiation dose exposed to by humans (Sanjurjo-Sanchez, and Alves 2017; Abd El-Azeem and

Mansour 2020). The major exposure pathways to radionuclides include external exposure from

radionuclide deposits embedded in marine sediments and freshwater, ingestion of foodstuffs and

drinking water, and cloud immersion (UNSCEAR 2016). The protection of lives against potential

hazards emanating from exposure to these radionuclides requires a proper understanding of their




generation, migration from source, and influential factors responsible for the entire process (Al-

Jarallah et al. 2005; Somlai et al. 2006, 2008).
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Figure 1: Radioactive decay in thorium and uranium series (adapted with slight modification from WNA,
2020).

Soil, a major sink of environmental contaminants, comprises several organic and mineral
components. This accounts for the presence of some levels of radioactive elements which are
primarily dependent on the parent rock type of the soil. The physicochemical properties of soils

also influence the behaviour, concentration, and distribution of radioactive materials (Kang et al.



2020). Upon inhalation and/or ingestion, these radionuclides irradiate the host with gamma rays,
beta, and alpha particles (Rani and Singh 2005; Anamika et al. 2020). The translocation and uptake
of natural radionuclides into edible parts of plants is dependent on its composition in the soil,
arising from agricultural practices, atmosphere, plant types, soil characteristics, and environmental
contamination (Sunday et al. 2019; llori and Chetty 2020). The transfer of radionuclides from soil
to food crops represents humans’ major exposure pathway (EI-Gamal et al. 2019). Water bodies
close to phosphate ore deposits, nuclear plants, and/or agricultural farmlands where there is the
predominant use of phosphate fertilizers are potential hotspots of radionuclides. For instance, the
movement of groundwater through rocks and soil allows for the dissolution of some radionuclides
in the water (Duggal et al. 2014). Influential factors determining the levels of these radionuclides
in underground water during migration include pH, water flow, calcium content, etc. (Pandey et

al. 2017).

Exposure to ionizing radiations incidentally or accidentally, over short term (acute exposure) or
long term (chronic exposure), can cause skin burns, cell damage, cancer, cardiovascular disease,
and death. A low level of exposure in the environment does not cause instant adverse health effects,
but like most toxic environmental pollutants, consistent exposure over a long period contributes to
the risk of cancer (Al-Zoughool and Krewski 2009; Ryan 2012; WHO 2016). The biological
consequences of exposure to ionizing radiation have been accurately documented in the literature
(WHO 2009; L’Annunziata 2016). After smoking, an increased risk of lung cancer is an adverse
health issue predominantly associated with exposure to radon inhalation (Al-Zoughool and

Krewski 2009; llori and Chetty 2020).

Many recent studies have focused on the occurrence and health risk assessment of radioactive

materials in soil, sediments, and water in Nigeria (Abba and Saleh 2020; Bello et al. 2020; Momoh
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et al. 2020; Ajibola et al. 2021; Bodunrin et al. 2021; Orosun et al. 2021). However, there is a
paucity of comprehensive reviews simultaneously addressing the possible risks and plausible
remediation strategies for these radionuclides. This review thus seeks to provide a critical
assessment of the occurrence and distribution of radioactive materials in soil, sediments, and water
as well as possible mitigating measures in a bid to ensuring a sustainable and eco-friendly
environment. The most recent data reporting the levels of radioactive materials in Nigerian soils,
sediments, and water in the last decade were obtained in order to bridge information gaps and
provide an accurate assessment of the radiological risks associated with exposure, as well as

identifying hotspots that may require special consideration.

2. Radioactivity

Radioactivity is the spontaneous decay of an unstable nucleus with excess energy. This is
accompanied by the emission of radiation in the form of electromagnetic waves (gamma rays) or
streams of subatomic (alpha, beta, or neutron) particles (UNSCEAR 2000). It was first discovered
in 1896 by Henri Becquerel when exposing potassium uranyl sulfate to sunlight. Three different
types of radioactive radiations i.e., negative, positive, and neutral were discovered during his
scientific research (Khan 2017). Furthermore, Marie Curie coined the term radioactivity and along
with her husband Pierre, discovered other radioactive elements such as radium and polonium from
radioactive ore of uranium. In addition, another scientist Ernest Rutherford came up with the
discovery of radioactive particles and named them alpha, beta, and gamma particles. The
classification of these radiations was based on their ability to penetrate matter (Friedlander et al.
1982; Annunziata 2007; Khan 2017).

Radiation is defined as “the emission or transmission of energy in the form of waves or particles

through space or a material medium”. This includes electromagnetic radiation (gamma radiation,
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x-rays, etc.), particle radiation (neutron, alpha radiation (c), and beta radiation ()), and acoustic
radiation (seismic waves, sound, etc.). The energy of the radiated particles is the basis upon which
radiation is classified. Hence, we have ionizing and non-ionizing radiation (Figure 2) (UNSCEAR
2000). Radioactive materials have found application in medicine (for detection and treatment of
ailments ranging from hyperthyroidism to cancer), agriculture (for optimizing crop yields with
artificial radiation sources), power generation (for manufacturing nuclear reactors and power
plants), nuclear ammunitions, archeology (carbon dating and determination the ages of geological
materials), radio-indicators and other applications (Figure 3) (Matucha et al. 2003; Lichfouse

2012; Chao et al. 2018, Pucci et al. 2019, Jeon 2019).
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Figure 2: Illustration of ionizing and non-ionizing electromagnetic radiations
(https:/lwww.mirion.com/learning-center/radiation-safety-basics/what-is-radiation)
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Figure 3: Multifunctional radionuclides and applications in the field of medicine (adapted from
International Journal of Molecular Science, Jeon J., 20(9), 2323, 2019)

2.1 Non- ionizing radiation

Non-ionizing radiation can be defined as “any type of electromagnetic radiation that does not carry
enough energy per quantum (photon energy) to ionize atoms or molecules—that is, to completely
remove an electron from an atom or molecule” (UNSCEAR 2000). The probable biological effects
associated with exposure to non-ionizing radiation are heavily dependent on their frequency in the
electromagnetic spectrum. For instance, upper frequencies such as UV and visible light can induce
non-thermal biological damages. In contrast, lower frequencies such as radio waves and
microwave, are yet to be proven to constitute non-thermal radiation effects upon exposure

(UNSCEAR 2000).



2.2 lonizing radiation

lonizing radiation is defined as “radiation that carries enough energy to liberate electrons from
atoms or molecules, thereby ionizing them”. lonizing radiation is made up of energetic subatomic
particles, ions, or atoms moving at high speeds (usually greater than 1 % of the speed of light), and
electromagnetic waves on the high-energy end of the electromagnetic spectrum. Gamma rays, X-
rays, and the higher ultraviolet part of the electromagnetic spectrum are ionizing (WHO 2016).
lonizing radiation is radiation with enough energy so that during an interaction with an atom, it
can remove tightly bound electrons from the orbit of an atom, causing the atom to become charged
or ionized (WHO 2016). The presence and levels of ionizing radiation cannot be detected by
human organs, hence the use of radiation detection equipment. Exposure to ionizing radiation
causes damage to living tissue and can result in cancer, radiation sickness, mutation, and death
(WHO 2016).

2.2.1 Alpha radiation (a)

Alpha radiation consists of alpha particles that are made up of two protons and two neutrons each

and that carry a double positive charge (Equation 1).

97X - 475X + Sa 1)

Due to their relatively large mass and charge, they have an extremely limited ability to penetrate
matter. Alpha radiation can be stopped by a piece of paper or the dead outer layer of the skin.
However, when alpha-radiation-emitting nuclear substances are taken into the body (for example,
by breathing them in or by ingesting them), the energy of the alpha radiation is completely
absorbed into bodily tissues. For this reason, alpha radiation is only an internal hazard. Alpha
particles are characterized by the following features; contains two neutrons and two protons,
particle carries a positive charge, the mass of each alpha-particle is 4 times that of a proton or H-
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atom, it has high ionization power with low penetration power, they have strong ionizing power
because they remove electrons from the atoms of gas through which they pass, they travel only a
few centimeters in air and is easily stopped by a paper sheer or the outer skin layer. Examples of

alpha emitters are radon, uranium, radium, and thorium (Khan 2017).

2.2.2 Beta radiation ()
Beta radiation consists of charged particles that are ejected from an atom’s nucleus and that are
physically identical to electrons. Beta particles generally have a negative charge (Equation 2), are

very small, and can penetrate more deeply than alpha particles.
72X = gAY+ Jet + 1 2)

However, most beta radiation can be stopped by small amounts of shielding, such as sheets of
plastic, glass, or metal. When the source of radiation is outside the body, beta radiation with
sufficient energy can penetrate the body’s dead outer layer of skin and deposit its energy within
active skin cells. However, beta radiation is very limited in its ability to penetrate deeper tissues
and organs in the body. Beta-radiation-emitting nuclear substances can also be hazardous on
exposure to the body. Beta particles are negatively charged and possess low ionization power.
Examples of beta emitters are sulphur-35, hydrogen-3 phosphorus-33, phosphorus-32, and carbon-

14 (Khan 2017).

2.2.3 Photon radiation (gamma [y] and X-ray)
Photon radiation is electromagnetic radiation. There are two types of photon radiation: gamma (y)
and X-ray. Gamma radiation consists of photons that originate from within the nucleus (Equation

3).

97X - X+ 3y ®3)
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X-ray radiation consists of photons that originate from outside the nucleus and are typically lower
in energy than gamma radiation. Photon radiation can penetrate very deeply and sometimes can
only be reduced in intensity by materials that are quite dense, such as lead or steel. In general,
photon radiation can travel much greater distances than alpha or beta radiation, and it can penetrate
bodily tissues and organs when the radiation source is outside the body. Photon radiation can also
be hazardous if photon-emitting nuclear substances are taken into the body. Gamma rays have the
highest penetrating power compared to alpha and beta particles within the body either through
inhalation or ingestion, the effects of alpha and beta particles within the body are far more
detrimental because of their ionizing power (Gruber et al. 2009; Adegunwa et al. 2019a). Gamma
particles are characterized by the following features; electrically neutral, high penetration power,
fast speed, could only be stopped by a thick sheet of lead, steel, concrete, or several meters of
water. Examples of gamma emitters are cesium-137, cobalt-60, radium-226, and zinc-65 (Khan
2017). The interaction of gamma rays with a medium is in three ways namely pair production (high
Z materials and high energy photons), photoelectric absorption (high Z materials and low energy

photons), and Compton scattering (moderate energies) (Rittersdorf 2007).

3. Occurrence of radioactivity in environmental compartments

3.1 Radionuclide concentrations in soils

The characteristics of Nigerian soils vary and physicochemical properties such as soil pH,
exchangeable cations, organic carbon content, minerals, etc., depending on parent rock types,
historical geochemical processes, and land use/anthropogenic activities (Aleksakhin 2009;
Ogunyele et al. 2020). Twelve savanna soils in Nigeria were characterized and the result showed
a wide variation in texture and constituents. Most soil samples have an appreciable amount of silt

(10-69%), kaolinite and smectite are the major mineral components of clay, quartz and K-feldspar
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constitute a higher proportion in sands, while other minerals such as ilmenite, magnetite,
extractable phosphates, organic carbon, and radioactive elements are also present in Nigerian soils
(Mgberg and Esu 1991; Ogunyele et al. 2020; Akingboye et al., 2021).

Soil acts as a repository for many environmental pollutants including radionuclides. A summary
of previous studies carried out on radioactivity levels in Nigerian soils is presented in Table 2.
Gbadamosi et al. (2017) quantified the activity concentrations of radioactive materials in waste
dumpsite soils in Agbara, Ogun State, Nigeria using a properly calibrated high purity germanium
(HpGe) y-ray spectrophotometer. The mean measured activity concentrations of 22Th, 238U, and
0K are 26 +2.2, 40.3 +7.2, and 103+7.5 Bq kg respectively. The relatively higher activity level
of “°K was ascribed to the possible predominant use of potassium-rich fertilizers on the soils. The
estimated absorbed air dose rate of 40.69+ 5.31 nGy hr! was lower than the crustal average of 60
nGy hr! (UNSCEAR 2000). The findings of the study showed that little or no immediate
radiological threats are associated with exposure to the measured activity concentrations of
radionuclides. However, cumulative effects emanating from frequent exposure and radiation build-
up could be devastating for human health.

Ibikunle et al. (2019) reported the radiation dose of naturally occurring radionuclides in the soils
of some south-western cities in Nigeria. HpGe detector was used in evaluating the activity
concentrations of 2%2Th, 2Ra, and “K in the soil samples. The mean activity concentrations of
282Th, 22°Ra, and *°K measured in the soils are 76.79, 52.91, and 393.73 Bq kg™ respectively. The
concentration of “°K is about five times the concentrations of the other investigated radionuclides
(Ibikunle et al. 2019). The high activity levels of the radionuclides were attributed to the rocky

geology of the study areas. The measured mean absorbed air dose rate (86.44) was higher than the
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worldwide average value (60). This showed an upsurge in the recommended value considered safe

for the environment.

Table 2: Activity concentrations of radioactive materials reported in some Nigerian soils

Area Radionuclide Concentration Reference
(BaKg™)
Abeokuta, Ogun state K 261.29 £36.84 Ekhaguere et al. 2019
226Ra 30.87 £ 6.81
232Th 4710+ 11.95
South-western cities 0K 393.73 Ibikunle et al. 2019
226Ra 52.91
232Th 76.79
Delta state K 413.64 +21.22 Ononugbo et al. 2019
226Ra 54.43 + 3.22
2B2Th 561.67 +2.21
lle-Ife, Osun state 0K 270.14 +61.79 Oluyide et al. 2019
226Ra 12.14 + 4.17
232Th 23.23 £ 7.67
Coastal area, Akwa Ibom state WK 145+ 6 Akpan et al. 2020
226Ra 23+ 3
232Th 36+2
Mangoro-Agege, Lagos state K 403.07 + 33.85 llori and Alausa 2019
226Ra 11.47 £ 0.75
2B2Th 10.44 + 0.75
Asa, Kwara state WK 570.91 Orosun et al. 2019
226Ra 42 .86
232Th 18.15
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Elere, Oyo state 0K 537.3 +76.51 Alausa et al. 2017
226Ra 3655+57
282Th 29.05 + 3.68
Jos, Plateau state WK 374.01 +590.51 Adesiji and Ademola 2019

25Ra 242.13+429.1
22Th 1776.08 + 4164.89

South-western cities K 554.2 + 83.13 Ajayi et al. 2018
226Ra 25.53 + 3.63
22Th 61.12 + 8.82

Lagos state K 19.38 + 15.81 Adedokun et al. 2020

25Ra 10.99 £ 3.75
282Th 11.2+5.36

South-western cities K 151.72 £ 22.76 Ajayi et al. 2017
25Ra 827+1.21
22Th 17.37 £ 2.88

Gold mining sites K 627.58 Dike et al. 2019

226Ra 9.53
22Th 11.00

Ewekoro, Ogun state 0K 285.34 + 13.37 Usikalu et al. 2018
25Ra 1.95+0.09
282Th 51.13+1.86

Onikitinbi, Ogun state WK 350.75 + 19.02 Gbadamosi et al. 2018a

25Ra 30.51 +5.09
22Th 103.19 + 6.54

Agbara, Ogun state K 103+75 Gbadamosi et al. 2017
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25Ra 403+7.2
282Th 26+22

Akure, Ondo state WK 51.52 + 0.06 Adebiyi and Ore 2020
226Ra 132.13+0.16
22Th 0.89+£0.08

Egbeda, Oyo state K 200 Owoade et al. 2019

226Ra 305
282Th 50.8

Agbaaru, Oyo state K 381.8+16 Ademola 2019
25Ra 253+7.1
22Th 26.2+5

Bajoga, Gombe state K 196.11 £ 9.08 Kolo et al. 2019
226Ra 741+0.44
22Th 16.27 £ 0.84

Zone A, Benue state 0K 113.02 +2.78 Kungur et al. 2020
226Ra 39.10 £ 2.67
282Th 29.44 £ 0.99

Bituminous sand deposit area, Ogun state K 461+24.3 Gbadamosi et al. 2018b

25Ra 426 +6.5
22Th 113+105

South-western cities K 477.69 Ibikunle et al. 2018a
226Ra 52.05
22Th 85.84

Bituminous sand deposit area, Ondo state K 46.46 £24.73 Isinkaye et al. 2018

25Ra 24.13+3.15
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232Th 20.1+2.61
Ajaokuta, Kogi state K 712+ 13 Usikalu et al. 2017
226Ra 31+2
B2Th 36+3
Osogbo, Osun state K 22359 +11.98 Adegunwa et al. 2019b

226Ra 15.39+1.95
2B2Th 454 +0.28

Owo, Ondo state WK 1190.1 + 373.62 Aladeniyi et al. 2019
226Ra 64.64 + 28.1
232Th 110.18 + 46.12

Mowe, Ogun state K 1071.85 +58.10 Egunjobi et al. 2020
226Ra 67.28 +11.77
B2Th 11.21 +1.07

Esan, Edo state 0K 57.80+1.7 Popoola et al. 2019
226Ra 2.07 £0.09
B2Th 6.89 +0.34
Rayfield-Du, Jos, Plateau state WK 346.1 +21.92 Atipo et al. 2020

226Ra 168.83 +9.35
232Th 436.08 + 26.31

Ondo, Ondo state 0K 146.2 Ogundele et al. 2020
226Ra 171.8
B2Th 19.8

lle-Ife, Osun state 0K 131.11 +£3.76 Olalekan and Adebiyi 2020
226Ra 106.03 + 3.68
232Th 17.17 + 1.56
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The radioactivity levels of soils around an iron and smelting company in lle-Ife, Osun State,
Nigeria were measured using a well-calibrated Nal (T1) detector. Oluyide et al. (2019) reported
the mean activity concentrations of 2*2Th, 28U, and “°K in the soils as 23.23 + 7.67, 12.14 + 4.17,
and 270.14 + 61.79 Bq kg™ respectively. The measured activity concentrations were lower than
the worldwide average. Nevertheless, prolonged occupational exposure should be discouraged
inorder to avert radiation build-up.

The observed variations in the activity concentrations of the radionuclides reported in this study
reflect the variation in human activities and the soil types of the study areas. Many of the reviewed
studies had activity concentrations of “°K higher than those of 222Th and #8U (Oluyide et al. 2019;
Adedokun et al., 2019; Ibikunle et al. 2019). This observation is in tandem with the wide assertion
that environmental media with high absorption activities for “°K usually have low absorption
activities for ?°Ra and vice versa (Adedokun et al. 2019). In stark contrast, some of the studies
had relatively lower activity levels of “°K. Adebiyi and Ore (2020) reported increased levels of
238y over K in the measurement of radioactivity levels of oil-contaminated soils. The activity
concentrations of 22Th, 28U, and “°K were 0.89 + 0.08, 132.13 + 0.16, and 51.52 + 0.06 Bqg/Kg,
respectively. The measured mean absorbed air dose rate (63.73) was higher than the worldwide
average thus indicating the susceptibility of residents to long-term health hazards. Atipo et al.
(2020) measured the levels of primordial radionuclides in the soils of a tin mine in Jos, Plateau
State, Nigeria using HpGe detector. The activity concentrations of 2%2Th, 22U, and “K in the
normal soils were 436.08+26.31, 168.83+9.35, and 346.1+21.92 Bq/kg respectively. The increased
levels in thorium, uranium, and potassium were attributed to the mineral composition of the soils,
which are rich in cassiterite, zirconium sand, theorite, columbite, and uranyl monazite. Radioactive

elements predominant in soils are a reflection of the type of parent material. Lower levels of
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potassium and thorium are usually associated with sedimentary rocks while higher levels are

associated with igneous rocks (Ramola et al. 2011; Ajayi et al. 2018).

However, there is a need for further research on the risk assessment of soil radioactive pollution
under different environmental conditions. Impact on agricultural practices, soil biodiversity, and

environmental protection strategy should be given due consideration in future research.

3.2 Radionuclide concentrations in water and sediments

A summary of recent studies carried out on the concentrations of radionuclides in water and
sediments in Nigeria is presented in Table 3. Adedokun et al. (2020) reported the levels of
primordial radionuclides, K, ?*°Ra, and #°Th in surface water in Lagos State, Nigeria as
1.96+0.54, 2.42+0.28, and 0.4+0.03 Bg/L respectively. The minimal variation observed in the
specific activity concentrations of the radionuclides was credited to the relative uniformity of the
geology of Lagos over a large area of land. The mean concentration of 2°Ra in the water samples
was 142% higher than the recommended limit (1 Bg/L) while the mean concentration of 2%2Th in
the water samples was 60% lesser than the recommended limit (1 Bg/L). The continuous use of
these water sources for domestic and irrigation purposes should not be encouraged in a bid to

preventing the accumulation of radionuclides.
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Table 3: Activity concentrations of radioactive materials reported in some Nigerian water and

sediments
Area Sample type Radionuclide concentration Reference
K 26Ra 2Th
Erin-Oke, Osun state Water 61.01+155 8.16 £2.05 524 +1.57 Ibikunle et al. 2017
Sediments 172.02 + 35.43 19.28 +4.95 17.08 + 4.37
lkogosi, Ekiti state Water 56.88 + 18.29 935+3.72 6.91+2.34 Ibikunle et al. 2018b
Sediments 208.72 + 29.57 21.63+6.25 12.97 + 0.96
Ndokwa east, Delta state Water 15.82+2.03 237+0.1 4.19+0.23 Ononugbo and Anyalebechi 2017
Sediments 725.62 £ 21.03 189.62+2.54 5347+1.21 Ononugbo and Ofuonye 2017
Andoni, Rivers state Sediments 29.01 22.64 8.45 Ononugbo and Amah 2019
Anka, Zamfara state Sediments 423.3+122.73 4485+1349 | 175.92+25.78 Akpanowo et al. 2020
lju, Ogun state Sediments 501+11.1 241+0.4 352+1.1 Maxwell et al. 2020
Bitumen deposit area, Ondo Water 33.03 £13.87 1.77+0.58 1.41+0.43 Abey et al. 2017
state
Ifelodun, Osun state Sediments 1356.07 + 18.87 54.98 + 6.61 48.22 £+ 7.76 Ogundele et al. 2018
Ebonyi state Water 9.82+1.69 1.22+0.29 4.17 £0.65 Ononugbo and Nwaka 2017
Delta state Water 5.67 2.86 1.67 Iwetan et al. 2019
Sediments 302.15 8.66 11.66
Osogbo, Osun state Water 202.7£10.54 8.38+0.84 6.45+0.38 Adegunwa et al. 2019a
Kaduna state Water 32.18+0.32 29.85+0.32 1557+ 0.43 Aliyu et al. 2018
Sediments 52.61+0.96 2397+16 68.53 £ 0.07
Enugu state Sediments 60.55 12.07 13.02 Ugbede 2020
Nkalagu, Ebonyi state Water 12045+ 651 549+0.7 0.14+£0.01 Ugbede et al. 2020
Lagos state Water 1.96 + 0.54 242+0.28 0.4+0.03 Adedokun et al. 2020
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Abey et al. (2017) carried out a study on the investigation of radioactivity levels of groundwaters
around the Ondo state bitumen deposit area, Nigeria during the rainy and dry season. The mean
activity concentrations of “°K, 2°Ra, and %2Th were 33.03 + 13.87, 1.77 = 0.58, and 1.41 + 0.43
Bqg/L respectively, during the rainy season while they were 3.50 + 1.21, 1.84 + 0.62, and 0.39 *
0.14 Bq/L respectively during the dry season. The observed seasonal variation was attributed to
enhanced mobility of radionuclides due to surface run-off during the rainy season, resulting in the
deposition of the radionuclides in the groundwater. The elevated level of “°K over ?®Ra and %2Th
was attributed to the minimal occurrence of the latter in aquifers. The calculated mean absorbed
air dose rate (0.36) was lower than the recommended limit (1), indicating that groundwaters pose

a less radiological risk.

Akpanowo et al. (2020) determined the radioactivity levels in sediments of Anka, Zamfara State,
Nigeria using a Broad Energy Germanium (BEGe) detector. The mean activity concentrations of
K, 2°Ra, and Z*2Th in the sediment samples were 423.30 + 122.73, 44.85 + 13.49, and 175.92 +
25.78 Bqg/Kg respectively. The activity concentrations of the sediment samples were generally
higher than worldwide average values. In addition to the geological framework of the study area,
the elevated levels of the radionuclides were attributed to the anthropogenic influences of the
artisanal mining sites. The estimated mean absorbed air dose rate (145 +27 nGyh ) was higher
than the recommended value. The likelihood of cancer incidence could be increased upon chronic

exposure by the mining workers and residents close to the mining sites.

Ugbede (2020) reported the activity concentrations of °K, 2?°Ra, and 2%*Th in river sediments in
Enugu state, Nigeria. The distribution of the radionuclides was measured using a well-calibrated
Nal (T1) detector. The mean activity concentrations of “°K, 22Ra, and 22Th in the samples were

60.55, 12.07, and 13.02 respectively. Both the natural (river flow through geological formations
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with underlying radioactive material deposit) and anthropogenic (anoxic nature of river bed due to
human inputs) influences were held accountable for variations in the concentrations of the
radionuclides. The calculated mean absorbed air dose rate (15.96) was lower than the maximum

world average, suggesting the negligibility of radiological health hazards.

The sediments of river lju, Ogun state, Nigeria were investigated by Maxwell et al. (2020) for their
natural radioactivity levels using a Nal (TI) detector. The mean activity concentrations of 4°K,
226Ra, and #2Th were 501 + 11.1, 24.1 + 0.4, and 35.2 + 1.1 Bg/kg respectively. The activity
concentrations of 22°Ra and 22Th were lower than worldwide average values by 27% and 22%
respectively while “°K was higher than the worldwide average value by 19%. The oxidative nature
of uranium in aqueous components accounted for its relatively low concentration while the
redeposition of feldspathic minerals accounted for the relatively high concentration of “°K. The
estimated mean absorbed air dose rate (53.3 nGy/h), which is about 11% lower than the
recommended value indicated that the river sediments posed little radiological hazards to the
public. Similarity existed in the distribution patterns of the radionuclides reported by the various
studies presented in this review. High concentrations of radionuclides in water samples as opposed
to sediment samples of the same study area were attributed to a possible resuspension of the
radionuclides, leading to an upsurge in their levels in the water bodies. The relative upsurge of

226Ra over 2%2Th in groundwater was attributed to the relative solubility and mobility of the former.

Chronic aquatic exposures to radioactive pollution cause biological hazards such as cell mutation,
cancer, death of aquatic organisms, and distortion of trophic food chains. These negative impacts
are biomagnified and consumption of polluted marine foods potentially puts humans at risk,

especially residents of rural communities that depend directly on surface water for food and potable
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water. Therefore, concerted efforts should be directed towards marine protection by ensuring that

radioactive waste and landfills are removed away from coastal areas.

4. Remediation of radioactive pollution in environmental matrices

Radioactive pollution is defined as “the land in which the radioactivity levels are above the
ubiquitous natural and artificial background that is typical of the area in which the land is located”
(Gupta and Voronina 2019). In addition to the background levels of radioactive materials, the
contamination of the environment by radionuclides emanating from energy initiatives is very fatal.
It is becoming a subject of public concern due to the environmental mobility of these radionuclides
(Lloyd and Renshaw 2005; Mahadevan and Zhao 2017, Nivesse et al. 2020). The mobility of
radionuclides in soils is controlled by physicochemical exchanges with soil matrix, convective
conveyance by flowing water, and diffusive crusade (Walther and Gupta 2015). The idea of
remediation does not end with cleaning contaminated soils, water, and/or sediments; it further
includes the protection of biological species from the harmful effects of ionizing radiation upon
exposure (Gupta and Voronina 2019). To solve this global pollution problem caused by
radionuclides, the need arises for the development and adoption of cost-effective and sustainable

technological innovations.

The methods of mitigating radioactive pollution can be generally illustrated as physical
remediation, bioremediation, and chemical remediation (Table 4). The physical remediation
methods involve the removal of the soil’s top layer from the contaminated soil (Dushenkov 2003).
The chemical remediation methods involve the use of sodium peroxide, carbonates, and
inorganic/organic chelating agents in the remediation of radionuclides (Ali et al. 2013). The

bioremediation methods of remediation involve the combined uses of algae (otherwise referred to
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as phycoremediation), plants (phytoremediation), fungi (mycoremediation), and microbes
(microremediation) in the removal of radionuclides from environmental matrices (Choudhary and
Sar 2011; Jagetiya et al. 2011; Galanda et al. 2014; Liu et al. 2014). Several recent studies have
reported the extensive use of different methodical approaches in the remediation of radionuclides
all over the world (Lingamdinne et al. 2017; Canner et al. 2018; McElroy et al. 2020; Prakash et
al. 2020; Song et al. 2020; Faghihian et al. 2013; Crini et al., 2020). Many of these technologies
include natural attenuation, adsorption, soil washing, bioremediation, etc. A summary of the
methods used in the remediation of radioactive materials is presented in Table 5. Some of the

principles and applications of these technological innovations are briefly discussed below.
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Table 4: Remediation methods of radionuclide contamination (Reddy et al. 2019).

Physical remediation

Chemical remediation

bioremediation

Soil excavation: contaminated
soil moved in its present state or
in a stabilized formed from the

Carbonate extraction: The use
of carbonates to form a stable
complex with radioactive metals

Microremediation: use of
microbes for degradation and
detoxification of environmental

contaminated soil with water
with/without additives (Song et
al. 2017).

used as a complexing agent to
immobilize precipitated
radioactive metal (Mihalik et al.
2011).

site of pollution to where it is | as a remediation approach (Zhou | contaminants  (Psaltou and
contained and stored | and Gu 2005). Zouboulis 2020).

(Kuppusamy et al. 2016).

Soil flushing: Insitu flushing of | Citric acid extraction: citrate is | Phycoremediation: use of

micro- and macro-algae for
removal or biotransformation of
pollutants (Galanda et al. 2014).

Solidification:
immobilizes radioactively
contaminated soil in a solid
matrix (Kuppusamy et al. 2016).

this  process

Sodium peroxide: oxidizing
agent enhances uranium via
oxidation (Abdel-Sabour et al.
2007).

Mycoremediation: use of fungi
for degradation and
detoxification of environmental
contaminants (Coelho et al.
2020a)

Permeable reactive barrier:
Underground wall created to
clean-up contaminated
groundwater with aid of different
adsorbents (Blowes et al. 2000).

Organic chelating agents: the
most efficient in extracting
uranium from soils (Fukuda
2005)

Phytoremediation: use of plant-
controlled interactions  with
groundwater or soils for site-
specific remedial goals (Mani
and Kumar 2014)

Inorganic chelating agents:
inorganic cultures such as
polyphosphates have been used
for remediation of radionuclide
pollution (Wuana et al. 2010).
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Table 5: Recent strategies employed in the remediation of radioactive pollution

Technique employed Radionuclide Removal efficiency (%) Reference
Electroremediation Uranium 94 Agarwal and Sharma 2018
Electroremediation Uranium 97.69 and 99.73 Nariyan et al. 2018
Electroremediation Uranium 98 Liu et al. 2019
Electroremediation Uranium 80.58 Xiao et al. 2020a
Electroremediation Uranium 61.55 Xiao et al. 2020b

Bioremediation Uranium 47 Shukla et al. 2020
Bioremediation Uranium > 60 Coelho et al. 2020a
Bioremediation Uranium 90 Vijay et al. 2020
Bioremediation Uranium 93.2-97.5,38-92 Coelho et al. 2020b
Bioremediation Thorium and Uranium > 95 Ozdemir et al. 2020
Adsorption Uranium 85.33,79.19 Zhang et al. 2021a
Adsorption Uranium >90 Zhang et al. 2021b
Adsorption Uranium 91.1,86.5 Wen et al. 2021
Adsorption Uranium 100 Liu et al. 2021
Adsorption Uranium 87.45 Zhang et al. 2020
Adsorption Uranium 80 - 87 Sharma et al. 2020
Adsorption Uranium 69.5, 88.9, and 95.1 Wang et al. 2021
Adsorption Uranium 97.8 Chen et al. 2020a
Bioremediation Uranium 118.61 Chen et al. 2020b
Adsorption Uranium 30.71 Wei et al. 2020
Adsorption Uranium 99 Hu et al. 2020
Adsorption-photocatalysis Uranium 97.6 He et al. 2020
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Adsorption Uranium >90 Liao and Zhang 2020

Adsorption Uranium 99.8 Duan et al. 2020

Adsorption Uranium >90 Ma et al. 2020

4.1 Electroremediation

Electroremediation is also known as electrokinetics or electroreclamation (Reddy and Cameselle
2009). The principle of electroremediation is hinged upon the application of a low-intensity current
between the cathode and anode through the soil. It particularly finds application in the
decontamination of radionuclides present in soils and sediments. The application of direct current
ensures the transport of water and ions towards the electrodes. In the process of movement, the
contaminants are removed from the soil and they accumulate in the wells of the electrode. A
circulation system ensures that the processing fluid is removed alongside the contaminants from
the electrode wells. The removal operation continues until the levels of the contaminants
(radionuclides) in the soils are below the desired level (Cameselle and Gouveia 2019). The
principal mechanisms responsible for transport during electroremediation are electromigration and
electro-osmosis. The former is characterized by the transportation of ions towards an electrode of
opposite charge while the latter is defined as “the net flux of water induced by the electric field in

the porous structure of the soil” (Cameselle and Reddy 2012).

The use of electroremediation in the removal of naturally occurring radionuclides from
contaminated soils, water, and sediments are limited so far. However, its applicability has been
reported in a few studies. The electrochemical separation of uranium in an aqueous medium was
investigated by Agarwal and Sharma (2018) in 0.1 M KCI on poly(3,4-ethylenedioxythiophene)

poly(styrenesulphonate) modified platinum (PEDOT: PSS/Pt) electrode. ICP-MS results showed
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94% recovery and deposition of uranium on the electrode. Nariyan et al. (2018) investigated the
removal of uranium from mine water by batch electrocoagulation. The effects of reaction time and
electrode combinations were investigated. The maximum removal of uranium from the mine water
was 97.69% and 99.73% using aluminum-stainless steel and iron-stainless steel electrode
combinations respectively. Kinetics data revealed that the reaction followed the first-order
kinetics, indicating a physical interaction between uranium and the coagulant. A novel direct
electro-reductive method developed by Liu et al. (2019) was used to remove uranium from
groundwater. Significant reduction of U(VI) to U(1VV)O2 was observed with the resulting reduced
pollutant accumulating on the surface of the Ti electrode under high electric current efficiency of
over 90%. The recovery of about 98% of the accumulated U(1V)O2 is made possible by immersing
the Ti electrode in dilute nitric acid. The feasibility of permeable reactive barrier-assisted
electrokinetic remediation of uranium-contaminated soil was investigated using a mixture of citric
acid and ferric chloride as the composite electrolyte. The maximum removal of uranium under
optimized conditions was 80.58% (Xiao et al. 2020a). The electrokinetic remediation of uranium-
contaminated red soil was investigated using different electrolytes. Results revealed that an
optimum concentration mixture of 0.03 mol/L FeCls and 0.1 mol/L citric acid gave a uranium
removal efficiency of about 61.55%. In addition to the high removal efficiency, the advantages of
less damage to the soil and low leaching toxicity after electroremediation were discovered (Xiao

et al. 2020D).

The use of electroremediation technique in the remediation of naturally occurring radionuclides in
soils and water is regarded as efficient, but relatively low removal efficiency of 222Th and 22U in
soils has been reported in many studies (Kim et al. 2012; Mohamed Johar and Embong 2015; Kim

et al. 2016). The observed low removal efficiency was credited to the low concentration of
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radionuclides present and permeability in the soils, which essentially limit electromigration. The

concentration of radionuclides present in soils determines the portion of mobile ions available for

migration and a higher portion of the radionuclides may remain in residual fractions (Kim et al.

2003). Furthermore, the efficiency of electrokinetic remediation also depends on the applied

voltage, ratio of AC-DC voltage, thus energy cost must be put into consideration especially for

heavily polluted sites.
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4.2 Bioremediation

Bioremediation is a technique that involves the use of plant enzymes, plants, microbial enzymes,
and/or microorganisms in the detoxification of contaminants/pollutants in the environment
(Goumaet al. 2014). Suitable organisms that are employed in bioremediation include fungi, plants,
bacteria, etc. The choice of microorganisms is determined by their ability to detoxify, degrade or
immobilize pollutants in a target matrix (Psaltou and Zouboulis 2020). More specifically, the
plants used in bioremediation must have a dense shoot and root system, be disease-resistant, be
fast-growing, among others (Couselo et al. 2012). Four major mechanisms comprising
bioreduction, biomineralization, biosorption, and bioaccumulation exist in the interaction of
microbes with radionuclides during bioremediation (Figure 4). Phytoremediation (the use of plants
in remediation), broadly classified into direct phytoremediation and rhizoremediation, employs
different modes in a bid to providing environmentally practicable and economically achievable
routes for the clean-up of contaminants/pollutants. The different modes of remedial action include;
phytostabilization (reduction of the mobility of pollutants), phytoaccumulation (absorption of
contaminants and bioaccumulation in plant tissues), phytovolatilization (transformation of
contaminants present in the soil to more volatile form, thus leading to their release into the air) and
phytofiltration (removal of dissolved pollutants by via extra-and intra-cellular accumulation)

(Sharma et al. 2015).

Despite the reported pathogenicity of Staphylococcus aureus biofilms, its bioremediation capacity
for uranium was tested and reported by Shukla et al. (2020). Upon treatment with uranyl nitrate
solution, the addition of phosphate enhanced the remediation of uranium. The removal efficiency
of 47% U(VI) was observed, thus providing an alternative mechanism for uranium remediation

(Shukla et al. 2020). Fifty-seven fungi were isolated and investigated for their uranium
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bioremediation capacity. Eleven of the fungal isolates showed more than 60% removal of the
uranium from an aqueous solution (Coelho et al. 2020a). The use of the fungus Penicillium
piscarium was investigated in the remediation of radionuclide-contaminated sites. The influence
of solution pH was monitored in the course of the reaction. The reaction was monitored at pH 3.5
and 5.5. The dead biomass of the fungus had a removal efficiency between 93.2 and 97.5% of
uranium at pH 3.5 while it had a removal efficiency between 38 and 92% of uranium at pH 5.5
(Coelho et al. 2020b). The removal of uranium from simulated wastewater in a microbial fuel cell
was investigated by Vijay et al. (2020) using a denitrifying bacteria consortium. The inorganic
phosphate produced from glycerol 3 phosphate, effectively combined with the hexavalent form of
uranium to produce insoluble uranyl phosphate. The process ensured that 90% of the initial
uranium concentration was removed as uranyl phosphate. Ozdemir et al. (2020) developed a new
magnetized thermophilic bacterium to preconcentrate thorium and uranium from environmental
matrices. The bacteria Bacillus cereus SO-14, was used as a solid-phase biosorbent. Experimental
conditions and limits of detection were optimized. The extraction recoveries of thorium and

uranium yielded more than 95%.

Bioremediation is an efficient and cost-effective remediation approach for contaminated soil and
water (Azubuike et al. 2016, Adeola and Forbes 2020). Some limitations of bioremediation include
low efficiency in heavily polluted environments, lack of proper environmental conditions to suit
the growth of microbes, the presence of metabolically active microbial populations, and negative
impact on biodiversity (Megharaj etal. 2011; Gkorezis et al. 2016; Singh et al. 2020). Furthermore,
it takes a very long time to achieve significant remediation, as enormous time is spent on microbial

culture, process implementation, and optimization. Also, the use of plants in a biological treatment
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approach requires special control systems, as herbivores like sheep, cattle, etc., can potentially

feed on the plants, thus the risk of human exposure via food-chain.

Figure 5: Adsorption mechanisms of water-stable metal-organic frameworks for radionuclides in water
(Reprinted from Chemosphere, 209, Feng et al., Water-stable metal-organic frameworks for aqueous
removal of heavy metals and radionuclides: A review, 783-800, 2018, with permission from Elsevier).
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4.3 Adsorption

Adsorption is defined as a mass transfer process that involves the transfer of substances from a
liquid phase to the surface of a solid phase (Faghihian et al. 2013; Hu and Xu 2020, Adeola and
Forbes 2021). Many technologies have been developed and investigated for the removal and
recovery of radionuclides from several waste sources. However, adsorption has certain advantages
over other remediation strategies. These merits include ease of regeneration and reusability of
spent adsorbent, ease of operation, and lesser tendency to generate sludge and/or secondary
pollutants (Mohanty et al. 2006, Ore and Adeola 2021). The basic mechanisms governing the
remediation of radionuclides in water by adsorption (Figure 5) include combined adsorption-
reduction, Lewis acid-base interaction, electrostatic interaction, ion exchange, hydrogen bonding,

and coordination interactions (Feng et al. 2018).

Zhang et al. (2021a) investigated the use of zero-valent-iron coated quartz sand (ZVI-S) in the
removal of uranium from groundwater. Experiments conducted were designed to monitor the
influence of concentration, contact time, and solution pH. The ZVI-S used was varied in terms of
hydraulic loads and particle sizes. Batch experiments confirmed a removal efficiency of 85.33%
while column experiments confirmed 79.19% removal efficiency of uranium. Wen et al. (2021)
developed a new supramolecular poly(amidoxime) (PAO)-loaded macroporous resin (PLMR)
adsorbent for the adsorption of uranium from seawater and wastewater. Upon immersion, the PAO
was loaded on the microporous resin via a hydrophobic interaction mechanism. The recovery
efficiencies of the PLMR adsorbent in wastewater and seawater were 91.1% and 86.5%
respectively. The performance of photocatalysis-assisted adsorption of uranium was tested using
a new carbon nitride, CN550, prepared by heating a mixture of zinc chloride and melamine under

an argon atmosphere. Upon illumination for 390 minutes, approximately 100% of uranium was
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removed from the solution (Liu et al. 2021). Zhang et al. (2021b) prepared an activated biochar-
loaded nano zero-valent iron (A-BC-NZVI) and used it in the removal of uranium from sewage
water. The A-BC-NZVI composite was synthesized by aqueous phase reduction under a nitrogen
atmosphere at 800°C. The experiments were performed under the influence of variable solution
pH, time, concentration, and temperature. After five cycles of sorption-desorption experiments,
the adsorption efficiency of uranium was still over 90%. This showed the prospect of using A-BC-
NZVI as an environmental-friendly adsorbent in the remediation of uranium-polluted water. In a
study carried out by Sharma et al. (2020), Nitro-oxidized carboxycellulose nanofibers (NOCNF)
were prepared using nitro-oxidation method. The obtained NOCNF had a good carboxylate content
as well as a high surface charge. The removal mechanism of uranium by negatively charged

NOCNF demonstrated maximum removal efficiency (80 - 87%) at neutral pH.

However, several factors must be put into consideration before choosing a suitable adsorbent for
treatment of radiochemical-related pollution, factors such as the efficiency of the material,
availability of material, non-toxicity, adaptability, robustness, reusability, etc. A routine post-

remediation check is necessary after treatment of heavily polluted sites.

5. Conclusion

The knowledge of the distribution of radionuclides in the environment is important for
environmental monitoring and protection. Anthropogenic activities such as mining, agriculture,
and crude oil exploration could bring about an upsurge in the levels of naturally occurring
radioactive materials, resulting in the redistribution of radionuclides in the environment and
potentially causing health problems. The occurrence and levels of primordial radionuclides present

in a geographical area can be used as a radioactive dating tool, as well as a suitable indicator of
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the occurrence of potentially large deposits of radioactive elements in Nigeria. This review
provides insights into the potential health risks associated with exposure to these radionuclides, as
well as identifying hotspots of radioactive pollution emanating from sources that are neither natural
nor geogenic. The choice of remediation method is greatly influenced by a proclivity for
environmental sustainability as well as economic costs. Future research should focus on the
optimization of remediation strategies for improved efficiency, particularly in residential areas
with dense populations. There is a need to adopt an integrated approach such as adsorption-
bioremediation, bioremediation-electroremediation, etc., for the sustainable and efficient
remediation of heavily polluted sites. Asides from gamma-emitting radionuclides, other
radionuclides such as alpha-emitting and beta-emitting naturally occurring radionuclides should
be investigated in Nigerian soils, water, and sediments to identify potential hotspots and salvage
the ecosystem. There is a need for synergistic effort between international and regional regulatory
bodies, in conjunction with universities in order to carry out a comprehensive risk assessment and
development of efficient radioactive waste management systems. Furthermore, discussions at the
national level of government should be geared toward enforcing laws directed at mitigating the

health risks associated with the indiscriminate disposal of radioactive wastes.

Conflict of Interest

The authors declare that they have no conflict of interest.

References

Abba HT, Saleh MA (2020) Soil radioactivity and radiotoxic risks of uranium in drinking water.
A case study of Jos Plateau, Nigeria. J Found Appl Phys 7(1): 9-24.

34



Abd EI-Azeem SA, Mansour H (2021) Determination of natural radionuclides and mineral
contents in environmental soil samples. Arab J Sci Eng, 697-704.
https://doi.org/10.1007/s13369-020-04738-6

AbdEI-Sabour MF (2007) Remediation and bioremediation of uranium contaminated soils.
Electron J Environ Agr Food Chem, 6:2009-2023

Abey JA, Adebiyi FM, Asubiojo OI, Tchokossa P (2017) Assessment of radioactivity and
polycyclic aromatic hydrocarbon levels in ground waters within the bitumen deposit area
of Ondo  State, Nigeria. Energ Source Part A, 39(13):1443-
1451. https://doi.org/10.1080/15567036.2017.1336820

Adebiyi FM, Ore OT (2020) Measurement of radioactivity level of oil-contaminated soils around
mechanic workshops for environmental impact assessment. Energ Source Part
A 42(17):2145-2154. https://doi.org/10.1080/15567036.2019.1607932

Adedokun MB, Aweda MA, Maleka PP, Obed RI, Ibitoye AZ (2020) Evaluation of natural
radionuclides and associated radiation hazard indices in soil and water from selected
vegetable farmlands in Lagos, Nigeria. Environ Forensics 1-13.
https://doi.org/10.1080/15275922.2020.1850557

Adedokun MB, Aweda MA, Maleka PP, Obed RI, Ogungbemi KI, Ibitoye ZA (2019) Natural
radioactivity contents in commonly consumed leafy vegetables cultivated through surface
water irrigation in Lagos state. J Radiat Res Appl Sci 12(1): 147-156.
https://doi.org/10.1080/16878507.2019.1618084

Adeola AO, Forbes PBC (2021) Advances in water treatment technologies for removal of
polycyclic aromatic hydrocarbons: Existing concepts, emerging trends, and future
prospects. Water Environ Res 93 (3): 343-359. https://doi.org/10.1002/wer.1420

Adeola AO, Forbes PBC (2021) Influence of natural organic matter fractions on PAH sorption by
stream sediments and a synthetic graphene wool adsorbent. Environ Technol Innovat 21:
101202. https://doi.org/10.1016/j.ti.2020.101202

35


https://doi.org/10.1007/s13369-020-04738-6
https://doi.org/10.1080/15567036.2017.1336820
https://doi.org/10.1080/15567036.2019.1607932
https://doi.org/10.1080/15275922.2020.1850557
https://doi.org/10.1080/16878507.2019.1618084
https://doi.org/10.1002/wer.1420
https://doi.org/10.1016/j.eti.2020.101202

Adegunwa AO, Awojide SH, Ore OT (2019a) Investigation of radionuclide levels in groundwater
around transmission company of Nigeria for environmental impact assessment. Nuclear
Sci 4(4): 66.

Adegunwa AO, Ore OT, Osadare TE, Ogunlowo VO (2019b) Evaluation of radioactivity level and
its radiological impact in soil samples around transmission company of Nigeria. Radiat Sci
Technol 5(4): 41.

Ademola AK (2019) Natural radionuclide transfer from soil to plants in high background areas in
Oyo state, Nigeria. Radiat Protect Environ 42(3): 112.
https://doi.org/10.4103/rpe.RPE_23 19

Adesiji NE, Ademola JA (2019) Soil-to-maize transfer factor of natural radionuclides in a tropical
ecosystem of Nigeria. J Environ Radioact, 201: 1-4.
https://doi.org/10.1016/j.jenvrad.2019.01.011

Agarwal R, Sharma MK (2018) Selective electrochemical separation and recovery of uranium
from mixture of uranium (VI) and lanthanide (lIl) ions in aqueous medium. Inorg
Chem, 57(17), 10984-10992. https://doi.org/10.1021/acs.inorgchem.8b01603

Ajayi OS, Balogun KO, Dike CG. (2017) Spatial distributions and dose assessment of natural
radionuclides in rocks and soils of some selected sites in southwestern Nigeria. Human
Ecolog Risk Assess Int J 23(6): 1373-1388.
https://doi.org/10.1080/10807039.2017.1312278

Ajayi OS, Dike CG, Balogun KO (2018) Elemental and radioactivity analysis of rocks and soils
of some selected sites in southwestern Nigeria. Environ Forensics, 19(2): 87-98.
https://doi.org/10.1080/15275922.2018.1448906

Akingboye AS, Ogunyele AC, Jimoh AT. et al. (2021) Radioactivity, radiogenic heat production
and environmental radiation risk of the basement complex rocks of Akungba-Akoko,
southwestern Nigeria: insights from in situ gamma-ray spectrometry. Environ Earth Sci
80: 228. https://doi.org/10.1007/s12665-021-09516-7

36


https://doi.org/10.4103/rpe.RPE_23_19
https://doi.org/10.1016/j.jenvrad.2019.01.011
https://doi.org/10.1021/acs.inorgchem.8b01603
https://doi.org/10.1080/10807039.2017.1312278
https://doi.org/10.1080/15275922.2018.1448906
https://doi.org/10.1007/s12665-021-09516-7

Akpan AE, Ebong ED, Ekwok SE, Eyo JO (2020) Assessment of radionuclide distribution and
associated radiological hazards for soils and beach sediments of Akwa Ibom Coastline,
southern Nigeria. Arab J Geosci, 13(15): 1-12. https://doi.org/10.1007/s12517-020-05727-
7

Akpanowo M, Umaru I, lyakwari S, Joshua EO, Yusuf S, Ekong GB (2020) Determination of
natural radioactivity levels and radiological hazards in environmental samples from
artisanal mining sites of Anka, North-West Nigeria. Scient African, 10, e00561.
https://doi.org/10.1016/j.sciaf.2020.e00561

Aladeniyi K, Olowookere C, Oladele BB (2019) Measurement of natural radioactivity and
radiological hazard evaluation in the soil samples collected from Owo, Ondo State,
Nigeria. J Radiat Res Appl Sci12(1): 200-209.
https://doi.org/10.1080/16878507.2019.1593675

Alausa SK, Odunaike K, Adeniji 1A (2017) Transfer factor of radionuclides from soil-to-palm oil
produced from Elere palm tree plantation near Ibadan Oyo state, Nigeria. Nigeria J Pure
Appl Physics, 7(1): 7-12.

Aleksakhin RM. (2009). Radioactive contamination as a type of soil degradation. Eurasian Soil
Sci. 42: 1386. https://doi.org/10.1134/S1064229309120096

Ali H, Khan E, Sajad MA (2013) Phytoremediation of heavy metals—concepts and
applications. Chemosphere, 91(7): 869-881.
https://doi.org/10.1016/j.chemosphere.2013.01.075

Aliyu AO, Yakubu A, Ajagbe OO (2018) Determination of radionuclide concentrations, hazard
indices and physiochemical parameters of water, fishes and sediments in River Kaduna,
Nigeria. IOSR J Appl Chem. 11(1):28-34.

Al-Jarallah M. I., Musazay M. S., & Aksoy A. (2005) Correlation between radon exhalation and
radium content in granite samples used as construction material in Saudi Arabia. Radiat
Meas, 40(2-6): 625-629. https://doi.org/10.1016/j.radmeas.2005.02.018

37


https://doi.org/10.1007/s12517-020-05727-
https://doi.org/10.1016/j.sciaf.2020.e00561
https://doi.org/10.1080/16878507.2019.1593675
https://doi.org/10.1134/S1064229309120096
https://doi.org/10.1016/j.chemosphere.2013.01.075
https://doi.org/10.1016/j.radmeas.2005.02.018

Al-Zoughool M., & Krewski D. (2009) Health effects of radon: a review of the literature. Int J
Radiat Biol, 85(1): 57-69. https://doi.org/10.1080/09553000802635054

Anamika K., Mehra R., & Malik P. (2020) Assessment of radiological impacts of natural
radionuclides and radon exhalation rate measured in the soil samples of Himalayan
foothills of Uttarakhand, India.J Radioanal Nucl Chem,323(1), 263-274.
https://doi.org/10.1007/s10967-019-06876-0

Annunziata M. F. (2007). Beta Radiation. Radioactivity Introduction and History. Elsevier, 190-
140.

Atipo M., Olarinoye O., & Awojoyogbe B. (2020) Comparative analysis of NORM concentration
in mineral soils and tailings from a tin-mine in Nigeria. Environ Earth Sci, 79(16): 1-17.
https://doi.org/10.1007/s12665-020-09136-7

Azubuike CC, Chikere CB, & Okpokwasili GC. (2016) Bioremediation techniques—classification
based on site of application: principles, advantages, limitations and prospects. World J
Microbiol Biotechnol, 32(11): 180. https://doi.org/10.1007/s11274-016-2137-x

Bello S, Nasiru R, Garba NN, & Adeyemo DJ. (2020) Annual effective dose associated with radon,
gross alpha and gross beta radioactivity in drinking water from gold mining areas of
Shanono and Bagwai, Kano state, Nigeria. Microchemical J, 154: 104551. https://www.x-
mol.com/paperRedirect/6016738

Blowes DW, Ptacek CJ, Benner SG, McRae CWT, Bennett TA, Puls RW (2000) Treatment of
inorganic contaminants using permeable reactive barriers. J Contam Hydrol, 45: 123-137.
https://doi.org/10.1016/S0169-7722(00)00122-4

Bodunrin JO, Ajayi OS, & Oke JA (2021) Human exposure levels to ionizing radiation in Agbara
Industrial Estate: an impact of Industrial activities in Nigeria. Environ Monit
Assess, 193(1): 1-17. https://doi.org/10.1007/s10661-020-08784-3

Cameselle C, & Gouveia S (2019) Physicochemical methods for the remediation of radionuclide
contaminated sites. In Remediation Measures for Radioactively Contaminated Areas (pp.
31-49). Springer, Cham. https://doi.org/10.1007/978-3-319-73398-2_2

38


https://doi.org/10.1080/09553000802635054
https://doi.org/10.1007/s10967-019-06876-0
https://doi.org/10.1007/s12665-020-09136-7
https://doi.org/10.1007/s11274-016-2137-x
https://www.x-/
https://doi.org/10.1016/S0169-7722(00)00122-4
https://doi.org/10.1007/s10661-020-08784-3
https://doi.org/10.1007/978-3-319-73398-2_2

Cameselle C, & Reddy KR (2012) Development and enhancement of electro-osmotic flow for the
removal of contaminants  from  soils. Electrochimica  Acta, 86:  10-22.
https://doi.org/10.1016/j.electacta.2012.06.121

Canner AJ., Pepper SE, Hayer M, & Ogden MD (2018) Removal of radionuclides from a HCI steel
decontamination stream using chelating ion exchange resins—Initial studies. Prog Nucl
Energy, 104: 271-279. https://doi.org/10.1016/j.pnucene.2017.10.007

Chao Y, Liang C, Yang Y, Wang G, Maiti D, Tian L, Wang F, Pan W, Wu S, Yang K, Liu Z
(2018) Highly effective radioisotope cancer therapy with a non-therapeutic isotope
delivered and sensitized by nanoscale coordination polymers. ACS Nano, 12, 7519-7528.
https://doi.org/10.1021/acsnan0.8b02400

Chen C, Zhang X, Jiang T, Li M, Peng Y, Liu X, Ye J. & Hua Y. (2020a) Removal of uranium
(V1) from aqueous solution by Mg (OH) 2-coated nanoscale zero-valent iron: Reactivity
and mechanism. J Environ Chem Eng, 104706. https://doi.org/10.1016/j.jece.2020.104706

Chen L, Long C, Wang D, & Yang J, (2020b) Phytoremediation of cadmium (Cd) and uranium
(U) contaminated soils by Brassica juncea L. enhanced with exogenous application of plant
growth regulators. Chemosphere, 242, 125112.
https://doi.org/10.1016/j.chemosphere.2019.125112

Choudhary S, & Sar P (2011) Identification and characterization of uranium accumulation
potential of a uranium mine isolated Pseudomonas strain. World J Microbiol
Biotechnol, 27(8), 1795-1801. https://doi.org/10.1007/s11274-010-0637-7

Coelho E, Reis TA, Cotrim M, Mullan TK, & Corréa B (2020a) Resistant fungi isolated from
contaminated uranium mine in Brazil shows a high capacity to uptake uranium from
water. Chemosphere, 248, 126068. https://doi.org/10.1016/j.chemosphere.2020.126068

Coelho E, Reis TA, Cotrim M, Rizzutto M, & Corréa B (2020b) Bioremediation of water
contaminated with uranium using Penicillium  piscarium. Biotechnol  Prog,
https://doi.org/10.1002/btpr.3032

39


https://doi.org/10.1016/j.electacta.2012.06.121
https://doi.org/10.1016/j.pnucene.2017.10.007
https://doi.org/10.1021/acsnano.8b02400
https://doi.org/10.1016/j.jece.2020.104706
https://doi.org/10.1016/j.chemosphere.2019.125112
https://doi.org/10.1007/s11274-010-0637-7
https://doi.org/10.1016/j.chemosphere.2020.126068
https://doi.org/10.1002/btpr.3032

Couselo JL, Corredoira E, Vieitez AM, & Ballester A (2012) Plant tissue culture of fast-growing
trees for phytoremediation research. In Plant Cell Culture Protocols (pp. 247-263).
Humana Press, Totowa, NJ. https://doi.org/10.1007/978-1-61779-818-4_19

Crini, G., Lichtfouse, E., Chanet, G., & Morin-Crini, N. (2020). Applications of hemp in textiles,
paper industry, insulation and building materials, horticulture, animal nutrition, food and
beverages, nutraceuticals, cosmetics and hygiene, medicine, agrochemistry, energy
production and environment: a review. Environ Chem Lett 18: 1451-1476.
https://doi.org/10.1007/s10311-020-01029-2

Dike CG, Oladele BO, Olubi OE, Ife-Adedira OO, & Aderibigbe A (2019) Ecological and
radiological hazards due to natural radioactivity and heavy metals in soils of some selected
mining sites in Nigeria. Hum Ecol Risk Assess, 1-11.
https://doi.org/10.1080/10807039.2019.1585182

Duan C, Zhang Y, Li J, Kang L, Xie Y, Qiao W, Zhu C & Luo H (2020) Rapid room-temperature
preparation of hierarchically porous metal-organic frameworks for efficient uranium
removal from aqueous solutions. Nanomaterials, 10(8): 15309.
https://doi.org/10.3390/nan010081539

Duggal V, Rani A, Mehra R, & Ramola RC (2014) Assessment of natural radioactivity levels and
associated dose rates in soil samples from Northern Rajasthan, India. Radiat Prot
Dosim, 158(2): 235-240. https://doi.org/10.1093/rpd/nct199

Dushenkov S (2003) Trends in phytoremediation of radionuclides. Plant Soil, 249(1): 167-175.
https://doi.org/10.1023/A:1022527207359

Egunjobi KA, Adesina KE, & Chime IP (2020) Radiological Assessment of Soil Samples from
Selected Dumpsites in Mowe, Ogun State Nigeria. CCU Journal of Science, 1(1): 72-80.

Ekhaguere OA, Alatise OO, & Oyeyemi KD (2019) Assessment of natural radionuclides in a
fertilized farmland in Abeokuta, Nigeria: Implications for environmental radioactivity
evaluation and monitoring. In Journal of Physics: Conference Series. 1299 (1): 012093.
https://doi.org/10.1088/1742-6596/1299/1/012093

40


https://doi.org/10.1007/978-1-61779-818-4_19
https://doi.org/10.1007/s10311-020-01029-2
https://doi.org/10.1080/10807039.2019.1585182
https://doi.org/10.3390/nano10081539
https://doi.org/10.1093/rpd/nct199
https://doi.org/10.1023/A:1022527207359
https://doi.org/10.1088/1742-6596/1299/1/012093

El-Gamal H, Hussien MT, & Saleh EE (2019) Evaluation of natural radioactivity levels in soil and
various foodstuffs from Delta Abyan, Yemen. J Radiat Res, 12(1): 226-233.
https://doi.org/10.1080 /16878507.2019.1646523.

El-Taher A, Zakaly HM, & Elsaman R (2018) Environmental implications and spatial distribution
of natural radionuclides and heavy metals in sediments from four harbours in the Egyptian
Red Sea coast. Appl Radiat Isot, 131: 13-22.
https://doi.org/10.1016/j.apradis0.2017.09.024

Faghihian H, Iravani M, Moayed M, Ghannadi-Maragheh M (2013) A novel polyacrylonitrile—
zeolite nanocomposite to clean Cs and Sr from radioactive waste. Environ Chem Lett, 11:
277-282. https://doi.org/10.1007/s10311-013-0399-1

Feng M, Zhang P, Zhou HC, & Sharma VK (2018) Water-stable metal-organic frameworks for
aqueous removal of heavy metals and radionuclides: A review. Chemosphere, 209: 783-
800. https://doi.org/10.1016/j.chemosphere.2018.06.114

Friedlander G, Kennedy JW, Macias ES, & Miller JM (1982) Nuclear and radiochemistry. John
Wiley & Sons. https://doi.org/10.1002/bbpc.19820860724

Fukuda S (2005) Chelating agents used for plutonium and uranium removal in radiation emergency
medicine. Curr Med Chem, 12: 2765. https://doi.org/10.2174/092986705774463012

Galanda D, Métel L, StriSovska J, & Dulanska S (2014) Mycoremediation: the study of transfer
factor for plutonium and americium uptake from the ground. J Radioanal Nucl, 299(3):
1411-1416. https://doi.org/10.1007/s10967-013-2909-9

Gbadamosi MR, Afolabi TA, Banjoko OO, Ogunneye AL, Abudu KA, Ogunbanjo OO, & Jegede
DO (2018a) Spatial distribution and lifetime cancer risk due to naturally occurring
radionuclides in soils around tar-sand deposit area of Ogun State, southwest
Nigeria. Chemosphere, 193: 1036-1048.
https://doi.org/10.1016/j.chemosphere.2017.11.132

Gbadamosi MR, Afolabi TA, Ogunneye AL, Ogunbanjo OO, Omotola EO, Kadiri TM, Akinsipo
OB. & Jegede DO (2018b) Distribution of radionuclides and heavy metals in the

41


https://doi.org/10.1080
https://doi.org/10.1016/j.apradiso.2017.09.024
https://doi.org/10.1007/s10311-013-0399-1
https://doi.org/10.1016/j.chemosphere.2018.06.114
https://doi.org/10.1002/bbpc.19820860724
https://doi.org/10.2174/092986705774463012
https://doi.org/10.1007/s10967-013-2909-9
https://doi.org/10.1016/j.chemosphere.2017.11.132

bituminous sand deposit in Ogun State, Nigeria—a multi-dimensional pollution, health and
radiological risk assessment. J Geochem Explor, 190: 187-199.
https://doi.org/10.1016/j.gexplo.2018.03.006

Gbadamosi MR, Banjoko OO, Abudu KA, Ogunbanjo OO, & Ogunneye AL (2017) Radiometric
evaluation of excessive lifetime cancer probability due to naturally occurring radionuclides
in wastes dumpsites soils in Agbara, Southwest, Nigeria. J Assoc Arab Univ Basic Appl
Sci, 24: 315-324. https://doi.org/10.1016/j.jaubas.2017.06.003

Gkorezis P, Daghio M, Franzetti A, Van Hamme JD, Sillen W, & Vangronsveld J (2016) The
interaction between plants and bacteria in the remediation of petroleum hydrocarbons: an
environmental perspective. Front Microbiol, 7: 1836.
https://doi.org/10.3389/fmich.2016.01836

Gouma S, Fragoeiro S, Bastos AC, & Magan N (2014) Bacterial and fungal bioremediation
strategies. In Microbial biodegradation and bioremediation (pp. 301-323). Elsevier.
https://doi.org/10.1016/B978-0-12-800021-2.00013-3

Gruber V, Maringer FJ, & Landstetter C (2009) Radon and other natural radionuclides in drinking
water in Austria: measurement and assessment. Appl Radiat Isot, 67(5): 913-917.
https://doi.org/10.1016/j.apradis0.2009.01.056

Gupta DK & Voronina A (Eds.) (2019) Remediation measures for radioactively contaminated

areas. Springer Nature.

He S, Yang Z, Cui X, Zhang X, & Niu X (2020) Fabrication of the novel Ag-doped SnS>@ InVO4
composite with high adsorption-photocatalysis for the removal of uranium
(V1). Chemosphere, 260: 127548. https://doi.org/10.1016/j.chemosphere.2020.127548

Hu H, & Xu K (2020) Physicochemical technologies for HRPs and risk control. In High-Risk
Pollutants in Wastewater (pp. 169-207). Elsevier. https://doi.org/10.1016/B978-0-12-
816448-8.00008-3

Hu X, Wang Y, Yang JO, Li Y, Wu P, Zhang H, Yuan D, Liu Y, Wu Z & Liu Z (2020) Synthesis

of graphene oxide nanoribbons/chitosan composite membranes for the removal of uranium

42


https://doi.org/10.1016/j.gexplo.2018.03.006
https://doi.org/10.1016/j.jaubas.2017.06.003
https://doi.org/10.3389/fmicb.2016.01836
https://doi.org/10.1016/B978-0-12-800021-2.00013-3
https://doi.org/10.1016/j.apradiso.2009.01.056
https://doi.org/10.1016/j.chemosphere.2020.127548
https://doi.org/10.1016/B978-0-12-

from aqueous solutions. Front Chem Sci Eng, 1-10. https://doi.org/10.1007/s11705-019-
1898-9

Ibikunle SB, Arogunjo AM, & Ajayi OS (2018a) Characterization of radiation dose and excess
lifetime cancer risk due to natural radionuclides in soils from some cities in southwestern
Nigeria. J Forensic Sci Crim Inves, 10(4): 555793.
https://doi.org/10.19080/JFSCI.2018.10.555793.

Ibikunle SB, Arogunjo AM, & Ajayi OS (2019) Characterization of radiation dose and soil-to-
plant transfer factor of natural radionuclides in some cities from south-western Nigeria and
its effect on man. Scientific African, 3: e00062.
https://doi.org/10.1016/j.sciaf.2019.e00062

Ibikunle SB, Arogunjo AM, Ajayi OS & Olaleye OO (2017) Risk assessment of natural
radioactivity in surface water and sediments from a waterfall site in Osun State, Nigeria.
Hum Ecol Risk Assess, 23(8): 1978
1988. https://doi.org/10.1080/10807039.2017.1350567

Ibikunle SB, Arogunjo AM, Ajayi OS & Oluyide SS (2018b) Natural radioactivity measurement
of water and sediment from the historic Ikogosi warm and cold spring, Nigeria. Nigeria
Journal of Pure and Applied Physics, 8(1): 20-26. https://doi.org/10.4314/njpap.v8il.3

llori AO, & Alausa SK (2019) Estimation of natural radionuclides in grasses, soils, and cattle-
dungs from a cattle rearing-field at Mangoro-Agege, Lagos State, Nigeria. FUW Trends in
Science and Technology Journal, 4(1), 018-024.

llori AO, & Chetty N (2020) Soil-to-crop transfer of natural radionuclides in farm soil of South
Africa. Environ Monit Assess, 192(12): 1-13. https://doi.org/10.1007/s10661-020-08756-7

Isinkaye MO, Jibiri NN, Bamidele SI, & Najam LA (2018) Evaluation of radiological hazards due
to natural radioactivity in bituminous soils from tar-sand belt of southwest Nigeria using
HpGe-Detector. Int J Radiat Res, 16(3): 351-362.

Iwetan CN, Fuwape 1A, Aiyesanmi AF, & Ayorinde TT (2019) Assessment of radiological

parameters of river water and sediment in some oil producing communities of delta state

43


https://doi.org/10.1007/s11705-019-
https://doi.org/10.19080/JFSCI.2018.10.555793.
https://doi.org/10.1016/j.sciaf.2019.e00062
https://doi.org/10.1080/10807039.2017.1350567
https://doi.org/10.4314/njpap.v8i1.3
https://doi.org/10.1007/s10661-020-08756-7

of Nigeria. Environ Forens, 20(3): 251-264.
https://doi.org/10.1080/15275922.2019.1629550

Jagetiya BL, Soni A, Kothari S, Khatik UK, & Yadav S (2011) Bioremediation: an ecological

solution to textile effluents. Asian Journal of Bio Science, 6(2): 248-257.

Jasaitis D, Klima V, Peciuliené M, Vasiliauskiené V, & Konstantinova M (2020) Comparative
assessment of radiation background due to natural and artificial radionuclides in soil in
specific areas on the territories of state of Washington (USA) and Lithuania. Water, Air, &
Soil Pollut, 231(7): 1-10. https://doi.org/10.1007/s11270-020-04730-8

Jeon J, 2019 Review of therapeutic applications of radiolabeled functional nanomaterials. Int J
Mol Sci, 20: 2323. https://doi.org/10.3390/ijms20092323

Kang TW, Park WP, Han YU, Bong KM, & Kim K (2020) Natural and artificial radioactivity in
volcanic ash soils of Jeju Island, Republic of Korea, and assessment of the radiation
hazards: importance of soil properties.J Radioanal Nucl Chem, 323(3): 1113-1124.
https://doi.org/10.1007/s10967-020-07024-9

Khan NT (2017) Radioactivity: An introduction to mysterious science.J Phys Chem
Biophys, 7(254), 2161-0398. https://doi.org/10.4172/2161-0398.1000254

Khandaker MU, Jojo PJ, & Kassim HA (2012) Determination of primordial radionuclides in
natural samples using HPGe gamma-ray spectrometry. APCBEE Procedia, 1: 187-192.
https://doi.org/10.1016/j.apcbee.2012.03.030

Kim K-H, Kim S-O, Lee C-W, Lee M-H, Kim K-W (2003) Electrokinetic processing for the
removal of radionuclides in soils. Sep Sci Technol, 38: 2137-2163.
https://doi.org/10.1081/SS-120021617

Kim GN, Kim I, Kim SS, & Choi JW (2016) Removal of uranium from contaminated soil using
indoor electrokinetic decontamination. J Radioanal Nucl Chem, 309(3): 1175-1181.
https://doi.org/10.1007/s10967-016-4707-7

44


https://doi.org/10.1080/15275922.2019.1629550
https://doi.org/10.1007/s11270-020-04730-8
https://doi.org/10.3390/ijms20092323
https://doi.org/10.1007/s10967-020-07024-9
https://doi.org/10.4172/2161-0398.1000254
https://doi.org/10.1016/j.apcbee.2012.03.030
https://doi.org/10.1081/SS-120021617
https://doi.org/10.1007/s10967-016-4707-7

Kim GN, Kim SS, Park HM, Kim WS, Moon JK, & Hyeon JH (2012) Development of complex
electrokinetic decontamination method for soil contaminated with
uranium. Electrochimica acta, 86:49-56. https://doi.org/10.1016/j.electacta.2012.06.041

Kolo MT, Khandaker MU, & Shuaibu HK (2019) Natural radioactivity in soils around mega coal-
fired cement factory in Nigeria and its implications on human health and
environment. Arab J Geosci, 12(15): 481. https://doi.org/10.1007/s12517-019-4607-6

Kungur ST, Ige TA & Ikyo BA (2020) Analysis of natural radionuclides and evaluation of
radiation hazard indices in soil samples from Benue state, Nigeria. Int J Innov Res Sci Eng,
5(5): 1765-17609.

Kuppusamy S, Palanisami T, Megharaj M, Venkateswarlu K, & Naidu R (2016) Ex-situ
remediation technologies for environmental pollutants: A critical perspective. In P. de
Voogt (Ed.), Rev Environ Contam T (Vol. 236). Switzerland: Springer.
https://doi.org/10.1007/978-3-319-20013-2_2

L’Annunziata MF (2020) The atomic nucleus, nuclear radiation, and the interaction of radiation
with matter. In Handbook of Radioactivity Analysis (pp. 1-243). Academic Press.
https://doi.org/10.1016/B978-0-12-814397-1.00001-7

L'Annunziata MF (2016) Radioactivity: introduction and history, from the quantum to quarks.

Elsevier.

Liao, J., & Zhang, Y. (2020). Effective removal of uranium from aqueous solution by using novel
sustainable porous Al,O3 materials derived from different precursors of aluminum. Inorg
Chem Front, 7(3):765-776. https://doi.org/10.1039/C9QI101426H

Lichtfouse E (2012) *C-dating, the first method to calculate the relative age of molecular
substance  homologues in  soil.  Enviro Chem  Lett, 10: 97-103.
https://doi.org/10.1007/s10311-011-0334-2

Lide DR (2010) CRC Handbook of Chemistry and Physics, 81st ed. CRC Press, Boca Raton, pp.
10e220.

45


https://doi.org/10.1016/j.electacta.2012.06.041
https://doi.org/10.1007/s12517-019-4607-6
https://doi.org/10.1007/978-3-319-20013-2_2
https://doi.org/10.1016/B978-0-12-814397-1.00001-7
https://doi.org/10.1039/C9QI01426H
https://doi.org/10.1007/s10311-011-0334-2

Lingamdinne LP, Choi YL, Kim IS, Yang JK, Koduru JR, & Chang Y'Y (2017) Preparation and
characterization of porous reduced graphene oxide based inverse spinel nickel ferrite
nanocomposite for adsorption removal of radionuclides. J hazard mater, 326: 145-156.
https://doi.org/10.1016/j.jhazmat.2016.12.035

Liu M, Dong F, Kang W, Sun S, Wei H, Zhang W, Nie X, Guo Y, Huang T & Liu Y (2014)
Biosorption of strontium from simulated nuclear wastewater by Scenedesmus spinosus
under culture conditions: adsorption and bioaccumulation processes and models. Int J
Environ Res Public health, 11(6):6099-6118. https://doi.org/10.3390/ijerph110606099

Liu S,Wang Z, Lu Y, Li H, Chen X, Wei G, Wu T, Maguire DJ, Ye G, & Chen J (2021) Sunlight-
induced uranium extraction with triazine-based carbon nitride as both photocatalyst and
adsorbent. Appl Catal B, 282: 119523. https://doi.org/10.1016/j.apcath.2020.119523

Liu T, Yuan J, Zhang B, Liu W, Lin L, Meng Y, Yin S, Liu C & Luan F (2019) Removal and
recovery of uranium from groundwater using direct electrochemical reduction method:
performance and implications. Environ Sci Technol, 53(24):14612-14619.
https://doi.org/10.1021/acs.est.9b06790

Liu X, & Lin W (2018) Natural radioactivity in the beach sand and soil along the coastline of
Guangxi Province, China. Mar Pollut Bull, 135: 446-450.
https://doi.org/10.1016/j.marpolbul.2018.07.057

Lloyd JR, & Rensha JC (2005) Microbial transformations of radionuclides: fundamental

mechanisms and biogeochemical implications. Met lons Biol Syst, 44:205-240.

Ma D, Wei J, Zhao Y, Chen Y, & Tang S (2020) The removal of uranium using novel temperature
sensitive urea-formaldehyde resin: Adsorption and fast regeneration. Sci Total Environ,
139399. https://doi.org/10.1016/j.scitotenv.2020.139399

Mahadevan GD, & Zhao F (2017) A concise review on microbial remediation cells (MRCs) in soil

and groundwater radionuclides remediation. J Radioanal Nucl Chem, 314(3): 1477-1485.

Mahamood, K. N., Divya, P. V., Vineethkumar, V., & Prakash, V. (2020). Dynamics of

radionuclides activity, radon exhalation rate of soil and assessment of radiological

46


https://doi.org/10.1016/j.jhazmat.2016.12.035
https://doi.org/10.3390/ijerph110606099
https://doi.org/10.1016/j.apcatb.2020.119523
https://doi.org/10.1021/acs.est.9b06790
https://doi.org/10.1016/j.marpolbul.2018.07.057
https://doi.org/10.1016/j.scitotenv.2020.139399

parameters in the coastal regions of Kerala, India. Journal of Radioanalytical and Nuclear
Chemistry, 324(3), 949-961. https://doi.org/10.1007/s10967-017-5612-4

Mani D & Kumar C (2014) Biotechnological advances in bioremediation of heavy metals
contaminated ecosystems: an overview with special reference to phytoremediation. Int J
Environ Sci Technol, 11: 843-872. https://doi.org/10.1007/s13762-013-0299-8

Matucha, M., Gryndler, M., Forczek, S.T., Uhlifova, H., Fuksov4, K., Schroder, P. (2003).
Chloroacetic acids in environmental processes. Environmental Chemistry Letters 1, 127-
130. https://doi.org/10.1007/s10311-003-0030-y

Maxwell O, ljeh I, Oluwasegun A, Ogunrinola I, & Saeed, MA (2020) Spatial distribution of
gamma radiation dose rates from natural radionuclides and its radiological hazards in
sediments along river lju, Ogun state Nigeria. MethodsX,7: 101086.
https://doi.org/10.1016/j.mex.2020.101086

McElroy E, Lawter AR, Appriou D, Smith F, Bowden M, Qafoku O, Kovarik L, Szecsody JE,
Truex MJ & Qafoku NP (2020) lodate interactions with calcite: implications for natural
attenuation. Environ Earth Sci, 79(12): 1-9. https://doi.org/10.1007/s12665-020-09023-1

Megharaj M, Ramakrishnan B, Venkateswarlu K, Sethunathan N, & Naidu R (2011)
Bioremediation approaches for organic pollutants: a critical perspective. Environ
Int, 37(8): 1362-1375. https://doi.org/10.1016/j.envint.2011.06.003

Mihalik J, Tlusto$ P, Szakova J (2011) the influence of citric acid on mobility of radium and metals
accompanying uranium phytoextraction. Plant Soil Environ, 57(11): 526-531.
https://doi.org/10.17221/3285-PSE

Mgberg JP, Esu IE, (1991). Characteristics and composition of some savanna soils in Nigeria.
Geoderma, 48, 113-129. https://doi.org/10.1016/0016-7061(91)90011-H

Mohamed Johar S, & Embong Z (2015) The optimisation of electrokinetic remediation for heavy
metals and radioactivity contamination on Holyrood-Lunas soil (acrisol species) in Sri
Gading Industrial Area, Batu Pahat, Johor, Malaysia. Radiat Prot Dosim, 167(1-3): 160-
164. https://doi.org/10.1093/rpd/ncv236

47


https://doi.org/10.1007/s10967-017-5612-4
https://doi.org/10.1007/s13762-013-0299-8
https://doi.org/10.1007/s10311-003-0030-y
https://doi.org/10.1016/j.mex.2020.101086
https://doi.org/10.1007/s12665-020-09023-1
https://doi.org/10.1016/j.envint.2011.06.003
https://doi.org/10.17221/3285-PSE
https://doi.org/10.1016/0016-7061(91)90011-H
https://doi.org/10.1093/rpd/ncv236

Mohanty K, Das D, & Biswas MN (2006) Preparation and characterization of activated carbons
from Sterculiaalata nutshell by chemical activation with zinc chloride to remove phenol
from wastewater. Adsorption, 12(2): 119-132. https://doi.org/10.1007/s10450-006-0374-2

Momoh AH, Ochalla I, Ocheni DO, Ajibade DR, & Bello Al (2020) Radiological Status of
Drinking Water Sources Around a Coal Mining Site in Kogi State, North Central Nigeria. J
Appl Sci Environ Manage, 24(5): 903-908. https://doi.org/10.4314/jasem.v24i5.27

Nariyan E, Sillanpdd M, & Wolkersdorfer C (2018) Uranium removal from Pyhdsalmi/Finland
mine water by batch electrocoagulation and optimization with the response surface
methodology. Sep Sci Technol, 193: 386-397.
https://doi.org/10.1016/j.seppur.2017.10.020

Nivesse, AL., Thibault de Chanvalon, A., Baglan, N., Montavon, G., Granger, G., Péron, O.
(2020). An overlooked pool of hydrogen stored in humic matter revealed by isotopic
exchange: implication for radioactive *H contamination. Environ Chem Lett, 18: 475-481.
https://doi.org/10.1007/s10311-019-00946-1

Newsome L, Morris K, & Lloyd JR (2014) The biogeochemistry and bioremediation of uranium
and other priority radionuclides. Chem Geol, 363: 164-184.
https://doi.org/10.1016/j.chemge0.2013.10.034

Ogundele KT, Oluyemi EA, Oyekunle JAO, Makinde OW, & Gbenu ST (2018) An evaluation of
health hazards indices of natural radioactivity of the sediments from Eko-Ende Dam, Osun
State, Nigeria. Open J Ecol, 8(11): 607-621.

Ogundele LT, Ayeku PO, Inuyomi SO, Ogunsakin OM, Oladejo OF, & Adejoro 1A (2020)
Assessment of naturally occurring K, 2%Th and #®U and their associated radiological
hazard indices in soils used for building in Ondo West Local Government Area,
Southwestern, Nigeria. EQA-Int J Environ Qual, 37:11-21.
https://doi.org/10.6092/issn.2281-4485/9473

Ogunyele AC, Obaje, SO, Akingboye AS, Adeola AO, Babalola AO, Olufunmilayo AT (2020)

Petrography and geochemistry of Neoproterozoic charmnockite—granite association and

48


https://doi.org/10.1007/s10450-006-0374-2
https://doi.org/10.4314/jasem.v24i5.27
https://doi.org/10.1016/j.seppur.2017.10.020
https://doi.org/10.1007/s10311-019-00946-1
https://doi.org/10.1016/j.chemgeo.2013.10.034
https://doi.org/10.6092/issn.2281-4485/9473

metasedimentary rocks around Okpella, southwestern Nigeria. Arab J Geosci 13: 780.
https://doi.org/10.1007/s12517-020-05785-x

Olalekan EO, & Adebiyi FM (2020) Measurement of radioactivity levels in oil impacted soils
around petroleum products retailing stations. Petrol Sci Technol, 38(1): 53-63.
https://doi.org/10.1007/s12517-020-05785-x

Oluyide SO, Tchokossa P, Akinyose FC, & Orosun MM (2019) Assessment of radioactivity levels
and transfer factor of natural radionuclides around iron and steel smelting company located
in Fashina village, lle-ife, Osun state, Nigeria. Facta Universitatis, Series: Working and

Living Environmental Protection, 241-256.

Ononugbo CP, & Amah OS (2019) Radioactivity Concentrations and Their Radiological
Significance in Sediments of Some Communities in Andoni, Rivers State, Nigeria. Asian
J Adv Res Reports, 1-11. https://doi.org/10.9734/ajarr/2019/v6i330151

Ononugbo CP, & Anyalebechi CD (2017) Natural radioactivity levels and radiological risk
assessment of surface water from coastal communities of Ndokwa East, Delta State,
Nigeria. Phys Sci Int J, 1-14. https://doi.org/10.9734/PS13/2017/31782

Ononugbo CP, & Ofuonye | (2017) Natural radioactivity levels and radiation hazards in shore soil
and sediments along the coast of Ndokwa East, Delta State, Nigeria. Arch Curr Res, 1-13.
https://doi.org/10.9734/ACRI1/2017/36213

Ononugbo CP, Azikiwe O, & Avwiri GO (2019) Uptake and distribution of natural radionuclides
in cassava crops from Nigerian Government farms. Journal of Scientific Research and
Reports, 1-15.

Ore OT, Adeola AO (2021) Toxic metals in oil sands: review of human health implications,
environmental impact, and potential remediation using membrane-based approach. Energ
Ecol Environ. 6: 81-91. https://doi.org/10.1007/s40974-020-00196-w

Orosun MM, Usikalu MR, Oyewumi KJ, & Adagunodo TA (2019) Natural radionuclides and
radiological risk assessment of granite mining field in Asa, North-central
Nigeria. MethodsX, 6, 2504-2514. https://doi.org/10.1016/j.mex.2019.10.032

49


https://doi.org/10.1007/s12517-020-05785-x
https://doi.org/10.1007/s12517-020-05785-x
https://doi.org/10.9734/ajarr/2019/v6i330151
https://doi.org/10.9734/PSIJ/2017/31782
https://doi.org/10.9734/ACRI/2017/36213
https://doi.org/10.1007/s40974-020-00196-w
https://doi.org/10.1016/j.mex.2019.10.032

Orosun MM, Usikalu MR, Oyewumi KJ & Oladapo OF (2021) Radiological hazard assessment of
sharp-sand from llorin-East, Kwara State, Nigeria. In J Phys: Conf Ser, 1734(1): 012040.
https://doi.org/10.1088/1742-6596/1734/1/012040

Owoade LR, Oyeyemi SM, Lawal FA, Adeyemo AJ, Adamoh NO, & Adebowale FM (2019)
Assessing naturally occurring radionuclides in soil of Egbeda Local Government for a
baseline data of Oyo State, Nigeria. Radiat Prot Environ42(3): 90.
https://doi.org/10.4103/rpe.RPE_14 19

Ozdemir S, Kilinc E, Yalcin MS, Soylak M, & Sen F (2020) A new magnetized thermophilic
bacteria to preconcentrate uranium and thorium from environmental samples through
magnetic  solid-phase  extraction.J Pharma Biomed Anal, 186: 113315.
https://doi.org/10.1016/j.jpba.2020.113315

Pandey P, Pandey PK. and Pandey M (2017) A review on occurrence of radioactive elements in
different states of India. Res J Chem Sci, 7(6): 18-22.

Popoola FA, Fakeye OD, Basiru QB, Adesina DA, & Sulola MA (2019) Assessment of
radionuclide concentration in surface soil and human health risk associated with exposure
in two higher institutions of Esan land, Edo State, Nigeria. J Appl Sci Environ
Manage, 23(12): 22679-2284. https://doi.org/10.4314/jasem.v23i12.29

Prakash O, Mhatre AM, Tripathi R, Pandey AK, Yadav PK, Khan SA, & Maiti P (2020)
Fabrication of conducting nanochannels using accelerator for fuel cell membrane and
removal of radionuclides: role of nanoparticles. ACS Appl Mater Interfaces, 12(15):
17628-17640. https://doi.org/10.1021/acsami.0c02845

Primal D, & Narayana Y (2012) Elevated natural radioactivity in soil samples of coastal Kerala,
India. J Environ Res Develop, 7(2): 700-704.

Pucci C, Martinelli C, Ciofani G (2019) Innovative approaches for cancer treatment: current
perspectives and new challenges ecancer, 13: 961.
https://dx.doi.org/10.3332%2Fecancer.2019.961

50


https://doi.org/10.1088/1742-6596/1734/1/012040
https://doi.org/10.4103/rpe.RPE_14_19
https://doi.org/10.1016/j.jpba.2020.113315
https://doi.org/10.4314/jasem.v23i12.29
https://doi.org/10.1021/acsami.0c02845
https://dx.doi.org/10.3332/ecancer.2019.961

Psaltou S, & Zouboulis A (2020) Catalytic Ozonation and Membrane Contactors—A Review
Concerning Fouling Occurrence and Pollutant

Removal. Water, 12(11): 2964.
https://doi.org/10.3390/w12112964

Ramola RC, Choubey VM, Prasad G, Gusain GS, Tosheva Z, & Kies A (2011) Radionuclide

analysis in the soil of Kumaun Himalaya, India, using gamma ray spectrometry. Curr Sci,
906-914.

Rani A, & Singh S (2005) Natural radioactivity levels in soil samples from some areas of Himachal

Pradesh, India wusing y-ray spectrometry. Atmos

Environ, 39(34): 6306-6314.
https://doi.org/10.1016/j.atmosenv.2005.07.050

Reddy KR, & Cameselle C (2009) Electrochemical remediation technologies for polluted soils,
sediments and groundwater. John Wiley & Sons. https://doi.org/10.1002/9780470523650

Reddy PCO, Raju KS, Sravani K, Sekhar AC, & Reddy MK (2019) Transgenic plants for

remediation of radionuclides. In Transgenic Plant Technology for Remediation of Toxic

Metals and Metalloids (pp. 187-237). Academic Press. https://doi.org/10.1016/B978-0-12-
814389-6.00010-9

Rittersdorf | (2007) Gamma Ray Spectroscopy. Advances in Physics — Advan Phys. 2: 5-9.

Ryan JL (2012) lonizing radiation: the good, the bad, and the ugly. J Invest Dermatol, 132(3 Pt 2):
985-993. https://doi.org/10.1038/jid.2011.411

Sanjurjo-Sanchez J, Alves C (2017) Geologic materials and gamma radiation in the built

environment. Environ Chem Lett, 15: 561-589. https://doi.org/10.1007/s10311-017-0643-
1

Sharma PR, Sharma SK, Borges W, Chen H, & Hsiao BS (2020) Remediation of UO?* from water
by nitro-oxidized carboxycellulose

nanofibers:  performance
In Contaminants in Our Water:

and mechanism.
Identification and Remediation Methods. 269-283.
American Chemical Society. https://doi.org/10.1021/bk-2020-1352.ch013

Sharma S, Singh B, & Manchanda VK (2015) Phytoremediation: role of terrestrial plants and

aquatic macrophytes in the remediation of radionuclides and heavy metal contaminated

51


https://doi.org/10.3390/w12112964
https://doi.org/10.1016/j.atmosenv.2005.07.050
https://doi.org/10.1002/9780470523650
https://doi.org/10.1016/B978-0-12-
https://doi.org/10.1038/jid.2011.411
https://doi.org/10.1007/s10311-017-0643-
https://doi.org/10.1021/bk-2020-1352.ch013

soil and water. Environ Sci Poll Res, 22(2): 946-962. https://doi.org/10.1007/s11356-014-
3635-8

Shukla SK, Hariharan S, & Rao TS (2020) Uranium bioremediation by acid phosphatase activity
of Staphylococcus aureus biofilms: Can a foe turn a friend? J hazard Mater, 384:121316.
https://doi.org/10.1016/j.jhazmat.2019.121316

Singh T, Bhatiya AK, Mishra PK, & Srivastava N (2020) An effective approach for the degradation
of phenolic waste: phenols and cresols. In Abatement of Environmental Pollutants (pp.
203-243). Elsevier. https://doi.org/10.1016/B978-0-12-818095-2.00011-4

Somlai J, Gorjanéacz Z, Véarhegyi A, & Kovacs T (2006) Radon concentration in houses over a
closed Hungarian uranium  mine.Sci  total  Environ, 367(2-3):  653-665.
https://doi.org/10.1016/j.scitotenv.2006.02.043

Somlai J, Jobbagy V, Kovacs J, Tarjan S, & Kovacs T (2008) Radiological aspects of the usability
of red mud as building material additive.J hazard Mater, 150(3): 541-545.
https://doi.org/10.1016/j.jhazmat.2007.05.004

Song B, Zeng G, Gong J, Liang J, Xu P, Liu Z, Zhang Y, Zhang C, Cheng M, Liu Y, Ye S, Yi H,
Ren X, (2017) Evaluation methods for assessing effectiveness of in situ remediation of soil
and sediment contaminated with organic pollutants and heavy metals. Environ Int, 105: 43-
55. https://doi.org/10.1016/j.envint.2017.05.001

Song W, Wang X, Wang Q, Shao D, & Wang X (2020) Correction: plasma-induced grafting of
polyacrylamide on graphene oxide nanosheets for simultaneous removal of
radionuclides. Phys Chem Chem, 22(3): 1785-1786. https://doi.org/10.1039/C4CP04289A

Sunday BI, Arogunjo AM, & Ajayi OS (2019) Characterization of radiation dose and soil-to-plant
transfer factor of natural radionuclides in some cities from Southwestern Nigeria and its
effect on man. Scientific African, 3: e00062. https://doi.org/10.1016/j.sciaf.2019.e00062

Twining JR, & Baxter M (Eds.) (2012) Tropical Radioecology (\VVol. 18). Elsevier.

52


https://doi.org/10.1007/s11356-014-
https://doi.org/10.1016/j.jhazmat.2019.121316
https://doi.org/10.1016/B978-0-12-818095-2.00011-4
https://doi.org/10.1016/j.scitotenv.2006.02.043
https://doi.org/10.1016/j.jhazmat.2007.05.004
https://doi.org/10.1016/j.envint.2017.05.001
https://doi.org/10.1039/C4CP04289A
https://doi.org/10.1016/j.sciaf.2019.e00062

Ugbede F (2020) Distribution of “°K, 2%U and #*2Th and associated radiological risks of River
sand sediments across Enugu East, Nigeria. Environ Nanotechnol, 100317.
https://doi.org/10.1016/j.enmm.2020.100317

Ugbede FO, Aduo BC, Ogbonna ON, & Ekoh CO (2020) Natural radionuclides, heavy metals and
health risk assessment in surface water of Nkalagu river dam with statistical
analysis. Scientific African, e00439. https://doi.org/10.1016/j.sciaf.2020.e00439

United Nation Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) (2016)
Sources and effects of ionizing radiation. New York, USA: United Nations. Report of the
United Nations Scientific Committee on the Effect of Atomic Radiation to General

Assembly.

United Nation Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) (2000).
Sources and Effects of lonizing Radiation. United Nations scientific Committee on the
Effects of Atomic Radiation. VVol. 1 New York. United Nations.

United Nations Scientific Committee on the Effects of Atomic Radiation (2008) Report to the
general assembly, with scientific annexes. United Nations Publications,
https://www.unscear.org/docs/publications/2008 /UNSCEAR_2008 Report_Vol.ll.pdf

Usikalu MR, Oderinde A, Adagunodo ER, & Akinpelu A (2018) Radioactivity concentration and
dose assessment of soil samples in cement factory and environs in Ogun State, Nigeria. Int
J Civil Eng Technol , 9(9):1047-1059.

Usikalu MR, Rabiu AB, Oyeyemi KD, Achuka JA, & Maaza M (2017) Radiation hazard in soil
from  Ajaokuta North-central Nigeria. Int J Radiat Res, 15(2): 219-224.
https://doi.org/10.18869/acadpub.ijrr.15.2.219

Walther C & Gupta DK (2015) Radionuclides in the Environment. Springer, New York.

Wang S, Wang L, Li Z, Zhang P, Du K, Yuan L, Ning S, Wei Y & Shi W (2021) Highly efficient
adsorption and immobilization of U (VI) from aqueous solution by alkalized MXene-
supported  nanoscale  zero-valent iron.J Hazard  Mater,408:  124949.
https://doi.org/10.1016/j.jhazmat.2020.124949

53


https://doi.org/10.1016/j.enmm.2020.100317
https://doi.org/10.1016/j.sciaf.2020.e00439
https://www.unscear.org/docs/publications/2008
https://doi.org/10.18869/acadpub.ijrr.15.2.219
https://doi.org/10.1016/j.jhazmat.2020.124949

Wei H, Dong F, Chen M, Zhang W, He M, & Liu M (2020) Removal of uranium by biogenetic
jarosite coupled with photoinduced reduction in the presence of oxalic acid: a low-cost
remediation technology. J Radioanal Nucl Chem, 1-15. https://doi.org/10.1007/s10967-
020-07125-5

Wen S, Sun Y, Liu R, Chen L, Wang J, Peng S, Ma C, Yuan Y, Gong W & Wang N (2021)
Supramolecularly poly (amidoxime)-loaded macroporous resin for fast uranium recovery
from seawater and uranium-containing wastewater. ACS Appl Mater Interfaces.
https://doi.org/10.1021/acsami.0c21046

Wouana RA, Okieimen FE & Imborvungu JA (2010) Removal of heavy metals from a contaminated
soil using organic chelating acids. Int. J. Environ. Sci. Technol. 7: 485-496.
https://doi.org/10.1007/BF03326158

Zeeb H, Shannoun F, & World Health Organization (2009) WHO handbook on indoor radon: a
public health perspective. World Health Organization.
https://apps.who.int/iris/handle/10665/44149

World Health Organization (2016) lonizing radiation, health effects and protective
measures. World Health Organization.

World Nuclear Association (2020) Naturally-Occurring Radioactive Materials (NORM).
https://www.world-nuclear.org/information-library/safety-and-security/radiation-and-
health/naturally-occurring-radioactive-materials-norm.aspx  [Updated  April  2020].
Accessed 12 January 2021.

Xiao J, Pang Z, Zhou S, Chu L, Rong L, Liu Y, LiJ & Tian L (2020a) The mechanism of acid-
washed zero-valet iron/activated carbon as permeable reactive barrier enhanced
electrokinetic remediation of uranium-contaminated soil. Sep Purif Technol, 116667.
https://doi.org/10.1016/j.seppur.2020.116667

Xiao J, Zhou S, Chu L, Liu Y, Li J, Zhang J, Tian L (2020b) Electrokinetic remediation of uranium
(VI)-contaminated red soil using composite electrolyte of citric acid and ferric
chloride. Environ Sci Pollut Res, 27(4): 4478-4488. https://doi.org/10.1007/s11356-019-
06990-2

54


https://doi.org/10.1007/s10967-
https://doi.org/10.1021/acsami.0c21046
https://doi.org/10.1007/BF03326158
https://apps.who.int/iris/handle/10665/44149
https://www.world-nuclear.org/information-library/safety-and-security/radiation-and-
https://doi.org/10.1016/j.seppur.2020.116667
https://doi.org/10.1007/s11356-019-

Zhang Q, Wang Y, Wang Z, Zhang Z, Wang X, Yang Z (2021b) Active biochar support nano zero-
valent iron for efficient removal of U (VI) from sewage water. J Alloys Compd 852:
156993. https://doi.org/10.1016/j.jallcom.2020.156993

Zhang W, Dong Y, Wang H, Guo Y, Zeng H, Zan J (2021a) Removal of uranium from
groundwater using zero-valent-iron coated quartz sands. J Radioanal Nucl Chem 1-12.
https://doi.org/10.1007/s10967-020-07523-9

Zhang W, Liu H, Fan X, Zhuo Z, Guo Y (2020) Removal of uranium from aqueous solution by a
permeable reactive barrier loaded with hydroxyapatite-coated quartz sand: implication for
groundwater remediation. Geochem, 80(4):125545.
https://doi.org/10.1016/j.chemer.2019.125545

Zhou P & Gu B (2005) Extraction of oxidized and reduced forms of uranium from contaminated
soils: effects of carbonate concentration and pH. Environ Sci Technol, 39: 4435-4440.
https://doi.org/10.1021/es0483443

55


https://doi.org/10.1016/j.jallcom.2020.156993
https://doi.org/10.1007/s10967-020-07523-9
https://doi.org/10.1016/j.chemer.2019.125545
https://doi.org/10.1021/es0483443

