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Abstract: The extraction of useful minerals or geological materials from the Earth’s crust, most typi-
cally from various sources, is crucial to a country’s development and progress. Mineral-rich countries
use these resources to transform their economies and propel them toward long-term prosperity. There
is an urgent need for the world to increase mineral exploration efforts, improve the recycling of im-
portant metal-containing resources, and extract them using upgraded hydrometallurgical procedures
with high recovery efficiency. This review paper highlights the importance of strategic and critical
metals in the economy and the role of nuclear techniques in the analysis, process optimization, and
remediation of metals using solvent extraction, adsorption, and chromatographic resins. Radiotracer
analysis, X-Ray Fluorescence spectrometry (XRF), Neutron Activation Analysis (NAA), and X-Ray
Diffraction (XRD) are appropriate for improving laboratory-based hydrometallurgical processes, with
future technical and economic benefits. The development and installation of novel instruments to
provide the real-time control of mining and mineral processing plants for improved control have the
potential to aid in the recovery of a broad range of metals.
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1. Introduction

Mining is the recovery of geological materials or beneficial minerals from the Earth’s
crust, usually from the lode, orebody, placer deposit, seam, or reef. Mineral exploration and
mining play a vital role in a country’s growth and progress [1]. Countries endowed with
minerals use these resources to transform their economies towards a path of sustainable
development. For instance, South Africa, Australia, Canada, and Ghana, among others,
have developed due to their vast mineral resources. Other nations that have depended on
the exploration and extraction of minerals for their economic development are Canada,
Sweden, and the U.S.A. [2]. The exploration and extraction of minerals play a very impor-
tant role for the medium-size economies such as Poland, which ranks as the E.U.’s number
one producer of hard coal, coke, Cu concentrates, Ag, and He. Furthermore, it is second in
refined Cu, S, and soda ash, and third in lignite, Zn, and Pb concentrate, Cd, and Se [3]. In
developing nations, especially in Africa, the mining sector is expected to be the driving
force for economic development. These African countries include South Africa, Ghana, the
DRC, and Mali, among others.

The need for metals and minerals is due to rise due to the new infrastructure expan-
sion in developing countries, population growth, rapid urbanization, the transition to new
energy technologies, and the widespread utilization of electronic gadgets internationally [4].
The demand for crucial metals has sharply increased and will continue to increase due to
robust economic expansion, and the realization of an effective supply might be challeng-
ing [5] because of the need to extract ores at deep depths, with minimal concentrations and
complex mineralization. It was recently predicted that the demand for metals and minerals
would increase from 9722 million tons in 2013 to 11,238 by the year 2018, a cumulative
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annual growth of 2.9% [4]. According to a new World Bank Group analysis, the output
of minerals such as graphite, Li, and Co may grow by roughly 500% by 2050 to fulfil the
rising demand for the production of renewable energy technologies [6]. It is estimated
that about 3 billion tons of metals and minerals metals will be needed in the production of
geothermal power, solar, wind, and energy storage technologies in order to limit the global
increase in temperature to 1.5 to 2 °C [6]. The amount of minerals and mineral reserves
in first world countries has reduced gradually, which has led to massive investments in
mining and exploration sectors in developing nations, primarily in Africa, Latin America,
and parts of Asia. Therefore, it is crucial to improve the metal recovery processes. This
paper seeks to underscore the existing critical and strategic metals, their status, and the
position of Neutron Activation Analysis (NAA), X-Ray Fluorescence Spectrometry (XRE),
X-Ray Diffraction spectrometry (XRD), and radiotracers in the analysis, optimization, and
remediation of metals using solvent extraction, adsorption, and chromatographic resins.

1.1. Critical and Strategic Metals

Since the Industrial Revolution, there has been a dramatic upsurge in the utilization
of energy resources globally, primarily fossil fuels. The World Energy Outlook indicates
that the total energy requirement is projected to rise by 60% in the next twenty-five years
in the regions such as the U.S.A. [7]. The global energy industry is anticipated to steadily
move toward renewable energy sources in the coming few decades [8]. Renewable energy
systems such as hydroelectric, photovoltaic, and wind power will perform an essential role
in meeting future global demands, with the estimated growth in electricity being projected
to be 150% from 2010 to 2050. To address climate change, promote competition and sustain-
ability, and enhance energy security and supply in the E.U. economy, creating a low-carbon
economy is the key policy priority. Therefore, adopting low-carbon energy technologies is
central to this transition [9]. Moving toward low-carbon technologies globally will result in
a significant rise in the requirement for critical metals [8]. Indeed, critical metals demand
is soaring as millions of people embrace the modern lifestyle [10]. Unfortunately, the
transition from a fossil-based economy to a non-fossil-based economy may be hampered
by the reduction in metals required by renewable energy-based innovations [11].

1.2. Critical Metals

Metals can be categorized as critical metals if they are scarce geologically, subject
to possible supply limitations, costly, and required for an economically crucial drive
where substitution is hard [12], as shown in Figure 1. The critical metals are the ones
essential for a green economy and scarce geologically [8]. Such metals are important
because of their unique or special properties [13]. Of these properties, the prospective
for supply limitations seems to be foremost. Unlike in the Medieval Era, nearly every
natural element in the periodic table is now required to manufacture a wide variety
of goods for society. Most of the critical metals were ignored 50 to 60 years ago and
discarded as mine wastes [14].

The geologically rare but critical metals include Ge, In, Ga, Ta, Se, Sn, Te, and some
Rare-Earth Elements (REEs) [13]. The term REEs refers to the seventeen elements in the
periodic table, i.e., Y, Sc, La, Ce, Eu, Pm, Pr, Sm, Nd, Gd, Ho, Tb, Tm, Er, Dy, Yb, and Lu.
La, Pr, Ce, Pm, and Nd are classified as Light REEs with lower atomic weight, while Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu are categorized as Heavy REEs due to their high
atomic weight [15]. Sc and Y are also classified as REEs because they occur in similar ore
deposits as lanthanides with the exhibition of the same chemical properties [16,17].
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Figure 1. Periodic table showing different types of elements and their economic status based on [14].

The U.S. and Europe are seriously challenged by the prospective scarcity of critical
resources, which might have significant economic implications [18,19]. The European Union
(E.U.) listed 20 critical raw materials encompassing industrial minerals, bulk materials,
REEs, and Platinum Group Metals (PGMs) to transition to a green and circular economy.
PGMs entail six elements: Pd, Pt, Ru, Rh, Os, and Ir. These critical metals have high
heat resistance, high melting points, unique catalytic characteristics, and high corrosion
resistance, which define their industrial applications [20]. Furthermore, the E.U. revised
the list of key raw materials in 2017 to incorporate the following metals: Sb, Bi, Co,
Ga, Be, In, HREEs, LREEs, Sc, PGMs, Si, V, Hf, W, Mg, Nb and Ta [12]. Such critical
raw materials lists are updated every three years, with the first one published in 2011,
which comprised 14 CRMs, and the latest one documented in 2020, which comprised
30 CRMs [21]. The CRMs that were recently deemed essential for the E.U. exceeded the
following criteria: an EI index lower limit value of 2.8 points and an SR parameter lower
limit value of 1.0 points [21]. These elements are critical in realizing a circular economy, in
which the value of resources and products is maintained as much as feasibly possible in
the economy, while producing minimal waste. Such moves are vital to the E.U.’s efforts
to create a sustainable, resource-efficient, low-carbon, and competitive economy [12]. The
U.S identified REEs such as Dy, Y, Tb, Nd, and Eu as critical metals in developing clean
energy-based technologies [18]. The prospects for thin-film photovoltaic modules for solar
energy, such as cadmium telluride, Cu indium diselenide, thin silicon, or gallium-arsenide,
will demand one or more combinations of critical metals [8,13].

REEs such as Gd, Sm, Dy, and Eu have large-capture cross-sections for thermal neu-
trons, which allows them to absorb a huge number of neutrons per unit area. Such
properties make them crucial in the nuclear industry in the design of control rods that
regulate the working of nuclear reactors by turning off and on their system when necessary.
Additionally, to raise the temperature of the reactor, the mechanical properties and melting
point of the fuel must be raised, which requires the metallic alloys of some REEs for the
fuel rich in lanthanide (Y) and actinides. La or other REEs can act as stabilizers [22].
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1.3. Strategic Metals

Strategic metals are another class of metals that are very vital in the future and current
world’s technologies. Strategic metals are those materials needed for important purposes
in a war situation and whose acquisition in acceptable quantities, quality, and timing
is substantially unpredictable for any cause to necessitate advance planning for their
supply [23,24]. Nonetheless, a metal may be considered strategic for a specific firm or
industries such as automotive, aerospace, renewable energies, nuclear, electronics, and
information Communication technology, among other sectors of the economy. The strategic
metals vary from one region to another. For instance, the UK Government classified the
following minerals as strategic: Sb, Be, Cr, Co, Ga, Ge, Au, Hf, In, Li, Mg, Ni, Nb, PGM,
Re, REEs, Ta, Ti, W, and V. On the other hand, the European Commission 2014 listed the
following as critical raw materials: Sb, Ga, Ge, Be, Cr, Co, Borates, fluorite, graphite, In,
magnesite, Nb, Mg, PGMs, phosphate (PO43 ), REEs, Si, and W. For the Russian Federation,
the strategic mineral minerals were U, Mn, CRMs, Ti, bauxite, Cu, Ni, Pb, Mo, Co, Sc, Be,
Sb, Sn, Zr, Ta, Li, Au, Ag, PG.M.s W, Nb, Ge, Re, HREE, and diamonds [23].

Metal such as rhenium (Re) is essential in the superalloy sector, which uses 80% of Re.
Re also acts as an additive to Mo- and W-based alloys, as Re-Mo alloys in superconductors
at 10 K, and as filaments for mass spectrographs and ion gauges (Mishra et al., 2012).
Another example is Li, which is vital for extensive application in the future generation in
sectors such as cordless devices, electric mobility, and energy storage. The most important
compounds of Li for generating tradable products are Li,CO3; and LiOH, with overall
amounts of 46% and 19%, respectively, in 2015 [25]. A study was conducted on the minor
and strategic metals in the automobile industry, where products such as Ford Focus, Ford
Fiesta, and Ford Fusion have been witnessed recently [26]. The study reported the following
as strategic metals facilitating the production of automobiles: Nb, Sn, Mg, LREEs, Ag, Co,
HREEs, W, Au, P.G.M.s, Mn, and Al. Although the materials are strategic in the industry,
REEs are facing supply threats in different regions, such as the U.S.A. and Japan, due to
high demand. That could be attributed to the acceleration of the technological revolution
and commercialization of products and industries such as solar photovoltaic, wind power
generation, additive manufacturing, and electric vehicles [27].

Generally, REEs forms a very important basis for the strategic metals meant for
shaping the future generation in the context of the green economy. Although REEs are
widely distributed globally, 90% of them globally are mined in China, with China having
ownership of 23% of the total worldwide reserves. However, intense REEs mining in China
has led to a decrease in such metals from 75% in the 1970s to 23% in 2011 [16].

Strategic metals are very vital in major industries [28]. Taking into consideration
ammunition and electronic components, among others utilized in the aeronautics sector,
the critical and strategic materials are W, Cu, REEs, Ga, Nb, and Mo in the European
Union. However, half of the strategic materials identified are imported from nations
outside the E.U. For instance, 44% of W is being imported due to its high applicability in
various sectors and low substitution capacity [29]. That means the intense recovery of such
metals from the available sources should be prioritized using effective techniques such as
hydrometallurgy [30,31].

1.4. Current Progress in Nuclear Technologies

Numerous fields have made extensive use of nuclear technology (sealed source, imag-
ing technologies such as gamma scanning, radiotracer, nucleonic measurement, and Control
systems) to optimize and track operations, conserve energy and resources, increase prod-
uct quality, and minimize the effects on the environmental. Several commercial sectors
have seen and acknowledged their advantages in terms of technical, environmental, and
economic factors [32]. It has been established beyond a shadow of a doubt that nuclear tech-
niques are useful for inspecting or troubleshooting and fixing production processes, as well
as for quality control on manufacturing lines. Today, on an industrial and laboratory scale,



Separations 2023, 10, 112

5 of 45

nuclear procedures based on either open or sealed sources have frequently been employed
to offer alternatives to issues that would otherwise have been insurmountable [33].

Although the principles of radiometric measurements have not changed significantly,
huge progress has been made in the development of apparatus. Moreover, new applications
of techniques currently being used have been found. With the development of technology,
the apparatus has been significantly miniaturized. Detectors based on diodes, the size of
which is comparable to the size of a coin, can now be used to measure ionizing radiation.
Furthermore, modern devices require a small supply voltage of a few volts and a current of
about tens of microamps [34]. With the development of Information Technology (IT) infras-
tructure, devices can often be controlled remotely or even wirelessly [35]. The sensitivity,
precision, and ease of use of modern devices using ionizing radiation have also improved
significantly. Attention should also be paid to neutron generators, which are increasingly
used for the needs of the mining industry. These technologies allow for a simple and quick
way to optimize the process by, e.g., sorting the ore according to the content of various
metals and searching for new deposits. Hole logging technology characterizes minerals in
drill core samples, which is helping the industry improve the efficiency of the processes [36].
Currently, a pulsed neutron well logging technology supports geological research. The
parameters of oil saturation, porosity, and water flow can be determined by recording
gamma rays or thermal neutrons, which are produced through the reaction of fast neutrons
produced by a pulsed neutron source with the nuclei in the borehole [37,38]. Significant
development and use of nuclear techniques have been noticed, especially in developing
countries such as India, where radiotracer techniques are one of the main methods of
troubleshooting in the industry [39].

Multiple-radiotracer phase velocity measurement, triple phase volume, dual-source
gamma tomography for measuring two-phase volume fractions, radioactive particle track-
ing for estimating phase velocity, flow pattern, mixing intensity, turbulent parameters, and
transmission and emission tomography for gauging dynamic phase velocity are some of
the recent cutting-edge nuclear techniques that have been invented, validated, and applied
in laboratory-based analysis [32]. For instance, Ru is a strategic and critical metal belonging
to the Platinum Group Metals (PGMs), and therefore, its recovery/separation process is
paramount. For this reason, active solvent extraction investigations with the radiotracer
196Ru were recently carried out from the modelled alkaline medium in n-dodecane utiliz-
ing isodecyl alcohol (IDA) as the phase modifier and Aliquat 336 as the extractant. The
recovery process was evaluated by the application of a spectrometer using a High-Purity
Germanium (HPGe) detector. The same procedure was used for separation experiments
using an actual waste solution containing various radionuclides such as ¥’Cs,!2>Sb, and
9Sr. Fourier transform infrared spectroscopy, ultraviolet visible spectrophotometry, and
Raman spectroscopy were then used to detect the existence of the chemical species in both
the aqueous and organic phases.

In the majority of emerging economies, these strategies are still in their infancy. Due
to a variety of issues that developing nations must confront, even the most important
radiotracer and sealed source approaches are still neglected. They may suffer from a lack of
technical skills and knowledge, equipment constraints, a lack of radioisotope availability,
stringent restrictions that are not related to genuine impacts on radiological protection, etc.

Generally, the limits of studies using XRF spectrometry carried out at synchrotron
radiation sources keep expanding and are used in laboratories, giving opportunities to ob-
serve the physicochemical parameters changes in situ. That is exemplified by the nanoscale
spatial resolution with near single-atom specificity for the highly successfully identified
metals in nanobeam operations and robust speed 3D /2D imaging abilities. Such advance-
ments will be led by the presently under construction 4th generation synchrotron radiation
equipment, including the European Synchrotron Radiation Facility—Extremely Brilliant
Source (EBS) [40]. It is becoming more common to merge remotely sensed elemental data
with speciation and morphological/structural imaging using synchrotron radiation-XRF
spectrometry and complementary X-ray imaging/spectroscopic methods. Concerning the
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optics utilized, full-field micro-XRF spectrometry has achieved some incredibly positive
progress. Low count rates, which frequently limit the maximum capabilities of full-field
laboratory configurations, may be circumvented via coded apertures. Economical full-field
detectors will broaden the customer base and promote the development of full-field micro-
XREF spectroscopy. The advantages of this microanalytical technique over the Inductively
Coupled Plasma-Mass Spectrometer (ICP-MS) in the context of short sampling times with
excellent particle size resolution are becoming increasingly evident as the ambient air Total
Reflection—XRF spectrometry (TXRF) technology develops. The elemental assessment of
air components applying ICP-MS and TXRF spectrometry was compared [40]. For metals
at levels of about 1 ng m~3 (Pb, Ni, and V (strategic metal)) and the readily available
metals (Zn, Fe, Mn, Cu, and Cr), the elemental levels (2 to 110 ng m ) detected by the
two techniques varied by 18% to 230% and 3% to 62%, respectively. For these kinds of low
amounts, this was regarded as permissible. Generally, TXRF spectrometry provided sam-
pling intervals that were less than 12 h long, with a limit of detection of roughly 10 pg m 3.
TXREF has also been reported recently to be crucial in the analysis of polymetallic deposits
known to be the primary source of strategic metals in the global industrial and commer-
cial sectors [41]. Some metals, such as Co, Cu, and Ni, for example, are indispensable
in the fields of medicine, energy materials, semiconductors, and so on [41]. Due to the
introduction of archetype/pilot TXRF technology and the accessibility of commercially
available XRD configurations with energy-dispersive sensors, excellent grazing incidence
XREF research in the lab is now more feasible.

The richness of chalcophile metals in Cretaceous—Paleogene boundary clays linked
with the end-of-the-Cretaceous effect event that occurred 66 million years ago in Denmark
was investigated using remotely sensed Synchrotron Radiation—-XRF and X-ray absorption
near edge structure (XANES) studies. The levels of numerous chalcophile metals, compris-
ing Pb, Cu, and Ag coincided with that of Ir (strategic metal) indicating that these metals
were delivered to the seawater by mechanisms connected to the end-of-the-Cretaceous
asteroid impact [40]. The SR-XRF analysis showed that Ag and Cu were present either as
trace metals in pyrite particles or as different phases rich in Cu or Ag, ranging in dimensions
from 1 to 10 mm. Such information was discovered by employing radiation line 37XU at
SPring-8 (Hyogo, Japan), with a confined radiation of 0.5 to 0.3 mm at 14 keV for sub mm
assessments or 1.8 to 1.3 mm at 30 keV for broader analysis.

On the contrary, sophisticated XRD gives details on electron density, crystalline sym-
metry, roughness, and strain. Coherent scattering of the radiation by periodically spaced
atoms causes dispersed radiation to generate spot patterns from single crystalline materials
and ring patterns from polycrystalline materials when the beam impinges upon solids [42].
A particular crystal structure can be identified by the pattern, diffraction maxima intensities
(lines or peaks), and their positions (interplanar spacing dyy; or Bragg angle). More than
any other analytical technique, XRD was mentioned in about 100,000 articles in 2016 and
2017 combined [42]. In one of the instances, the method was used to analyze activated
charcoal support that included the strategic metal Ru [42]. It was determined that the type
of support and distribution affects the minimal concentration that XRD can detect.

In the past 25 years, indexing algorithms have progressed significantly; nonetheless,
identifying the present lattice for low-resolution powder patterns or triclinic or monoclinic
symmetry materials remains difficult [43]. Indexing is the chief barrier in the powder XRD
processes. Powder indexing performs best with high-quality data. Furthermore, with
the expertise and experience of crystallographers and mineralogists, the growth in the
number of various indexing algorithms used in the analysis of a powder sample enhances
the possibility of efficient identification. Generally, machine learning is becoming more
popular, and XRD processes are not exempted from these recent developments. It has
already been demonstrated that an interpretable machine-learning technique may be used
to determine crystal systems and space groupings using XRD spectra [43].

With the advent of machine learning, scientists have advocated for the elimination of
the necessity of manual adjustments in the course of the early phases of crystal structure
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research, and findings based on machine learning have been attained with a reliability
of greater than 90%. Another option is to use a deep learning algorithm to characterize
multiphase inorganic substances, which provides phase indexing and quantification char-
acteristics. This entailed the creation of a convolutional neural network model trained
with 1,785,405 synthetic XRD spectra created by combining 170 inorganic substances.
These trained algorithms correctly and quickly recognized complicated phases of inorganic
compositions, with results that were 100% precise for phase indexing and 86% effective
for phase-fraction quantification. Furthermore, the capability of artificial intelligence of
identifying and categorizing noisy complicated conformations in XRD patterns has been
hypothesized and is being developed [43]. With these possibilities, the data emerging from
the structures of the critical and strategic metals such as REEs with similar properties can
easily be identified using the XRD technique.

For instance, in open-air settings, rare-earth ion-adsorption clays (400 ppm each of Dy,
Ce, La, Nd, and Y) were produced from kaolinite at varying basic pH levels [44]. The effects
of pH on the sorption process of REEs on kaolinite were studied using XRD, ICP-Ms, and
X-ray photoelectron spectroscopy (XPS). According to XRD studies, the crystal structure of
kaolinite does not change following REE sorption, indicating that REEs are attached to the
exterior of kaolinite. Elemental characterization using ICP-MS and XPS revealed that the
quantities of REEs on the surface of kaolinite are pH dependent, with a local optimum at
pH 10 [44].

1.5. Recovery of the Metals

People had learned thousands of years ago how to construct furnaces and utilize fire
to dissolve rocks and generate metals. However, the introduction of aqueous systems
for mineral extraction came much later, primarily during the time of alchemists when
alkalis and acids were discovered and used. Technologically advanced hydrometallurgy,
on the other hand, can be linked to the late 1800s, when two main processes were invented:
the cyanidation process for Au and Ag retrieval and the Bayer method for bauxite treat-
ment [45]. Later, in the 1940s, a major development in U recovery occurred during the
Manhattan Project in the U.S. From then, it advanced steadily, even substituting some
pyrometallurgical systems.

The extraction of high amounts of metals from various sources is very vital for the
mining industry and, by extension, for global economic growth. The most prominent
metal recovery techniques in the mining industry are pyro-metallurgy, electrometallurgy,
and hydrometallurgy. Pyro-metallurgy is metal recovery by the thermal treatment of an
ore deposit, while electrometallurgy is metal recovery by the electrolysis of ore deposits.
On the other hand, hydrometallurgy is the method that involves the recovery of metals
through the leaching process in which the solid sample is mixed with a leaching agent
with the capacity to dissolve the solid material [46]. Another important argument in
favor of the development of hydrometallurgy is a significantly lower energy demand
than in the currently used pyrometallurgical processes. Environmental considerations
have become an important aspect in determining the direction of development of today’s
technology. Methods are sought whose impact on nature are as low as possible. The current
environmental protection strategy assumes that today’s technology should have the least
possible impact on the natural environment and that all activities that will be carried out are
to reduce pollution to the lowest possible level. In this light, hydrometallurgical methods
gain additional importance in the extraction of metals from ores [21].

Conventional methods used in the metallurgical industry emit significant amounts
of toxic or greenhouse gases such as SO,, carbon dioxide, CO, and others into the atmo-
sphere around the plant. SO, can be converted almost completely into HySOy acid if its
concentration in the waste gas is sufficient. The problem arises when the SO, content is
so low that the acid treatment method cannot be applied. Additionally, in metallurgical
furnaces, dust containing Pb, Zn, Sn, Rh, Se, and other elements—together with the waste
gases that pollute the environment—must be retained in the dedusting processes. This
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leads to the need for additional devices [21]. In hydrometallurgical processes, we deal with
methods that burden and pollute the natural environment to a much lesser extent, which is
an important argument for the continuous development and modernization of this method
of obtaining valuable metals.

Hydrometallurgy also can recover trace concentrations and this is a process that starts
with leaching (Figure 2). After leaching, the separation and recovery steps are essential
in reclaiming the desired metal(s) since the leaching step is neither perfect nor selective,
allowing various contaminants to be available in the solution [47]. Some of the separation
and recovery methods available include precipitation, solvent extraction, adsorption, and
ion exchange [48,49]. Hydrometallurgical techniques use classical chemistry concepts such
as variations in binding affinity, speciation, solubility, hydrodynamic size, and the redox
characteristics of aqueous/organic partition to produce effective separation [19].

Selected metal

Pregnant )
- saliition Selected metal in aqueous .
Ore/taillmgs | in organic phase  phase Reducing agent
¥ ¥ v v 4
Leach Extract Strip Reduce
T ‘ ‘ ]
Waste Raffinate Recycled Recycled strip Recovered

extracting solution metal
agent

Figure 2. General scheme of hydrometallurgical processes.

The invention and use of hydrometallurgical advancements is a solution that is attain-
able for the high efficacy of recovering the metals. The main source of critical and strategic
metals is ore. However, some metals can be recovered from various other sources such
as waste from the mining industry, electronic waste, radioactive nuclear waste, seawater,
and other sources. For instance, radioactive nuclear waste has been widely associated
with lanthanides and actinides, which are critical for the modern economy. Nonetheless,
due to the risks of radioactive REEs, it is essential to extract them from wastewater for
radionuclide recovery [50]. There are also other wastes from the mining industry containing
both valuable and harmful metals. Therefore, besides the economical point of view, the
hydrometallurgical method can also help in reducing the harmful environmental effects
of the waste discarded in a mine’s neighborhood or other wastes discarded from related
industries [51]. Metal recoveries have drawn the interest of numerous researchers for quite
some time now, and the need for creating new techniques of remediation has emerged as
the need of the hour. Traditional methods have been in use for decades and have produced
excellent results, but they have their drawbacks [52]. The creation and optimization of the
hydrometallurgical processes using modern nuclear techniques might be the future of the
mining industry.

2. Role of Nuclear Technologies and Nuclear Analytical Methods in the Advancement
of Hydrometallurgical Processes

The period of the most prolific development of basic research in radiochemistry and
nuclear chemistry was the first four to five decades of the past century. If we consider
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the birth time of these scientific disciplines to be 1898, the year of the discovery of Po and
Ra, a proper understanding of the surprising results of physical experiments revealed a
new field of radioactive chemistry to researchers. Thanks to this, it was possible to obtain
and test completely new substances and study the new properties of known substances
in the previously unavailable field of trace analysis. These properties are often different
from those observed in the area of classical macro-quantity chemical analysis. The end
of this period of great discoveries was marked by the discovery of nuclear energy and
the formulation of the basic laws of nuclear physics, which marked a breakthrough in the
world of 20th century science [53].

The majority of the separation procedures were developed in the frame of radiochem-
istry and nuclear chemical engineering. In the early years of radiochemistry’s establishment
as a field of science, ion exchange, extraction, precipitation, and other separation methods
were studied and implemented. Complete sets of analytical control methods for nuclear
chemical technology have been developed. The numerous nuclear techniques used in ana-
lytical chemistry have significantly extended the possibilities of classical analytical methods.
The development of Neutron Activation Analysis (NAA), which, in combination with ra-
diochemical methods of separating metal ions, belongs to the group of inorganic trace
analysis methods known to have the best low detection and quantification limits [54]. En-
ergy Dispersive X-Ray Fluorescence (EDXRF), Total Reflection X-Ray Fluorescence (TXRF),
and XRD are other important analytical techniques that play principal roles in the charac-
terization and quantification of the various elements in the periodic table [55-57]. Most
importantly, the use of radioactive tracers is also an extremely valuable tool in the creation
of new purification/separation methods for the needs of NAA and radiochemical research,
but these are also used in conjunction with other techniques of instrumental analysis. The
radioactive isotopes of many elements are also used in numerous variants of the isotope
dilution method. Isotope markers for the study of hydrometallurgical processes are very
broad. They are useful in studying processes such as flotation [58], leaching, sorption,
extraction, precipitation and co-precipitation, and electrolysis in aqueous solutions. Radio-
tracer methods are used in both laboratory and industrial research. Hydrometallurgical
processes aim to obtain metals or their compounds from ores, concentrates, tailings, and
wastes [59].

Mining, exploration, metallurgical, and mineral industries are irreplaceable in the
progress of the current society. As the global consumption of metals rises and larger low-
grade deposits are extracted to meet demand, economic and sustainable mineral processing
will demand technological innovation. The creation and implementation of unique instru-
ments to offer the real-time control of mining and mineral processing plants for enhanced
control have the prospective to support the metal recovery improvements of a broad range
of commodities [60]. Nucleonic control and analysis systems, radiotracer technologies, and
other relevant nuclear advancements are suitable for optimizing metallurgical industries
with relevance in realizing the technical and economic benefits in the future [61].

In the study of hydrometallurgical issues, the following methods of nuclear technology
are primarily useful:

— the method of isotope tracers for studying the physicochemical foundations of pro-
cesses; laboratory industrial technology studies, a method for researching the effective-
ness of existing industrial technologies and apparatus; and the control and regulation
of industrial processes;

— radiometric analysis, such as the neutron activation method, X-Ray Fluorescence
spectrometry, and others, due to the possibility of rapid analysis without destroying
the tested material and the possibility of operating with very low concentrations;

— the use of nuclear equipment to control and regulate technological processes.

The major fields applying nuclear techniques encompass the exploration of delineating
the ore deposit, deposit value evaluation, and elemental analysis. In mining, nuclear tech-
niques assist in evaluating subsidence in mines, monitoring gas leakage, tracking the in situ
leaching process, and assessing the slope stability and caving process [62,63]. However, in



Separations 2023, 10, 112

10 of 45

mineral beneficiation processing, nuclear techniques are useful in mass balancing, efficiency
evaluation of the unit operation, grade determination, ore sorting, and monitoring process
dynamics [64]. Many pyrometallurgical processes were optimized in their development
stages due to the possibility of using the radiotracer technique [65-67]. In chemical ex-
traction encompassing pyro-metallurgy, electrometallurgy, and hydrometallurgy, nuclear
methods are applicable in monitoring high-pressure and temperature processes, efficiency
evaluation of the unit operation, and tracking highly corrosive processes. Nuclear tech-
niques are also vital in leakage detection and evaluation, the management of mining waste,
energy, and water monitoring of the transport of pollutants via ground and underground
water plus soil [62]. However, the most important part of the mineral industry is the
recovery processes, with hydrometallurgy emerging as the best approach due to its ability
to reclaim trace amounts of minerals. In our view, the application of nuclear techniques in
metal separation can be summarized in Figure 3.
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2.1. Development of Nuclear Techniques for the Study of Metals and Recovery Using
Hydrometallurgical Processes

2.1.1. Neutron Activation Analysis (NAA) of the metals

All mineral exploration is principled on a broad knowledge of natural formations and
the geochemistry of the area being studied. Nuclear methods are specifically beneficial for
learning about the distribution of metals in various sample types. NAA has been extensively
applied in basic geological studies to analyze elements [68]. NAA is a sensitive analytical
method crucial in conducting both the identification and quantification of the minor, major,
and trace metals in the samples from nearly every imaginable field of technical or scientific
interest [69]. In NAA, the nuclear reactions take place through the bombardment of the
sample to be examined with neutrons. The reaction products to be examined are either
the released radiation immediately upon neutron capture or the resultant new nuclei are
radioactive due to the induced radioactivity that will make them decay in due course.

The induced radioactivity on the substrates is the most prominent mode of NAA.
All the stable metals have suitable properties for the generation of radioactive isotopes,
although at distinct reaction rates. The elemental selectivity of Instrumental-NAA (INAA)
is always excellent because the purity and identity of the radionuclide analyzed may be
confirmed by the half-life and its radiation energy. Additionally, the technique is suitable
for metals with high-neutron-capture cross-sections where the maximum sensitivity is
realized. Apart from the elements of interest, INAA can give the concentrations levels of
other elements in the sample [70].

For many elements, NAA represents a non-destructive and accurate analytical tech-
nique that is simple to automate and use to conduct multi-element analysis. Over 40 distinct
elements in rock/ore samples can be ascertained using I NAA. When analyzing Sb, REEs,
Au, PGMs, U, and Th in ordinary rock samples, NAA outperforms non-nuclear tech-
niques [68]. NAA is an attractive method in the analysis of REEs and heavy metals in
samples, such as sediments, air particulate, soil, and water, among other materials [71].
Qualitative analysis is important because it assists in the identification of the metals present
in the sample for the appropriate development of their recovery process. Phosphate
ore samples from Egypt were analyzed during the determination of 232Th, 238U, REEs,
and other elements present [71]. The study showed that INAA can analyze the different
amounts of elements in the phosphate ore (Th, U, Cr, Eu, Ce, Co, Hf, La, Sc, Rb, Lu, Nb,
Sm, Sn, Zr, and Yb, among others). Trace elemental measurements of rock samples are
critically valuable because these rocks can be used as a coarse aggregate in concrete types
that may be established for shielding accelerator and reactor facilities [72]. Geoscientists can
comprehend the chemistry of rock formation by analyzing REEs and other trace elements
in geological samples.

The INAA technique can also be used to track the chemical processes occurring during
the recovery of the metals. That possibility enabled the use of INAA in the hydrometal-
lurgical extraction of PbCl, from the ore concentrate of the zone of Herzegovina Vares,
Bosnia [73]. The technique assisted in the radiochemical determination of the elements and
tracking the dissolution of PbS from concentrate. That was possible because the activation
analyses, such as isotope dilution NAA, are free of interference, making them suitable
for the analysis of metals such as Hf which is an impurity of Zr compounds existing at
2% to 3%. Zr and Hf are very critical in the nuclear industry, where they are sourced from
the Zr ores, whose recovery process demands Hf of less than 100 ppm. For that reason,
during the hydrometallurgy, the combination of ICP-MS and NAA helps evaluate the
quantities of Hf in ZrSO4 solutions with lower scattering [74].

In a similar study, INAA was used in the analysis of the Au in the Au ores from
Egypt [70]. The INAA technique was used even though there were recently developed
non-destructive methods such as Fast-NAA (FNAA) available that are fast, accurate, and
require only small quantities of samples for analysis. However, FNAA is applicable when
the material comprises large quantities of Au and when the counting time is long. INAA,
on the other hand, is based on the determination of the elemental weight in the sample
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through the measurement of the induced radioactivity. From the gold ore analysis, 1?8 Au
with a half-life (T; /») of 2.7 days and characteristic energy of 411.8 KeV was activated. The
198 Au was found to be 25.7% in the sample. Other metals, such as 5ITj with Ty /2 of 5.8 min
at 320.1 KeV, were activated, and the amount was reported to be 0.46% in the Au ore [70].
That means the method can not only be used in measuring the elements of interest, but can
also give information about the rest of the activated metals present in the sample. In some
cases, the INAA can be coupled and used together with the Prompt Gamma Analysis (PGA)
method. PGA is a non-destructive analytical technique in which a neutron beam is used
to excite materials, causing elemental nuclei to collect neutrons and release specific rapid
gamma rays during de-excitation. The technique is only applicable for elemental analysis
during the sample’s irradiation in the research reactor or neutron generators. The PGA and
INAA were applied while conducting a study on the mine tailings from small-scale gold
mining in Paracale, Philippines [75]. PGA and INAA were used to evaluate the elemental
contents of Au and Hg in tailings. The two techniques were used because PGA activates the
samples with neutrons which can be measured by INAA after two days. For that reason,
the samples do not require neutron activation in the nuclear reactor.

2.1.2. XRF Spectrometry

XRF Spectrometry is an analytical method that employs X-rays to excite atoms in a
specimen. When a sample interacts with high-energy X-ray beams, its atoms are energized
in the inner shell, causing them to be accelerated to higher energy levels, which leaves
a hole (positive) where the electron was. The excited atom is unstable in the outer shell,
and as a result, it de-excites to the ground state with the discharge of the characteristic
energy of the particular components present [55]. The intensity of the signal produced
due to the incoming photon is then measured by a silicon drift detector with high counts
and good resolution. The amplitude of the pulse is proportional to the energy of the
acquired characteristic X-rays [76]. The multichannel analyzer stores such data based on its
amplitude, which is then formatted to an X-Ray Fluorescence spectral line for qualitative
and quantitative analysis.

EDXREF is majorly applied in the evaluation of the elemental or chemical conformation
of a material [77]. The technique uses X-rays to excite atoms in the material, which release
X-rays as they de-excite at energies specific to each metal. The characterization abilities of
this technique depend on the exclusive atomic structure of every element, which permits
a unique set of signals in form of peaks to be identified from the electromagnetic spec-
trum [78]. A chemical mapping study on the mine waste drill cores was conducted using
the EXDRF and Laser-Induced Breakdown Spectroscopy (LIBS) spectrometers during the
mineral exploration [79]. The basis of the study was the remediation of the metals from the
waste from mining activities in the east of Aachen (Germany). The approach was employed
because the EDXRF spectrometer is capable of detecting the majority of elements ranging
from Al to U [79]. The elemental concentrations obtained provided the basis for mapping
the elements in the mine wastes from the Pb—Zn drill cores, which enabled the researchers
to correct the matrix from the scanners and predict the quantities of the elements in the
wastes using a model. However, both techniques suffer from the matrix effects that need to
be corrected for both quantitative and semi-quantitative analysis of mining wastes.

A related study was conducted in which the scholars applied the EDXRF method in
the elemental analysis of the mine wastes [80]. The components (Ti, Rb, Sr Cr, K, Ca, Ni, Cu
Mn, Fe, Co, Zn, and Pb) were identified and quantified utilizing the fundamental principles
technique. The Cu, Zn, Cr, Ni, and Pb contents were compared to the concentrations from
E.U. and Spanish regulations. The idea was to assess the ecological hazard and designate
the pollutants as inert wastes or dumps that must be controlled and land-filled. Apart
from the concentration levels of Zn and Pb, the results showed that the wastes were inert
for the metals under consideration. The study concluded that EDXRF is a fast and valid
investigative method for examining the mine tailings” elemental composition. The findings
from the EDXRF can assist in the classification of the method to be applied in the disposal
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of mining wastes [80]. The method can also be applied in determining the geochemistry
of the sedimentary mining cores in polluted regions, since the technique guarantees high
resolution [81]. That is because the method has significant capabilities of analyzing the
material directly after piercing the core in half.

There are numerous applications of nuclear techniques in ore processing, metal reme-
diation, and purification. In varying phases of the processes, nucleonic control systems,
tracer methods, and elemental analyzers can be used. The most popularly utilized nuclear
method in ore processing is XRF spectrometry, which allows the real-time analysis of metals.
Few firms around the globe sell commercial XRF analyzers, and many installations are in
operation [68]. The technique offers the opportunity to analyze multiple processing points
at the same time. Typically, the input material, tailing, and final product can be examined
using the XRF. Two distinct systems are commonly put into consideration where the probes
are implanted into the pipes or containers of the primary process in one version. One
automatic sampling in the other one is carried out and the samples are transported to the
analyzer via pipes. With a single probe, multiple elements can be resolved at the same time.

The technique, when coupled with synchrotron light sources, can play a great role
in the acquisition of reliable levels of spatial resolution in core scanning assessment. The
main advantages of XRF techniques include their simplicity, fast operation, non-destructive
nature, and minimum sample preparation. However, the chemical contents of the matrix
harshly impact the intensity of the obtained analyte line during the sample analysis [82].
Therefore, matrix-matched standards are necessary for a precise and accurate evaluation
of the elemental composition of the sample. The elemental composition from XRF- and
INAA-based techniques is very important in the recovery process because it helps in the
selection of the remediation methods based on the elemental quantities in the sample.

2.1.3. XRD

Mineralogy is an important parameter in the characterization of sedimentary for-
mations and affects the design process in commercial operations [83]. XRD is a robust
analytical method that is very useful in the characterization of various samples. It is an
established approach used on samples from igneous, sedimentary, and metamorphic for-
mations where characterization is based on the databases containing thousands of mineral
spectra. However, there are difficulties in using XRD for the quantification of minerals,
such as preferred-orientation impacts. Mineral valuation by XRD tends to be especially
reliant on the operators’ sample preparation and interpretation methods, rather than XRD
analytical capacity [83]. Because X-rays have wavelengths atomic in size, XRD-based
techniques are applied in the extraction of useful information about atomic structures [43].
The technique is non-destructive, and it can evaluate a broad range of materials, such as
polymers, minerals, metals, plastics, semiconductors, solar cells, and ceramics.

The XRD method relies on the dispersing of X-rays by electrons in the respective
components of a crystal. Once X-ray radiation impedes the surface of a crystal substance at
an incidence angle, a portion of the beam is diffracted by the atoms on the surface, and the
proportion that is not dispersed hits atoms deep in the crystal lattice, in which a portion is
dispersed [84]. These scattered waves, which are released in various directions, interfere
with one another. Interference can either be destructive or constructive (diffraction), and
this is reliant on the kind of wave interaction and its direction. The regular configuration
of atomic structures in solids generates constructive interference [43,84]. As a result, the
scattered beam is formed only if the specific geometrical criterion is met, as defined by the
Bragg equation [84]:

NA = 2dsin® 1)

wherein A is the X-ray beam’s wavelength, d is the interplanar spacing of the crystal, n is
an integer representative of the magnitude of reflection, and 6 is the X-ray beam’s angle of
incidence or reflection. The optimal crystal size for Bragg reflection is typically between
10° and 107 m, and if the size of the crystal is less than around 108 m, it will be very minute
for diffraction at Bragg angles, limiting its constructive interactions to low ang]les.
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It is simple to explain the XRD spectra of crystalline material compared to amorphous
substances [43]. These possibilities are important in the hydrometallurgical recovery of
metals. Numerous analytical techniques have been used to examine the behavior and
conversion processes of a broad range of hydrometallurgical aqueous solid phases. Apart
from XRD, X-ray photoelectron spectroscopy (XPS), and X-ray absorption spectroscopy
(XAS) can also be used in the analysis of solid phases. XPS has become one of the most
widely used surface analysis techniques, and XPS instrumentation has become more user-
friendly, making the technology available to a large number of researchers [85]. XPS can
detect the elements present in a solid surface up to a depth of 10 nm, and can provide
insights into unstructured minerals with much smaller crystal sizes [84].

On the other hand, transitions are involved in the absorption XAS, or emission (X-ray
emission spectroscopy) of X-rays, in which the former evaluates the movement of the
element from the ground level to the excited level, and the latter examines the decay pro-
cesses from the excited state to the ground state. All these techniques classify the chemical
conditions and nature of atoms in molecules. The assessment of the transformation from el-
emental primary electronic states to high electronic states and the continuum is recognized
as X-ray Absorption Near-Edge Structure (XANES), and the latter is for analyzing the fine
structures and is classified as an Extended X-ray Absorption Fine Structure (EXAFS), which
known to work well for absorption processes at energies above the minimum level for
electron emission. The XANES spectra describe the electronic configuration and orientation
of the metal location, whereas the EXAFS provide types, numerical data, and ranges to lig-
ands and adjacent atoms from the absorbent metal [86]. A combination of surface analysis
and structural techniques offers a great opportunity of understanding the configuration of
the elements in the sample under assessment.

Ex situ approaches have produced major breakthroughs in understanding the char-
acteristics of the final phases and the processes by which they alter reaction speeds. This
implies that the stages included in solid-phase transitions were not followed in situ. More-
over, because the samples under study were excluded from the reaction setting, the solid
interfaces might have been changed before the characterization studies [84]. Since crys-
talline phases are common in aqueous environments, on-site XRD has given substantial data
on reaction pathways and kinetics, crystal size, and the type of crystalline and amorphous
transitional product stages against time. Even though a normal workroom diffractometer
with a Cu Ka X-ray source can sometimes be utilized to carry out in situ analysis, the
nature of the obtained signal is prone to errors due to aqueous-phase retardation inside the
reaction cells. Through the application of concentrated and intensive high-energy X-rays
able to traverse a broad variety of in situ sample conditions, the synchrotron beam allows
XRD studies to be conducted with great spatial and temporal precision [84].

Synchrotron radiation fills a unique niche by allowing XRD analysis with higher
energy, spatial, and temporal precision. Synchrotron sources generally offer an array of X-
ray energies appropriate to the majority of metals in the periodic table [86]. On comparable-
sized samples, a synchrotron beam is 10* to 10'? orders of magnitude brighter, and 10°
times quicker at counting statistics than ordinary X-ray tubes. Due to the tremendous
strength of synchrotron X-ray radiation, the signal-to-noise ratio is substantially improved,
which allows the examination of minute quantities of samples. Other benefits of employing
synchrotron X-ray radiations include the capacity to obtain high-quality data for Rietveld
refinements and to modify the wavelength of the impinging radiation. Because of the
wavelength’s tunability, it is feasible to exclude absorption edges or employ harsh X-ray
beams to enter reaction cells [84].

In situ S-XRD assessments can be performed using either energy or angular dispersive
diffraction methods. A monochromatic X-ray source is used in angular dispersive diffrac-
tion (ADD), and the diffracted X-ray radiation is measured as a parameter of the diffract-
ing angle, utilizing a two-dimensional position-sensitive detector or a one-dimensional
position-sensitive monitor. Polychromatic radiation is utilized in energy dispersive diffrac-
tion (EDD) [84]. A solid-state monitor at a given angle, or many static angles, is used
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to measure the energy distributions of the diffracted radiation. One benefit of utilizing
consistent wavelength radiation for in situ S-XRD experiments is that the data acquired
have a better d-spacing resolution, which permits structural measurements of the pat-
terns resulting from the diffraction process. This approach has been applied widely in the
analysis of sulfide-based minerals, among others.

The dynamics of sulfide mineral dissolution in chloride solutions have recently gained
a lot of interest. There are various reasons for this attention, one of which is the advent of
building materials with better resistance against chloride attacks. The most relevant aspect,
nevertheless, is the significantly quicker dissolving rate of sulfides in chloride solutions [87].
In situ S-XRD methods are highly diverse explorative tools for increasing the interpretation
of commercially significant mineral dissolution reactions. S-XRD was used to analyze
the solid phase transitions in aqueous conditions, with a focus on hydrometallurgical
processes such as the solubilization of lateritic nickel ores and sulfides such as bornite
(CusFeSy), chalcocite (Cu,S), and pyrite (FeS;) [84]. At 25 °C, no alteration of the crystal
lattice was detected, which is consistent with the mineral’s well-known slow solubility
rate. The development of covellite (CuS), metal sulphates (ferrous or cupric sulphates),
elemental sulfur (58), and chalcopyrite (CuFeS;) atoms were seen at temperatures ranging
from 100 to 200 °C (NFM). The findings showed that mineral transition to such product
phases began around 10 min after the tests started and that the synthesis of elemental S
may be attributed to the Fe3* ion’s preliminary oxidation of CuFeS,, succeeded by CuS
oxidation by the identical oxidants. The current findings, when combined with prior
research, show that S-XRD approaches may be utilized to increase our understanding of
essential hydrometallurgical processes [84].

Under heap bioleaching conditions, the most readily available Cu mineral, CuFeS,,
does not dissolve substantially. Mineral leaching rates are recognized to be particularly slow
at minimum temperatures and generally decrease over time. A number of studies have
been conducted in an attempt to circumvent this limitation, with the goal of understanding
the kinetic parameters and factors behind the dissolution of this CuFeS; [88]. The CuFeS;’s
slow leaching kinetics has been attributed to the creation of an unsolvable layer, which
inhibits the extra dissolution of the mineral. Even so, the nature of the product layer
and the processes through which it forms and influences the dissolution reaction are not
well understood. Under atmospheric conditions, characterization methods such as XPS,
XRD, Raman spectroscopy (RS), and XAS, along with scanning electron microscopy (SEM)
combined with electron probe micro-analyses (EPMA) or energy dispersive spectrometry
(EDXRF), have been applied to enhance our understanding of the nature of the layers of
the product formed on CuFeS; in the course of its digestion in acidic solutions [88].

One of the most productive and recyclable catalysts of CuFeS, bioleaching is Ag*. Due
to the difficulty of the surface reaction throughout CuFeS; bioleaching, there remains debate
about the catalytic process of Ag* in boosting CuFeS; solubilization. A study explored the
significant impact of Ag™ on the bioleaching of CuFeS, through the thermophile Acidianus
manzaensis. The pertinent Fe and S speciation of leaching by-products was evaluated using
XANES and S-XRD spectroscopy [89]. Bioleaching tests demonstrated that incorporating
Ag* substantially increased Cu extraction, with 0.05% being the optimum amount of Ag*
(mass fraction of Ag* to CuFeS;). The transitional Sy, jarosite, and secondary mineral
deposits (chalcocite, bornite, and covellite) were established throughout bioleaching under
the conditions of the availability of 0.05% Ag* and the apparent lack of Ag*, according to
S-XRD and XANES assessments. The inclusion of Ag* boosted the generation of covellite
and bornite while having no influence on the production of chalcocite, denoting that the
bioleaching of CuFeS, must be catalyzed by Ag* to enhance the production of bornite and
its transformation to covellite. The quick production of bornite-like species aided the bene-
ficial impact of Ag* on CuFeS; bioleaching, whereas the buildup of covellite decelerated
the leaching degree at the final moment of the CuFeS, bioleaching time frame [89].

XRD was also employed in a pyro-hydrometallurgical process that included leaching,
roasting, and precipitation steps to extract Pb, Sb, and Sn from lead dross (LD). Sb and
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Sn have been identified as critical metals that will support the technologically advancing
economy [90]. The industrial consumption for these metals is increasing, while their sources
are decreasing. As part of their separation processes, the calcine from the two-stage roasting
was desulphurized with a 2 M NayCOj liquid for leaching using HNO3. The formation of
NapSO; during the process was an essential factor evaluated in this stage to maximize Pb
recovery [91]. Before the HNOj leaching, the deposit from desulphurization was filtered
and washed. Based on the ICP-Optical Emission Spectrometry (ICP-OES) measurement
of an aqueous sample after leaching, over 99% of Pb was leached at temperatures over
50 °C [91]. For the retrieval of Sn and Sb, a remnant from Pb leaching was taken for the
next steps. At this point, unsolvable Sn and Sb oxide were retained in the residue, and
XRD analysis revealed that Sn and Sb oxide were important components. In addition, the
leached mixture was neutralized to precipitate PbCOj; through the application of a2 M
Na,;CO3 medium to adjust the pH. The Pb precipitation test was timed, and more than 99%
of the Pb was recovered through precipitation within the first 5 min. The precipitate’s XRD
examination findings revealed that 2PbCO3;Pb (OH); and PbCO3; were key components in
the Pb end product. Sb was extracted as Sb,O3 from Sn (SnO,) at a pH of less than 8, and
the elements of the recovery processes were verified using XRD [91]. XRD separation is
critical in validating the structure of the accessible components in the final residue.

The relevance of transition metals and REEs in various industries is well recognized,
and their significance in high technology is growing. A study was carried out to evaluate
the dissolution kinetics of Nd (35 wt%) in magnetic effluents under HNO3 or HCI acid
media, with the extraction of Fe as Fe (OH)3; preceded by precipitation using oxalic acid to
retrieve Dy and Nd. The XRD technique was then applied in the analysis of the samples
during which all solid specimens were examined in a constant scan mode at a scan rate
of 5°/min between 10° and 80° 26 [92]. The XRD assessment of neodymium oxalate
hydrate [Nd(C204)3-10HO;] precipitate was achieved by the slow and rapid addition of
oxalic acid. Slow oxalic acid incorporation promoted the formation of the precipitate and
crystallization, unlike the rapid addition. That was supported by the variations in peak
intensities of Nd(Cp04)3.10HO; from the XRD analysis. The precipitation using oxalic
acid resulted in the recovery of 91 to 92% of the Nd in the mixture and overall precipitation
of 70 to 72% at this level, compared to the original amount of Nd [92]. Likewise, the
remediation of Dy was found to be 65 to 78%, for a total retrieval of 53 to 60%. Additionally,
the XRD and chemical analysis confirmed that Fe was removed completely in the course of
precipitating Fe.

Numerous hydrolysis—precipitation techniques for Fe recovery from hydrometallur-
gical solutions have already been established since the early 1970s. The jarosite process,
hematite process, and goethite process are a few instances of broadly applied techniques.
The goethite process has lower CAPEX than the hematite process and produces more envi-
ronmentally safe yields than the jarosite method [93]. The vital component of the goethite
process is that the Fe content should be kept below 1 g/L throughout the precipitation pro-
cess. This demand is fulfilled by either the reduction of all Fe** to Fe?*, which is a process
identified as the V.M. method. For the goethite approach, however, the precipitates are
“amorphous Fe phases,” which are most probably the nanoscale minerals schwertmannite
or ferrihydrite. A study that used the V.M method to carry out the goethite procedures
at a reduced pH level discovered that the Fe could partly precipitate as magnetite. By
magnetic separation or magnetic flocculation, the magnetite particles compensate for the
precipitates” poor settling and filterability abilities. XRD and scanning electron microscopy
(ESEM) assessment provided a deep understanding of the precipitate features. Controlling
the pH and oxidation potential value allowed the Fe ion to partially precipitate as mag-
netite. Magnetite particles aid in the effective removal of liquids and solids via magnetic
flocculation and separation. Magnetite precipitation offers a new approach to removing
Fe from the nickel-rich mixture, but it must be enhanced through extensive experimental
studies [93]. It is indisputable that XRD and the related nuclear techniques play a very
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significant role during the recovery of the metal by offering a reliable phase characterization
of the elements of interest.

3. The Radiotracer Methods

Radiotracer methods are among the nuclear techniques applied in the mining industry
and remediation of different metals from broad sources, from the perspective of economic
and environmental protection. A radioactive label, or radiotracer, is a chemical composite
in which one or more atoms have been substituted by a radionuclide [94]. Numerous
radiotracers are available based on their activation energy, cost, half-life, availability, and
chemical or physical properties. The radiotracers are usually utilized for several appli-
cations in manufacturing systems due to their advantages such as in situ detection, high
detection sensitivity, limited memory effect, and physicochemical compatibility [95]. These
make radiotracers reliable due to their rapid response leading to accurate results [96]. The
radiotracer also vanishes from the tagged sample with time; therefore, any impurity caused
by radiation is detached automatically because of the radioactive decay characteristic of
the radiotracer [97]. Radiotracers can also be used in harsh environmental conditions to
check the performance of the process. Only a small quantity of radiotracers is required for
monitoring a process because of their high detection sensitivity, and they do not alter the
flow dynamics inside the system. Additionally, the real-time control of the presence of an
extensive range of well-matched radiotracers makes them ideal for tracing the processes of
the samples in manufacturing plants [95].

Radiotracer technologies have helped technologists and engineers to diagnose faults
and process anomalies and mechanical damage without plant disruption or the need to
shut down the working processes. The technology has garnered general acceptance globally.
The deployment of radioisotope-based technology is a quickly developing a function in
supporting the industry in improving its manufacturing efficiency and optimizing plant
operation [96]. Detectors such as scintillation radiation detectors are majorly used in
radiotracer analysis because they can detect gamma rays transmitted by the radioisotope
through the walls of the system. High-Purity Germanium (HPGe) radiation detectors are
also useful when performing laboratory-based analysis. The signals detected by such probes
are recorded in a data acquisition system integrated into a computer system [98]. For that
reason, selecting an appropriate radiotracer is very critical for a specific research/study [39].
The half-life, physicochemical behavior, type and energy of radiation, specific activity, and
radiotoxicity are the central properties acknowledged in the selection of a radiotracer.

The radiotracer technology’s distinguishing feature is its capacity to deliver informa-
tion that cannot be accessed through other methods. This technology has been extensively
employed to help unravel industrial hitches in advanced economies, but it is still under-
utilized in Global South nations due to the lack of radiotracers at the point of need. It is
required to import radiotracers for Global South countries that do not have radioisotope
manufacturing facilities, and the long amount of time needed in this process eliminates
the prospect of realizing the prospective benefits of this technology [99]. The gap can be
partially addressed by building or installing affordable neutron generators or sources and
research reactors in these countries through local and international support. That will allow
scholars from the Global South countries to develop various techniques and approaches
based on radiotracers, such as the optimization of metal recovery using radiotracers.

3.1. Application of Radiotracer Techniques in the Optimization of the Chemical Processes in
Hydrometallurgy Using RTD

For a wide range of reasons, radiotracer techniques are commonly employed for
mineral processing examination and optimization. The majority of operations in mineral
processing are carried out on a massive scale. As a result, the level of effectiveness is not
always as it is projected by the pilot scale tests. Advancements in industrial processes
lead to significant savings, and radiotracer methodologies provide unique opportunities
to study their behavior. Radiotracer methods are used to study blending, material flow,
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and crushing, among other things [68]. Other applications entail the investigation of
physicochemical reactions, the separation of slag and metal, the evaluation of process
material volumes in tanks, and the wear of tanks. Radiotracer methods are also employed
in quality control to detect non-metallic inclusions in metals.

In the application of radiotracer techniques in flow analysis, Residence Time Distri-
bution (RTD) is an essential parameter [100]. RTD is a probability distribution model that
predicts how long a fluid element stays in a reactor. It aids in reactor troubleshooting and
describes the flow and mixing within reactors [101,102]. RTD is vital in evaluating the
design of the continuous operating chemical process system and optimizing its working
parameters. Radiotracer techniques are utilized in the measurement of the RTD of process
material in full-scale and pilot industrial systems [103]. The approach assists in the deter-
mination of flow parameters such as bypassing, Mean Residence Time (MRT), degree of
mixing, and extent of the dead volume. The concept of radiotracers in troubleshooting
investigation and process optimization in numerous industries has attracted technolo-
gists and scientists because they allow small quantities of a radioisotope to be precisely
evaluated [98]. They offer many benefits, including the best detection sensitivity and the
ability to offer real-time measurements [101,102]. The RTD is a frequently used concept for
characterizing flow in chemical reactors and determining the MRT of process fluid [104].
Radiotracer technology is a cutting-edge technique for optimizing industrial processes and
troubleshooting because of its great sensitivity, improved statistics, online measurement,
and high benefit-to-cost ratio [99,101].

In the chemical, hydrometallurgical and associated industries, mechanical mixing
is one of the most prevalent procedures. The classical impulse-response methodology
has been widely utilized to investigate and analyze the nature of homogenization using
colorimetry, pH metric, thermometry, and conductivity methods [105]. These approaches
necessitate the placing of the probe inside the reactor, which causes liquid mobility to be
interrupted. The radiotracer approach enables the continuous monitoring of the mixing
process by analyzing the tracer concentration through the device’s wall. Furthermore, only
this technology can be used on large-scale industrial equipment. A scintillation detector
was positioned outside the tank near the injection point to observe the mixing processes
as a small volume of the ®™Tc radiotracer was quickly and lightly introduced under the
liquid surface [105]. The volume “seen” by the probe was controlled by encasing itin a 2 cm
diameter hole in a ring of lead. The behavior of the fluid in the reactor fits the tanks-in-series
with recycle model, according to the analysis of the experimental and simulated curves
for each rotational speed. That means it could be utilized in the characterization of fluid
mixing [105].

3.2. Application of the Radiotracer Techniques in Leaching

Leaching, which entails the use of solutions to digest a sample, is a key component
of hydrometallurgy. Hydrometallurgy preferentially dissolves and precipitates metals
using strong organic acids/inorganic or caustic liquid solutions. Acid leaching is a classical
hydrometallurgical separation process used to retrieve metals. HCl, HNO3, H,SO,, HCIOy,
and aqua regia are often used in the leaching of various metals from diverse materials [106].
Substantial quantities of chemicals are employed in hydrometallurgical methods, and the
overall processes are lengthy and highly complex. This necessitates the optimization of the
metal leaching process in various mining industries, such as Cu recovery.

For instance, the primary technology used in the Polish Cu industry is the pyrometal-
lurgy technique in shaft blast furnaces and one-stage flash furnaces, which is continuously
being enhanced. Substantial amounts of Cu, Ag, and other metals are still present in post-
production tailings and wastes. As a result of the substantial costs of producing Cu and the
potential of recovering other metals, a hydrometallurgical process could be used to find
a solution. A study was conducted with the scientific goal of developing and optimizing
the primary step of the hydrometallurgical Cu recovery processes (leaching and solvent
extraction) using radiotracers [51]. The utilization of the radiotracer in the research was
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meant to replace the conventional steps in the quantitative analysis of the metals during
which a real-time evaluation of the metallic concentrations was viable during the leaching
process [51]. The #*Cu isotope was chosen as the radiotracer during the optimization of
the leaching process of Cu from the floatation tailings. A two-step leaching system was
studied and the research showed that approximately 80% of Cu can be recovered using an
HNOj concentration of 5 M (Figure 4).

m 0.00IM m 0.000M m 0.01M m 0.05M m0.1M

m 0.5M m1M m1.5M m2M m 3M
m 5M w 8M m 8.5M m oM 9.5M
m 10M w 10.5M 11M 14M

Recovery of metals from copper flotation tailings [%]

Figure 4. Metals recovery efficiency results from flotation tailings with HNOj3 using NAA as an
analytical method.
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The leaching time was evaluated using the radiometric method. The irradiated sample
was placed into a stirrer chemical reactor and the activity of the leached ®*Cu was determined
in the course of the experiment using a scintillation detector, as shown in Figure 4. A similar
study was conducted on Cu ore leaching, in which ®*Cu was used as a radiotracer in the
hydrometallurgical recovery of Cu with similar properties as the radiotracer [107]. RTD
studies of this two-step system were carried out. The experiments indicated a dead volume
which was estimated as 15% of the total volume, and the fault was discovered to be the lack
of reliable stirrers. The radiotracer—-RTD method was a sulfficient tool for troubleshooting
and optimizing the leaching system. The study concluded that regardless of the outcome of
the leaching yield, an efficient radiotracer technique grounded on the NAA technique was
developed for the optimizing and online control of the process. This is because the outcome of
NAA was confirmed by the ICP-MS analysis [107]. The studies showed that the radiotracers
could give robust results in hydrometallurgy in the optimization of the processes.

3.3. Application of Radiotracers in Solvent Extraction of Metals

In recent years, hydrometallurgical metal recovery methods have become more signifi-
cant. In conjunction with this tendency, solvent extraction as a technical step has been of
great interest in various laboratories globally [108]. A solvent extraction system contains
two immiscible solutions encompassing a less polar organic phase comprising the diluents,
extractant(s), and a modifier, and a more polar aqueous phase carrying the metals to be
separated. However, many solutes may be available in the initial solutions, and extracting
system may encompass a combination of solvents made to selectively remove or recover
one or more solutes, depending on their chemical properties [109]. Researchers have made
efforts to make improvements in the metal separation of the less polar phase through the
development of extracting agents, changing diluents, using mixtures of extractants, and
adding modifiers [110]. For that reason, solvent extraction is the most efficient technique in
the enrichment of metal ions/cations.

The multiple aspects of effects accountable for the phase transition of metal ions give
the solvent extraction process a wide range of application possibilities [111]. The inclusion
of neutral ligand-generating adduct complexes in the organic media improves the solvent
extraction of metal chelates with an excess of coordination sites. This synergistic recovery
of d and f- block and (4d/5d in specific) components, especially in a mixture of Lewis
and (3-diketones bases such as organophosphorus esters, has sparked a lot of attention.
The degree of synergism is determined by the qualities of the extractants and the type
of solvents used [112]. Species are recovered using a mixture of extractants, with the
distribution ratio being higher than the sum of the individual extractant’s distribution
ratios. The synergistic effect improves not only extraction selectivity and efficiency, but also
the stability of the extracted complexes, eliminating the emulsification and creation of the
third phase, and boosting the extraction rate [113].

Establishing optimum conditions for the solvent extraction of metals necessitates a
significant amount of experimental and theoretical effort. The application of the radiotrac-
ers is preferable in the determination of the cation concentration during solvent extraction.
That is because the concentration of the metals can be obtained independently in both
phases without the application of extra separation procedures [111]. The sensitivity can be
accustomed in an extensive range of procedures, depending on the needs of the specific
activity. With radiotracer-labelled reagents, it is possible to obtain details on the distribution
behavior of diluents and extractants. Such information is required for the quantification
of extraction reactions. The implementation of the tracer approach is the preferred way
of determining fundamental reaction parameters and technical characteristics in the for-
mulation of liquid-liquid extraction processes. As is widely known, the approach has a
high detection sensitivity and saves time, especially in continually functioning equipment.
Variations in processing conditions, such as pH, concentrations, temperature, and so on,
have a minor impact on the outcomes. The primary need for a radiotracer is that it behaves
identically to the nuclides it describes. It must also have a long half-life and be a gamma-
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emitter to make detection easier [114]. Another benefit is the ability to designate the main
and contaminated metals and determine their distribution behavior. For instance, when
the manufacture of *C-labelled compounds is feasible, it is also feasible to estimate the
distribution of extractants and diluents in a straightforward manner [111].

The knowledge of the radiotracer has been applied in the exploration procedures in
the solvent extraction of a few metals. That could be attributed to the availability of only
few facilities for generating radionuclides. Additionally, the knowledge and acceptance
of radiotracers in various industries and research fields are still low. That indicates that
there is a gap that needs to be explored through the application of radiotracer approaches
in hydrometallurgy due to the sensitivity and reliability of the method. Some of the metals
that have been explored using the radiotracer technique include Cu, Pt, Au, Zn, Cd, Ag, Fe,
In, Co, and Eu and others are addressed in the subsequent sections.

The application of hydrometallurgical processes in Cu production has matured tremen-
dously [115-117]. Cu is a strategic metal that forms a very important role in transitioning
to renewable sources of clean energy. Thanks to the use of hydrometallurgical processes,
the recovery of this metal would be possible because this method enables the recovery of
even trace amounts of metals from ores [107]. The extraction process can be chosen for
the selective separation of Cu from multi-element pregnant leach solution (feed solution),
due to its positive economic and environmental aspects, and high efficiency of the pro-
cess. The active extractant compound of the ACORGA P50 is 5-nonylsalicylaldoxime
(2-hydroxy-5-nonylbenzaldehyde oxime) can be used in extracting Cu and the recovery
effectiveness can be analyzed using a ®*Cu radiotracer. One stage of the extraction process
is enough for the achievement of almost 100% yield of the selective Cu?* recovery from
the aqueous feed solution. The selective extraction of Cu**with ACORGA P50 extractant
increases with pH value, reaching the highest yield in the range of pH = 1.2 for the initial
concentration of the extractant in 2.5% vol. kerosene [51,107].

In the modern world, the group of REEs such as Eu has gotten a lot of interest [118,119].
The usage of Eu and other REEs in future sustainable operations, such as reliable lighting
and green energy sources such as wind turbines, has raised the need for these metals
worldwide [119]. The most common process for separating REEs is hydrometallurgy,
which encompasses leaching, precipitation, and solvent extraction [118]. Various types of
solvents can be used in conjunction with the radiotracer technique for the selective recovery
of Eu. Some of the already applied solvents in extracting Eu are organophosphorus acids
(HyA;, dimer); ethyl hydrogen benzyl phosphonate (HEBP), trifluoroacetyl-pyrazolin-5-
one (HPMTEFP); and a synergic solution of crown ethers (benzo-15-crown-5, 18-crown-
6, 15-crown-5), HPMTEP, and dichloromethane (DCM) [120-122]. The retrieval of Eu3*
from aqueous perchlorate solution using ethyl HEBP solubilized in organic solvents of
various dielectric constants from aqueous perchlorate solution at a constant ionic strength
of M =1 (Na* HCIO,) and a pH of 2.5 at various temperatures was studied [121]. The
radiochemical quantities of Eu in both phases were obtained by measuring the activities of
152Ey and *Eu using a Na(T1) scintillation counter (ECKO). The ratio of the radioactivity
in the organic phase to the one in the aqueous phase was used to calculate the metal’s
distribution ratio (Kp). The equilibrium constants were found to drop in the following
order: n-hexane > carbon tetrachloride > nitrobenzene > benzene > chloroform > benzene
> chloroform. The study results revealed that the nature of the pH, solvent, and HEBP
concentration all have a significant influence during the extraction of Eu*>* by HEBP [121].

Apart from Eu®*, Lu**, and La®* some of REEs play a crucial role in the current world.
La is utilized in the production of carbon arc lights, which are employed in the film industry
for projector lights and studio lighting, and in making glass applied in camera lenses and
other special glassware, among other purposes [123]. On the other hand, Lu compounds
are employed as hosts for X-ray phosphors, and scintillators and their oxides are applied
in optical lenses [124]. Consequently, Lu and La are critical minerals for modern-world
technology and their separation and recovery are important. Tracking the method of
the in-situ chelation of Lu®** and La3" in forming a solid matrix is feasible through the



Separations 2023, 10, 112

22 of 45

application of mixed hexafluoro acetylacetone (HFA) and tributyl phosphate (TBP) as
chelating agents, and the use of radioisotopes ”/Lu and '*°La as radiotracers [125]. As
soon as the polar modifier methanol was introduced to CO,, the selection of a robust
restrictor was shown to be particularly critical for the in-situ chelation of metal ions or
organometallic compounds. To achieve the quantifiable retrieval of metal chelates, it was
important to optimize the alignment and placement of the output valve and the orientation
of the extraction apparatus. Using the radiotracer, the online back-extraction enhanced
metal ion retrieval, reduced restrictor clogging, and eradicated the requirement for an
organic trapping solvent using this novel method. The reproduction of ligands was enabled
through online metal ion recovery, allowing CO,-containing ligands to be reused devoid of
depressurizing the system [125]. Such approaches are employed due to the scarcity of the
mineral of interest from their ores and other sources (Figure 5).
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Figure 5. The status and projection of the global mining industry from 1850 to 2030 (metals and
industrial minerals as a % of total global excluding coal) [126].

The reason for the scarcity of minerals is attributable to intense mining activities, and
metals have significantly reduced in ores, and they exist in low concentrations but are
critical for the economy; for instance, Platinum Groups Metals (PGMs) are critical in the
green economy [127,128]. Pt is one of the PGMs employed in fuel cells as a catalyst to
efficiently convert hydrogen (fuel) and O, into heat, water, and electricity [129]. Since
the advent of Pt-containing catalysts in automotive exhaust systems, detecting low levels
of Pt in environmental specimens has become a major concern [114]. The measurement
of precise Pt background concentrations in various materials is necessary to monitor the
accumulation of Pt in the environment. Because the amount of Pt in sediment samples
is so minimal, creating methods to determine its quantities is incredibly difficult. The
most efficient technique to achieve extremely low detection concentrations is to devise a
procedure that comprises digestion, separation, preconcentration, and Pt detection [114].

Due to the convenience of tracking 1Pt activity throughout digestion and recovery, ra-
diotracer procedures would be instrumental in optimizing extraction techniques [114]. The
extraction dynamics of Pt** from an HCl medium using rubeanic acid in TBP, thenoyltriflu-
oroacetone (TPA), tributyl phosphate, and n-butyl alcohol-acetophenone were investigated
using 191pt radiotracer [114]. The influence of acidity, shaking time, Pt concentration, and
back-extraction were investigated, and it was found that TBP and TPA extraction results
were the best when using 4 M HCl and 3 M HC], respectively. At such concentrations, the
maximum levels of the 191Pt were recovered by the extracting agents. As extraction and
back-extraction were conducted twice, the overall recovery of 1°!Pt increased. Generally,
the extraction with TBP and back-extraction with 2 M NHj yielded over 90% Pt removal
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from solutions both with and without a substrate. The molar concentration of the NH3
solvent appeared to have no effects on the back-extraction from TBP. When isotope dilution
is used, this recovery is reasonable because any losses throughout the technique are com-
pensated for. Due to the inadequate back-extraction with NHj, the total recoveries with
TBP + rubeanic acid are unsuitable for determining 1°! Pt at trace or ultra-trace concentra-
tions [114]. Additionally, the residue of the acids employed for sample digestion reduces Pt
recovery with TBP.

The rising industrial consumption of PGMs drives up the utilization of high-grade
PGM ore. The rising scarcity of high-grade PGM ore has led to a reliance on low-grade
ore. Unfortunately, the expense of extracting PGMs from low-grade ore is prohibitively
costly and raises serious ecological concerns. Despite research into the use of fungible
substances to partially substitute the usage of PGMs in items such as vehicle catalysts, the
net demand for PGMs remains high because of their rising consumption in automobile
engines [130]. Every year, approximately 65% of Pd, 45% of Pt, and 84% of Rh are used in
catalytic converters to reduce hazardous emissions from vehicles. With stronger pollution
standards in place, the fast growth of the new-energy automotive sector will place a greater
strain on PGMs supply [130]. Conversely, PGMs in wasted catalysts from a large number of
obsolete automobiles must be appropriately recovered. It is possible to follow the solvent
extraction of Pd by the radiotracer method. '®Pd has a short half-life of 13.7 h and its
gamma spectroscopy can be studied using scintillation detectors [131,132]. The Institute
of Nuclear Chemistry and Technology, Warsaw, developed a scheme for recovering both
Pd and Au from electronic waste (Figure 6). The radiotracer was used in monitoring the
extraction of Pd in a separating funnel using a fraction of crude oil (H;S), while diethyl
malonate was employed in extracting Au. That was feasible through the application of the
distribution ratio (Kp) of the activities of 1®Pd and " Au in the organic phase against the
aqueous phase, as shown below:

_Radioactivity in organic phase
~ Radioactivity in aqueous phase

D @)

The study concluded that crude oil and diethyl malonate can be used in the selective
extraction of Pd and Au, respectively, from electronic waste. The Kp of 'Pd and ¥ Au is
very useful in tracking their recovery processes. The developed method of hydrometallur-
gical and pyrometallurgical separation of Au and Pd was found to give high purity and
yield of the elements of interest.

Radiotracer approaches can also be applied during the extraction processes of precious
metals known to be vital in various industries [133]. Precious metals such as Au have
attracted huge attention in matters of recovery, with different scholars aiming to apply
radiotracer techniques in qualitative and quantitative analysis. A normal cell phone
contains about 0.02 g of Au. If all of the Au in iPhones sold in 2013 were taken from a single
mine, it would leave a gap the size of a six-kilometer-long highway [134]. This example
provides a low-level view of the number of resources needed to produce the commodities
with which we associate ourselves. Such a level of demand cannot be sustained in the long
run if it is exclusively based on resource recovery from rocks. Therefore, other sources need
to be considered as part of the circular economy, and their recovery can be optimized using
modern techniques such as radiotracers [51,135].

As public concern about the environmental implications of cyanidic Au extraction has
grown, the creation and application of alternative hydrometallurgical extraction procedures
have become a priority for many research institutions in recent decades. Employing *® Au
radiotracer technologies, a study was carried out to measure the retrieval of gold moving
from the sample into the Cu-matte and its depletion with a waste slag [65]. The radiotracer
technique was based on the chemical balance of the tracer 1® Au put into the process with
a single Cu source. Labeled minerals and concentrates were used in the experiments.
Chloroauric acid (HAuCly) was used to plug the holes in mineral scraps. The metallic
198 Au absorbed in the scrap was the residue after the evaporation to dryness. Following
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the introduction of the tracer into the shaft furnace, waste slag and Cu-matte samples
were collected. A lead-shielded Nal(TI) detector, 50 x 50 mm in size, was then used in
conjunction with a single-channel analyzer for the measurements. The quantification was
conducted using the total count rate of the tracer traveling from a specific source to the
sampled product [65]. The overall count rate (cps/N) of the tracer passing from a specific
source to the sampled product was computed using Equation (3).

Solid electronic waste 1“8Au, 1°°Pd,Ni, Mo

Aguaregia
‘ Leaching
—> b ¢
Temp. 90" C
Diethyl - ' Agua regia solution with *8Au, 1°Pd Ni, Mo
malonate _*
. Extraction of Au
Temp. 25° C
H0,* H50,  Extracted 1**Au Agua regia solution with 1Pd, Ni, Mo
Reduction of Au Evita ct'ion of 199pd crude oil containing (H,S)
Temp. 80° C Temp. 25° C S
. ‘ Waste solution with Ni , Mo
waste solution \ .
v |
Au metal 0.01M HCI <
’ Washing of extractant Temp. 25° C
Waste solution with Ni, Mo
Solution of NH,OH "
) Re-extraction of 1°°Pd
Temp. 25° C
[ [
Re-extracted 19°Pd solution . .
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G HCOCOH N Reduction of Pd
Temp. 80° C
waste solution
>
Pd metal

Figure 6. The scheme shows the separation of Pd and Au from electronic waste using the
radiotracer technique.
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wherein M is the mass of the gathered material/slag/Cu-matte (kg); t;, is the period
(s) of the “radiotracer cloud”; A¢ = tiy; — t; is the time interval of sampling represented as
At =5 for slag sample and At = 1 min for Cu-matte. The time interval t, in this formula
is the effective material discharging period from the sedimentation tanks, adjusted for
interruptions in the discharge of slag or Cu-matte. Tracer activity (A) was found to be
equivalent to cumulative count rate (cps) and it was determined by applying Formula (4):

R:{l—Aleoo%} 4)
Ao

whereby Ap = As + A, was the cumulative activity of the injected tracer which was equal
to the activities acquired in slag and Cu-matte, respectively. The study demonstrated that
the activity from the metal of interest can be used in quantifying its amount in a specific
material at a specific time.

The separation and quantification of the Au can also be actualized by applying solvents
such as 3-diketones (benzoyl acetone (BZAC) and thenoyltrifluoroacetone (TTA)) [112].
The research was conducted utilizing the 1% Au radiotracer technique to investigate the
recovery of Au* using the two abovementioned -diketones and the enhancing impacts of
tri octyl phosphine oxide on such extractions in several organic solvents [112]. Following
equilibration, two phases were isolated, and the radio-activities of equal quantities (1 mL)
of each phase were measured. Distribution coefficients (Kp) were computed from the
earlier outlined Equation (2).

The distribution coefficient (Kp) is a crucial parameter in monitoring the transfer of
the cations from one phase to another. The addition of the organophosphorus compound
(TOPO), which had no extraction abilities for Au, increased the distribution coefficient
(Kp) of Au®* recovered with a fixed amount of N-(thioacetyl)-benzamide (HA) (TTA or
BZAC) [112]. That was attributed to the creation of a more lipophilic adduct with the
donor. In chloroform (BZAC chelate) and carbon tetrachloride (TTA chelate) conditions,
a powerful ternary adduct complex creation was observed. The influence of temperature
changes created spontaneous, enthalpy-favoring processes with a net entropy loss. The
diluent dependence of synergic effects was recorded, and Hildebrand’s regular solution
theory was discovered to be appropriate in such schemes [112].

The concept of the radiotracer can be applied in the solvent extraction of Au from
jewelry wastes. Figure 7 shows a block diagram of the developed technology at the
Institute of Nuclear Chemistry and Technology for Au extraction using the radiotracer
technique. The method is particularly helpful in examining extraction parameters such
as the extraction coefficient and equilibrium time. Such parameters can be determined
using radioactive isotope 1*® Au [136]. An aqueous solution (aqua regia containing Au) was
labelled with 1% Au, while diethyl malonate was utilized as an extractant. Marker 18 Au
was obtained by irradiating high-purity metallic gold in a nuclear reactor preceded by
the dissolution of the sample in a small amount of aqua regia. The extraction process for
the change of parameters was carried out in a separating funnel. The phases were then
separated, and samples were taken from each phase for radiometric measurements using a
germanium/lithium/semiconductor detector. Given the number of counts in the relevant
phases, the basic parameters of the extraction process can be calculated in a simple way

using the formula below:
Io — L

E— ®)

Iy — L

where;

— E is the extraction coefficient;
— I is the number of counts in the organic phase of volume V;
— I is the number of counts in the water phase of the same volume V;
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— It is the background of the measuring device.

(6)

Using the technique of isotope tracers, the equilibrium time and the capacity of the
extractant under equilibrium conditions can be determined. The approach can recover
high-purity Au with a high yield.

Jewellery waste
Jewellery waste (Furnace)
HNO, Sample after pyrolysis
(1+1) l l
Leaching Ag at 40°C
|
Aqua regia Sample after Ag , AgNO;solution,
i removal | for Ag recovery
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!
Diethyl PPAu ‘ ’Solid waste for
o l solutlon disposal
198 Au extraction
I
0.01M HNO; Extracted ‘ Waste water
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Washing the extract
H,S0,+ H,O, T
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Figure 7. Au recovery from jewelry waste.
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In a comparative study, 1® Au was used to explore the removal of Au** from an aqueous
acidic media [137]. N-(thioacetyl) benzamide in chloroform was employed under the influence
of organophosphorus donors (tributylphosphine oxide (TBPO), tributyl phosphate, and
triphenylphosphine oxide) at pH 3.0 [137]. The degree of 1> Au®" extraction in the binary
complex increased with the temperature, but the ternary complex showed the opposite
phenomenon. When the organophosphorus compound was added to ?® Au®* extracted with
HA, the distribution ratio increased. That was linked to the creation of a more lipophilic adduct
with these donors [112,137]. In the experimental temperature range, all of the thermodynamic
functions of the synergistic extraction procedure tended to be negative. The negative enthalpy
estimates for adduct development indicate that the adduct comprising TBPO possesses the
most advantages of the three donor systems, which is consistent with the phosphoryl oxygen
atom’s electron donor power. The stronger the donor power, the more likely it is that a new
bond will form with the gold atom. Because the generation of adducts is not preceded by
bond breakage, a negative enthalpy change is anticipated [137].

Likewise, the solvent extraction of KAu(CN) ; from alkaline cyanide solutions was
evaluated using a 1% Au tracer through the application of quaternary ammonium tetrade-
cyldimethylbenzylammonium chloride (TDMBAC) as an extractant with the addition of
tri-n-butylphosphate (TBP) [138]. Several variables were studied, including agitation time,
TBP volume %, and the molar fraction of TDMBAC in the aqueous phase. According to the
findings based on the activities in different phases, the organic phase had a high extraction
capacity [138]. Almost all of the Au (CN),~ (>95%) in the aqueous phase was transported
to the organic phase, as signified by a high distribution ratio. The TBP modifier was signifi-
cant during the extraction process, since almost all ?® Au remained in the aqueous phase
without TBP. An increase in TBP concentration caused a rise in the extraction percentage
when the % volume of TBP was less than 15%. When the 1% Au concentration was less
than 4 g-L_l, [TDMBA+] - -+ [Au (CN), 7] - - - 4H0- - - 4TBP was recommended for the
generation of a supramolecular microstructure in the organic phase. By introducing the
organic phase comprising TBP to the aqueous phase, the complex moved into the organic
phase and microemulsion or reversed micelles were generated when the °® Au quantities
attained a particular limiting amount. The majority of the 1 Au in the organic phase can
be stripped out with aqueous solutions of 2,2'-thiodiethanol, ammonium thiocyanate, or
glycol, from which elemental Au might be retrieved with the application of reducing agents
such as Zn and NaBH, [138].

In an alkaline cyanide mixture, the liquid-liquid extraction of Au can be monitored
by a 1% Au radiotracer [139]. Amines tetradecyldimethylbenzylammonium chloride, tri-n-
octylamine, and N1923 were some of the extractants utilized in these experiments. The solvents
were found to be effective in the removal of Au from the alkaline cyanide solutions [139].
Through the application of Kp based on the radiotracer method, the effects of numerous
parameters on Au recovery can be explored, including the molar ratio of extracting agents
to Au concentration, % capacity of cosolvent, and the pH value of the aqueous phase. The
approach also offers an opportunity to study the recovery behavior of Au or any other metal
present in low concentrations in a convenient, quick, and accurate manner [139,140]. From
the various examples given on Au extraction, it is evident that the use of isotope markers is
prudent in the evaluation of the Au recovery capacities of different solvents.

In addition, precious metals, REEs, and transition metals such as Zn, Co, and In play
very crucial roles in the modern economy. For instance, Zn is employed in infrastructure,
transportation, electronics, and renewable energy for a low-carbon economy [135,141]. Znis
a vital substance for the future because of its exceptional capacity to shield metals from rust
and its expanding involvement in energy production and storage. Zn coatings help preserve
and prevent rust on solar panel fittings, and wind turbines need a Zn covering/paint to
withstand harsh weather conditions. Its recovery process using approaches such as solvent
extraction is, therefore, important.

Sample diagrams of the technological recovery of strategic metals from various waste
products of the electronics industry were developed at the Institute of Nuclear Chemistry
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NH,

and Technology, Warsaw, and are shown in Figure 8. To determine the possibility of the
selective separation of Zn, Mn, and Mg from spent Zn electrolytes, research was carried
out. The extraction of these metals was conducted using two-diethyl hexyl phosphoric
acid (D,EHPA) diluted in n-heptane. Using ®*Zn and >*Mn radioisotopes as markers, the
extraction of the metals from the sulphate solution containing 15.9 g/dm? of Zn, 0.89 of
Mn, and 24.3 g/dm? of Mg was investigated. The study concluded that the extraction
equilibrium was attained after 4 min for both ®Zn and >*Mn, during which the selectivity
of the extraction was controlled by pH variation.
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Due to the improvements in hydrometallurgical technologies, a radiotracer tech-
nique was also applied to compare different phases of separation, extraction, and back-
extraction [111]. Cd and Zn were isolated from Co using liquid-liquid extraction from a
chloride mixture comprising sixteen distinct metal ions. The distribution of such cations
in the different phases of the extracting agents indicates the capacity of such solvents
to recover the metals of interest. The distribution ratio (Kp-ratio) can be represented by
Equation (7):

Morg
Mia¢

where Mg is the analyte concentration in the organic phase and M, is the total amount of
the cation/analyte in the aqueous phase. During the radiotracer analysis, liquid scintillation
spectroscopy was applied in the measurements of the concentration of '*?Cd radiotracer
in the solutions. However, a High-Purity Germanium detector (HPGe) was applied in the
analysis of ®*Zn with a characteristic energy line at 1115 keV, while ®*Co showed peaks at
1173 keV and 1332 keV, respectively. The lowest difference between raffinate and feed that
may be measured determines the lowest feasible Kp ratio [111,142]. The investigation also
revealed that single-phase analysis conducted using the ICP-MS had a greater Kp ratio
compared to the two-phase assessments conducted using radiotracers. When considering
extraction mechanisms and speciation, ICP-MS measurements should be utilized with
caution, as they usually require the analysis of extraction curves obtained from extremely
low and high Kp values [111].

Such evaluation on the transition metals has been extended to recovery studies regard-
ing Fe, which is crucial in the global economy [143]. It is part of a wide group of minerals
known as ferroalloys, which are used as additive agents in steel production. It is also a
key component of many special-purpose alloys designed for electrical resistance, magnetic
properties, heat resistance, thermal expansion, and corrosion resistance [144]. Despite the
invention of other resources, Fe and its alloys continue to play an important role in the
economics of modern countries, making it a crucial mineral that requires the optimization
of its recovery.

Fe3* removal from aqueous acidic solutions by liquid-liquid extraction has received
a lot of attention in recent decades. Using the radiotracer technique, the behavior of Fe>*
extraction from an aqueous chloride solution using 2-hydroxy-N-phenylbenzamide (HA)
in n-butanol under the conditions of numerous organophosphorus donors such as triph-
enylphosphine oxide, trioctylphosphine oxide, and TBP at pH 2.0 was examined [113]. Fe3+
was spiked with Fe in the presence of this chelating neutral and reagent organophos-
phorus compounds such as TOPO, TBP, and triphenylphosphine oxide (TPPO). With the
addition of various organophosphorus chemicals, the distribution ratio of the extracted
Fe3* was found to increase with HA [113]. The study also discovered that the extent of
Fe3* absorption into the organic phase increased with temperature, both as the binary
complex [FeA,;Cl (H,O)] and as the ternary complex [FeA;CI(S)]. The neutral donor’s
synergistic impact is due to the replacement of the coordinated water molecule from the
metal’s primary coordination sphere. The findings from a study of the synergistic effect
of organophosphorus donors on the chelating extraction of Fe3* in an organic solvent is
promising for hydrometallurgy [113]. Besides solvent extraction, adsorption is another key
technique that can perform a vital role in the recovery of metals.

Kp =

@)

3.4. Application of Radiotracers in the Adsorption Processes of Metal Recovery

Adsorption is the process by which a metal ion (adsorbate) moves from a solvent
phase to create a thin monomolecular layer on a liquid-condensed phase (substrate) or solid
phase. The hydrometallurgical recovery of the various cations is increasingly evolving with
the application of radiotracers in examining various adsorption/sorption processes [145].
Methods such as the use of Solid-Phase Extractants (SPEs) in hydrometallurgy have the
benefits of high separation efficiency, low Volatile Organic Compounds (VOC) inventory,
and the capability to work in the column mode [146]. The adsorption of cations by various
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surfaces is generally mentioned as a preferable method for metal ion recovery compared
to other hydrometallurgical approaches because of its effectiveness, simplicity, suitability
for batch versatility, application at very low concentrations, and continuous operations,
limited sludge creation, ease of operation, low capital cost, and potential for regeneration
and reuse [147]. Dead biomass, polymers, clay minerals, and metal oxides are some of
the surfaces that have attracted huge attention for their consideration as adsorbents for
cation recovery when coupled with diverse extractants [148]. Critical metals such as REEs,
transition metals, and some actinides can be recovered from various environmental sources
such as ores, mining waste, radioactive wastewater, seawater, and freshwater.

Numerous actinides, lanthanides, and transition metal ions/radiotracers are proven
to have strong adsorptive characteristics, leading them to bind not just to mineral particles,
but additionally to colloids and natural organic materials, boosting their bioavailability and
migration. High-affinity sorbents may capture ultra-trace and trace amounts of actinide and
lanthanide from aqueous environments, and they have a variety of useful functions [148].
Because of their potential to absorb and concentrate large amounts of ultra-trace level
species, such substances are great candidates for emerging pollution control techniques and
crucial material recovery operations. The efficient reclamation of minute concentrations
of actinides, lanthanides, and transition metal ions is beneficial for mineral recycling and
recovery, chemical separation, in situ monitoring, and environmental remediation.

Radiotracers have been used in several studies exploring the cations’ separation/recovery
by various adsorption materials defined by diverse properties and abilities. An inves-
tigation used isotopic radiotracers to determine the capacity of several ordinary and
nanoporous sorbent materials to extract and remove specific actinides (Th, Pa, U, and Np)
and lanthanides (Ce and Eu) from salt and freshwater systems [149]. To a sorbent/water
mixture, a small aliquot of each tracer standard solution was added, in which a sorbent
to liquid ratio of 1 g/L was used uniformly, with the exception of U, in which case this
ratio was lowered to 0.2 g/L. Gamma counting on a low-background, high-efficiency
High-Purity Germanium (HPGe) detector was then used to determine the activities of
139Ce, 233y, 155Ky, 234Th, 237Np, and 233Pa in different phases. However, the activities for
233U were assessed using a Beckman Coulter LS 6500 and EcoLume LC fluid as Liquid
Scintillation Cocktails. Each analyte’s activity was utilized to calculate a mass-weighted
distribution coefficient (Kp, L/kg) as per Formula (8), below:

As V

KD = -2
Aw M

®)
whereby Ag denotes the total activity of the isotope captured in the sorbent, Ayy is the
total activity that remained in the mixture, V represents the batch experimental volume in
liters (L), and M is the sorbent mass (kg). The Kp >10* (log Kp > 4) suggested relatively
strong affinity sorbents were successfully kept in collector columns. The study reported
that the nanostructured composites outperformed conventional materials in terms of con-
sistency and performance. In both sea and river water, a nanoporous silica surface treated
with 3,4-hydroxypyridinone exhibited excellent recovery and uniformity abilities [149].
Additionally, MnO; materials, particularly the high-surface area small-particle material,
showed good recovery performance [149]. This implies that the radiotracer techniques
can be employed in the assessment of hydrometallurgical separation and recovery of
lanthanides and actinides from water bodies.

The trivalent lanthanides and actinides form the most complex elemental separations
on the periodic table. That is because they have similar chemical and physical proper-
ties [47,150]. Due to their regularly ordered mesopores, high surface areas, low reactivity,
large pore volumes, tunable pore size and morphology, thermal and mechanical stability,
and potential for surface functionalization, Ordered Mesoporous Carbon (OMC) materials
are an appealing alternative to the conventionally used polymeric resins in the recovery
of such elements. The ability to use OMC composites for metal ion/radiotracer separa-
tions might have huge benefits because the smaller particle size limits the longitudinal
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diffusion of a specific analyte and boosts the number of theoretical plates in a specific
column predicated on such matrixes, thus further enhancing the separation resolution. The
increased surface area of the OMC allows greater ligand loading performance. Given the
persistent complexity of intragroup, trivalent lanthanides, and actinides separations, and
the anticipated increases in resolution and loading capacity of OMC materials, using such
composites to accomplish lanthanides and actinides separations is a natural next step [150].
Because of their small mesh size and consistent shape, OMC composites are suitable candi-
dates for recovering the neighboring REEs. The hydrometallurgical performance of such
surfaces can be evaluated using radiotracer techniques.

For instance, a 1%2/1%Eu®* isotope marker as a representative of REEs in 0.001 M
HNO; was incorporated into the aqueous phase at 25 °C and agitated at 1500 rpm for
30 min while in contact with LN resin or OMC materials [150]. Following contact, the
samples were centrifuged for fifteen minutes, and transfer pipettes were utilized to collect
the aqueous phases from the LN Resin, while 0.2 um syringe filters were employed to
extract the aqueous phases from the OMC components. For gross gamma counting, a
200 L fraction of each aqueous phase was obtained for the computation of distribution
coefficients for each sample using Equation (9):

Ag—A V

K:
D A M

©)
where Ay and A are the aqueous phase’s activity (counts per minute/CPM) before and
after equilibration, respectively, while V is the aqueous phase’s volume (mL), and M is the
solid phase’s mass (g). Larger Kp values indicate more sorbent material sorption ability
for Eu®* [150]. The Kp value for all materials reported decreased as the concentration of
HNOj; increased, and throughout all HNOj concentrations, both the di-(2-ethylhexyl) and
phosphoric (HDEHP)-OMC matrix had a greater Kp value than LN Resin. Because all of
the polymers employ HDEHP as an extractant, the greater distribution factors may indicate
that the larger surface area of the OMC nanoparticle sorbents contributes to 1°2/154Eu3*
absorption [150]. The HDEHP-OMC composites outperformed current state-of-the-art
nanomaterials in terms of distribution ratios and loading capabilities. A separation of Eu®*
and Nd** was accomplished utilizing a tiny and unpressurized column, which demon-
strated the criticality of the radiotracer method in due course [150]. The study concluded
that EHP-OMC demonstrated its viability as a solid phase sorbent for chromatographic
lanthanide and intragroup separations.

The process/behavior of adsorption of Nd (REE) from aqueous systems can also be con-
ducted using the clay minerals montmorillonite, zeoliferous rock, and kaolinite at 27.5 + 0.5 °C,
using ¥ Nd-labeled solutions with concentration ranges of 10 to 450 mg L' [151]. The Nd
adsorption analysis was conducted in a thermostated bath by agitating 100 mg of the parti-
cles with 10 mL of the respective '4/Nd-labeled treatments. Following the treatment, the
solutions were swirled at 3000 rpm for 30 min, and a particular amount of the clear resulting
liquid was quantified in a well-type (3” x 3”) Nal (TI) detector linked to a standard y-ray
spectrometry configuration. The uptake of 14/Nd was estimated by subtracting the initial
and final count rates [151]. The sorption isotherms for 147N d produced for the three core
samples revealed that montmorillonite has the greatest absorption ability, with a Cation
Exchange Capacity (CEC) of 108 meq/100 g. Nevertheless, based on the materials” CEC,
the theoretical yield of 14”Nd sorbed by the zeoliferous and montmorillonite rock samples
in the examined concentration range was rather minimal. This is because of the difficulties
of replacing the Ca-cations of montmorillonite and the exchangeable cations contained in
the mineral deposits of the zeoliferous rock with 14’Nd-cations [151]. Such studies were
conducted several years ago, followed by other similar investigations on different metal
ions using distinct surfaces.

Generally, sorption-based surfaces have continuously been invented to study the
adsorption behavior of different critical cations in the periodic table. Synthetic zeolite (Z
and YZ) and natural (clinoptilolite) composites with polyacrylamide (PAAm) are some of
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the other materials developed for the cation adsorption processes. The sorption properties
of minerals for these surfaces and their materials were examined for Tb counterparts
to REEs using the isotopic tracer technique, with *Tb functioning as the radiotracer.
Tb3* was chosen to represent the REEs (lanthanides) with comparable physicochemical
characteristics, with the benefits of *Tb being its high natural availability (100%), relatively
short half-life (72 days), and high cross-section for the thermal neutron capture (x = 25.5 b)
of its precursor. Tb, like the other lanthanides, is essential in the industry; it is utilized
in cathode ray tubes, optical computer memory, magnets, and other applications. Aside
from economic considerations, the recovery of REEs is critical due to their toxicity and
radioactivity with respect to nuclear waste [147]. The system used to remove Tb was a
hybrid of PAAm and Z or YZ, whereby the Tb sorption capabilities were greater than those
of plain Z and YZ as per the estimated percentage transfer using Formula (10), below:

Aj _a,

F—
Ay

(10)
wherein A; and A are the activities recorded in the standard and equilibrium solutions,
respectively. The radio-activities were used to compute the percentage transfer (F) of ®OTb
to solid phase from Tb3* mixtures. The adsorbed quantities (mol kg’l) were estimated as
Q = [FCiV/w], where Ci is the initial Tb>* content (M), w is the adsorbent mass (kg), and
V is the volume of the solution (L). Because PAAm is neutral, Q values were established
using the Z and YZ components of sorbent materials (0.035 g of 0.1 g PAAmM-Z/YZ) [147].
The reusability studies for the complexes revealed that the material may be regenerated
once the loaded ion was completely recovered. PAAm-Z, unlike PAAm-YZ, was tolerant to
acidic environments and the combined findings from the radiotracer analysis indicated that
the PAAm and Z composite is a potentially cost-effective material for Tb>* and REEs [147].
Therefore, the materials can be utilized on industrial and laboratory scales for the recovery
of such metal ions from numerous sources.

During the exploration of the elimination/extraction of Ce”* ions from aqueous
media by a well-defined hydrous ferric oxide (HFO), an isotope tracer was applied [148].
The adsorption tests were carried out by periodically agitating and equilibrating 0.1000 g
of HFO in 10.0 cm?® of the required level of labelled adsorbing solution of Ce3* [148].
The equimolar mixture was then agitated for phase separation before being examined
for p-activity determinations with an end-window Geiger-Miiller counter. However,
the radioactivity of some samples was also tested for y-activity using a Multi-Channel
Analyzer [148]. The sorption ability of the material was examined using the distribution
ratio (Kp) indicated below in Equation (11):

3+
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wherein Ry is the adsorbate’s preliminary activity, R, is the activity of the supernatant
media at equilibrium, V is the volume of the adsorptive mixture (mL), and m is the
adsorbent mass utilized (g). For the radiotracer analysis, the concentration of the adsorbents
(10* to 108 mol dm—3), temperature (303 to 333 K), and pH (ca 4.0 to 10.0) were analyzed to
determine the best parameters for Ce3* recovery. From pH 4.6 to pH 7.0, the absorption of
Ce* was mild, but after pH 8.0, the adsorption rose sharply because the solid matrix was
negatively charged and thus collects Ce3* ions. It was discovered that as the temperature
rose, Ce®* absorption enhanced from about 0.446 x 10° to 0.791 x 10° mol g~ ! at the
optimum level [148]. The improvement in cation sorption could be attributed to the
amplification of slow sorption phases, transfer against a concentration gradient, formation
of novel active sites, and /or diffusion-controlled transport across the energy gap. However,
the presence of some cations such as Ba?*, Sr**, and Mg?* had a negative significant impact
on cation uptake by HFO. Otherwise, the irradiation of HFO by a 11.1 x 10° Bq (Ra-Be)
neutron source with a neutron flux of 3.9 x 10° cm~2 s~ ! had no appreciable effect on the
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degree of Ce®" sorption. As a result, the material was proven to be efficient and could be
used to recover Ce®* from various sources, including radioactive waste [148].

Because sorption mechanisms under the influence of humic compounds are thought
to be crucial for the distribution, motility, and cycling of actinides and lanthanides/REEs
in the ecosystem, there has been a lot of attention paid to this subject in recent years. The
impacts of fulvic acid (FA), ionic strength, and pH, on the adsorption and desorption
of Yb3* and Eu3" on alumina, were studied using a batch approach using *Yb and
152+154Fy radiotracers, respectively [152]. In the absence or presence of FA, the distribution
coefficients for the adsorption and desorption of Eu** on alumina at pH 4.4, 4.6, and 5.7 in
1 mol/L NaCl systems were measured. The distribution coefficient Kp for 1>2*1>4Eu and
169Yb in the presence and absence of FA on alumina was computed using Equation (12):

M V(G -C)
=M T (12
In Equation (9), M and M are the concentration of the solid phase (mol/g) and concen-
tration (mol/mL) of the solution phase, and Cy and C are the specific activity (CPM/mL)
of the treatments before and after interacting with the matrix phase, and V (mL) and
S (g) are the volume of solution and weight of alumina, respectively. From the study, it
was discovered that FA and pH had a massive impact on the adsorption of 1%2*154Eu and
169YDb radiotracers on the alumina surface. The 'Yb®*" and 1°2*1%4Eu adsorption onto a
bare alumina substrate proved to be pH reliant but independent of ionic strength. The
adsorption mechanism of the hydrolyzable REEs Yb®*" and Eu®* does not seem to be purely
ion exchange, and the surface hydrolysis paradigm can adequately explain the results on
bare alumina [152]. Nevertheless, the impact of FA was FA concentration and pH reliant
whereby the sorption of Yb** and Eu®* was boosted or reduced at different pH ranges when
contrasted with FA-free processes. Using radiotracers makes it easy to understand such
behaviors by simply using their signals in different phases to track their distribution in dif-
ferent systems. The findings regarding coated alumina could be explained by the interplay
between complexations of entrapped FA and dissolved FA with REEs cations [152].
Solid-phase extraction is regarded as an alternate recovery approach to solvent ex-
traction since it can mitigate some of the latter’s concerns such as third-phase creation,
phase disengagement limits, phase entrainment, and so on [146]. However, SPEs have
limited process uses, despite being useful in the laboratory-scale separation of metal ions,
particularly when dealing with environmental substances. For the adsorption of triva-
lent lanthanides (Eu®*) and actinides (Am3*) from a 3M nitric acidic medium, two new
diglycolamide-grafted silica-based resins (DGSRs) were utilized [153]. Prior to and after
equilibration, appropriate aliquots of the liquid media were obtained for the radiometric as-
say of 1521%4Eu3* or 241 Am by applying a well-type Nal (TI) scintillation counter connected
to a multichannel analyzer. The Kp of the cations on the resin was determined through the
application of Formula (13), below:

Kp = %% (mL/g) (13)
where Cy and C are the quantities of cations before and after equilibration, W represents
the weight of the resin material utilized (g), and V represents the capacity of the liquid
media employed (mL). The adsorption of 2! Am3* onto resin containing one diglycolamide
(DGA) moiety (DGSR-I) is far less successful than the adsorption of 241 Am3* onto a resin
containing two DGA moieties (DGSR-II). The maximal uptake of 1>*15*Eu®* (employed as
a representation of the trivalent actinide/lanthanide ions) by the DGSR-I and DGSR-II was
1394+ 1.3 mg g !and 104 + 1.1 mg g, respectively [153]. Column experiments revealed
that the 15%154Eu3* breakthrough potential on the DGSR-II column was considerably greater
than that found on the DGSR-I column, and effective extraction was possible with a 0.01 M
EDTA solvent. The radiolytic endurance of the resins was determined by subjecting the
resins to a gamma ray dose of up to 1030 kGy, which resulted in a 50% reduction in Kp
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values; at doses of 500 kGy, the Kp values were not affected [153]. The DGA-crafted
silica-based resins can therefore be employed to remove trivalent REEs or actinides from
extremely acidic waste media because they have excellent radiolytic stability. The study
showed that radiotracer technique can be applied in monitoring the adsorption behavior of
the cations and, at the same time, can be used to check the stability of the recovery surface
in a highly radioactive condition.

In a high-ionic strength environment, the kinetics of a significant number of REEs’
adsorption by manganese oxides and iron oxides was examined [154]. Batch tests were
carried out at pH 7.8, with varying concentrations of radiotracers of 10~% to 10~!* M, which
are similar to those encountered in the surroundings. The minerals were mixed with the
tracers in solution, and the radiotracer activities were monitored in each phase using a
germanium detector connected to an Ortec 7150 multi-channel analyzer. For every isotope,
count rates were adjusted for decay during irradiation and measurement time, as well
as variations in geometry [154]. Throughout the time-series studies, REE adsorption was
provided as percent bound or as partition factors: Kp(t), defined as the concentration
ratio of REE in the solid and aqueous media at the time (t). The Kp(t) is a proxy for
the thermodynamic partition coefficient ratio K, which is only applicable to equilibrium
processes. All phases showed rapid adsorption and high K values (10° to 107); nevertheless,
carbonate complexation had a stronger effect on REE sorption by MnO, than FeOOH.
Therefore, the radiotracer tests in a carbonate-free solution demonstrated that the rate of
sorption of REEs such as Eu by MnO, was substantially rapid when carbonate species are
absent. FeOOH, on the other hand, only showed a very minimal proportional rate rise [154].
Additionally, the sorption of the lanthanides by FeOOH was found to rely on the ionic and
atomic radii, since the atomic radius is known to control the charge density of the metal ion.
That influences the coordination chemistry of the components in the medium under study.

3.5. Radiotracer Studies Using Resins

Extensive work has also been conducted over the past decade into the design of
extraction chromatographic resins for the separation and preconcentration of cations from
the environment for further analysis [155]. Such endeavors resulted in the creation of
chromatographic surfaces that allow the efficient, quick, and selective recovery of tri-,
tetra-, and hexavalent actinides, and from a wide range of sample forms. Although SPE
uses sorbents for neutral particles or ion exchange resins, a form of sorbent predicated on
extraction chromatography (EC), in which the organic extractant is intercalated into an
inert solid support material, is fast developing as a productive SPE method with extremely
impressive outcomes [146].

Uranium (U) is a critical metal in the nuclear industry, and therefore, its recovery is
very important for both commercial and ecological protection. The synthesis and character-
ization of a new-extraction chromatographic resin with the robust adsorption of hexavalent
uranyl ion across a broad concentration range of nitric acid and exceptionally high speci-
ficity for U%* over Fe®* radiotracers and multiple other cations were reported [156]. The
new system (dubbed U/TEVA-2) was made up of a novel liquid stationary phase entailing
an equimolar solution of Cyanex 923® and diamyl amylphosphonate (DA[AP]) (available
on the market as TRPO (trialkyl-phosphine oxide)) entrapped on Amberchrom CG-71 or
silanized silica. The goal was to create a recovery chromatographic resin with markedly
increased uranium retention (Kp values) over a greater concentration spectrum of nitric
acid and very strong specificity for U®* over Fe** and other components commonly found
in the ecosystem.

The adsorption of radiotracers by the U/TEVA-2 resin from HNOj acidic media was
determined by combining a measured amount (about 1.00 mL) of a spiked media in a test
tube with a fixed mass of resin [156]. The precise ratio of aqueous phase capacity (mL)
to resin weight (mg) was changed as needed to induce a noticeable drop in the aqueous
phase’s activity after a single contact with the polymer. Kp was then computed as the
proportion of radiotracer activity in the two phases. Cyanex 923 was found to be superior
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to TRPO—Cyanex 925®°—because of its low viscosity and improved sensitivity to U®*
over Fe3*. It was worth noting that the adsorption of U®* by the U/TEVA-2 resin was
greater than 5000 from 0.1 to 8 M HNO3, as assessed by the Kp values (amount of available
column values to peak maximum) [156]. Therefore, the new resin’s capacity to highly and
preferentially extract U®* from such a vast scope of acid concentrations, combined with its
beneficial material characteristics, makes it an attractive candidate for use in the isolation
and preconcentration of U* from the environment.

The possibility of extraction chromatography (EXC) for REEs has also been investi-
gated since it merges the specificity of solvent extraction with the efficiency of ion exchange
column procedures. In H,SO,, HCI, and HNOj solution, the extraction of mixed REEs
by N, N'-dimethyl-N, N'-dioctyl-3-oxa-diglycolamide (DMDODGA) and traditional N,
N, N/, N'-tetraoctyl-3-oxa-diglycolamide (TODGA) resins were evaluated as a function of
acidic concentration [157]. The adsorption of REEs’ cations and kinetics were studied in
152/154Ey; at trace amounts of metal-to-ligand ratio (1:50) in HCl and HNOj to establish the
highest weight distribution ratio values (D) achievable without loading implications. For
radiotracer assays, the solid-liquid Dy, for cations by DGA resins from an acidic medium
was evaluated by combining an identified volume (usually 1.0 mL) of a tracer-spiked acidic
medium of optimum quantity with a fixed mass of the sorbent (2025 mg). The REE source
quantities were varied to obtain equimolar REE concentration and surplus REE concentra-
tion, which correspond to close to or the total saturation of resin volume. In general, REE
recovery at the same concentration of the acids showed a trend of HNOj3; > HCI > H,SOy4.
In all three inorganic acids, the removal efficacy of the DMDODGA polymer was much
stronger compared to the TODGA resin, particularly when using low concentrations of
H,SO4 and HCI (0.01 and 0.1 M), rendering it a prospective EXC substrate for the hydromet-
allurgical recovery of REE [157].

EXC generally incorporates a number of the strengths of solvent extraction, primarily its
specificity, with the ease and comfort of working with ion exchange materials. Applying the
methods such as polymer microencapsulation may generate surfaces that are significantly
more absorbent per unit of mass than any typical EXC sorbent, resulting in increased cation
absorption capabilities [158]. The phase inversion precipitation and radiotracer process were
used to create polysulfone microcapsules with sizes ranging from 50 to 100 um that can
be used in chromatographic extraction techniques using trivalent lanthanides. Solid-liquid
(weight) distribution ratios (Dw) for the cations of relevance were evaluated radiometrically
utilizing the 1>*Eu radiotracer. The sorbents were used to quantify the absorption of ions from
the HNO3 medium by mixing a known amount (usually 1.0 mL) of a tracer-spiked acidic
medium of optimum quantity with a fixed concentration of the sorbent [158].

In contrast to polysulfone macrocapsules, bis(2-ethylhexyl) phosphoric acid (HDEHP)-
loaded microcapsules had a high '>*Eu partition ratio, with quick absorption kinetics and a
high cation adsorption capacity. This capability far outperforms the commercially available
extraction chromatographic matrix, due to the high extractant loadings attained with the
microcapsules and the support-induced monomerization of HDEHP. These properties of
the Ln-microcapsules, together with their cheap price and the simplicity of their production,
indicated that they have potential value in the remediation of REEs, not only for analytical-
scale recovery and purification for sequential evaluation, but similarly for process and
preparative-scale usage [158].

In a comparative study, the chromatographic behavior of various cations was ex-
amined using a Celite column coated with Adogen-381 and a solvent mixture of KSCN
or HCI. A variety of techniques for selectively isolating cations in one radiotracer form
from one another was developed. The radiotracers utilized in this study were high in
radiochemical purity: 60Co, 657n, #4Cu, 115Cd, #0Sc, 141Ce, 170Tm, 152/154Ey, Fe, 203Hg,
and Mo (Table 1) [159].
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Table 1. Isolation methods for various metal radiotracers [159] (Khalifa, S.M.; Raieh, M.; El-Dessouky,
M.; Aly, H.F. Extraction chromatography of some metal radiotracers using adogen-381 HCl and KSCN
systems. Chromatographia 1982, 15, 315-317, reproduced with permission of Springer Nature).

Metal Radiotracers Available

Eluted Radiotracer

3.75 cm® 0.1M HCI Fe3*
9.87 cm’ 4.0 KSCN Cu?*
2+, Bpd+ 2+ 2+

Cu™ Fe™, Zn70 HE™ g 50 emd 8.0 M KSCN Hg?+
2.50 cm?® 1.0 M H,CH3COO Zn%*

2.62 cm’ 8.0 M HCl Sc3+

3.75 cm® 0.1 M HCl Fe3*

3+ 3+ 2+ 2+

S, Fe, Hg™, Cd™ g 38 em? 8.0 M KSCN Hg?t
3.75 cm? 8.0 M HNO;3 Cdz

3.13 cm’ 4.0 M HC1 Co?+

Co?t, Cu2t, Zn2t  9.37 cm? 4.0 M KSCN Cu?t

3.12 cm? 1.0 M H,CH3COO Zn?t

5.62 cm’ 0.01 M HClI Co?*
Co?*, Cu?t,Cd?* 9.37 em® 40M KSCN Cu?*
3.75 cm? 8.0 M HNO; Cd**
9.50 cm3 4.0 M KSCN Cu?t
Cu?*, Hg?**, Cd?>* 9.25cm? 8.0 M KSCN Hg2*
7.75 cm? 8.0 M HNO; Cdzt

2.63 cm? 0.1 M HC1 Sc3t, Ce3*, Eudt, Tm3*
Sc3+, Ce3*, Eudt, Tm3, Cu?*, Zn?*  9.63 cm® 4.0 M KSCN Cu?*
3.70 cm® 1.0 M NH,CH;COO Zn2*
2.25 cm? 0.1 M HCl1 Sc3t, Ce3t, Eudt, Tm3*
3+ 3+ 3+ 3+ 6+ 4 ’ ’

5c7, Ce™, Eu™, Tm™, Mo™™ 5 ) 13 4.0 M HNO; Mo®+

The study observed that the chromatographic recovery methods for the cations can be
established by employing their respective radiotracers to observe the cation’s behavior in
the chromatographic column of Table 1 [159]. It should be emphasized that after precondi-
tioning with the loading solution, the column system can be utilized up to five times for
every extraction without significantly changing the elution profile.

Likewise, the viability of separating Co and Sb from Zr in acid solutions can be
conducted using the ion-exchange resins (Dowex 50-X8 and Dowex 1-X8 resins) [160].
Using 00Co, Zr, and 125Sb radiotracers diluted in 0.25 mL HF and 0.25 mL HNOj, the
distribution coefficients of ®*Co, *>Zr, and '2°Sb on potent cation and anion exchangers
in HCl and oxalic acidic environments were evaluated [160]. Employing a High-Purity
Germanium detector, the count rates of the solvents before and after equilibrium with the
ion exchangers were monitored. The radioactivities of the tracers were calculated as count
rates from the peak regions under the isotopes’ characteristic gamma rays (*°Co, °Zr, and
125Gh). The distribution coefficient K was computed as follows in Equation (14):

L
m x A

Kp = {AO 7A] X (14)

wherein

— Ay is the solution count rate prior to ion exchanger equilibration;

— Ais the count rate of solvent following ion exchanger equilibration;
— L is the solution’s volume (mL);

— mis the mass of ion exchange resin.

The Kps for both ®>Zr and ®’Co are high at lower HCI concentrations and reduce as
the acidity increases. The reduction in ®*Co and *Zr distribution ratios with increasing
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concentrations of HCl may be attributed to both the mass action of H* and the production
of anionic matrixes at high HCI concentrations. It is feasible that, in low HCI concentrations,
the ®Zr** and °Co?* present as cationic species and have enough exchange sites, leading
to high Kp values. At a constant concentration of cation, the H* ions from HCI can
compete with the metal ions of ®*Co and %Zr, leading to a drop in Kp values as the
strength of the acid rises. For Sb, Kp ratios began to rise over 5 mol/L HCI [160]. It has
recently been found that cations that are significantly absorbed by the anion exchanger
from concentrated chloride solutions are likewise substantially absorbed by the cation
exchanger. The degree of the distribution coefficient differs from the reported value because
of variances in the degree of cross-linkage of the exchanger utilized and/or the incredibly
minimal concentration of Sb [160]. The above findings indicate the importance of nuclear
chemistry in the study and development of chromatographic surfaces for the separation
and recovery of the various cations.

Because of their favorable nuclear properties, such as energy and half-life, and chem-
ical properties, such as ease of complexation with a range of organic compounds, In
radioisotopes are employed for diagnostics [161,162]. The carrier-free indium radioiso-
topes 1°™In and ''In are commonly utilized. On a chromatographic column loaded with
TODGA-impregnated silica gel, a radiotracer method was employed to attain carrier-free
isolation of 11™In from its parent 15Cd in an HCl medium [161]. Both cations bound at the
chelating site at 8 M HCl, resulting in maximal adsorption. When the column was treated
with 2 M HCl, the daughter complex was desorbed and released from the column, while
the parent complex was left uninterrupted. Under these conditions, pure silica gel did not
absorb radioactivity. The daughter’s radiochemical purity was evaluated using its half-life
of 4.49 hrs [161].

Likewise, a chromatographic column filled with TODGA-impregnated silica gel can be
applied in separating trace concentrations of Ag* from the HNO3 media utilizing a ''™Ag
radiotracer [163]. Ag has been highly consumed in society due to its valued characteristics.
As a result, it is critical to create a sensitive and specific approach for determining and
separating Ag. At various temperatures and acid concentrations, the adsorption of Ag on
such a column was investigated [163]. The highest adsorption was seen at 1077 M of HNO;
acid, using the 11®™Ag radiotracer at neutral pH to analyze the Ag* adsorption in relation
to the concentration of HNOj.

However, while studying the kinetics of the processes, at 30 °C, the adsorption of
H0mA g+ on TODGA-impregnated silica gel was investigated at adsorptive concentrations
ranging from (4-60) x 10~ M. The uptake of ''’™Ag* jons was initially rapid, but it slowed
over time, and saturation was established within 10 min. Even after 6 h of interaction,
no further 1M Ag* uptake was seen. However, when the solution concentration was
reduced from 6 x 107 to 4 x 10* M, the percentage of 11"™Ag* absorption increased from
52.4 t0 98.1%. The restricted number of active sites available for ' Ag* sorption could
explain this rise in 11" Ag* uptake % [163]. Radiotracer techniques are, therefore, crucial
in the study of the various processes involved in hydrometallurgy [111].

4. Product Analyses

The recovered metals from leaching, solvent extraction, adsorption, and from chromato-
graphic resins can be quantified using INAA. The recovered metals in solution or solid form
can be irradiated by neutrons with the appropriate neutron flux. Thereafter, the quantification
process is conducted by measuring the gamma spectrum over some time. The resulting
gamma-ray spectrum is then interpreted and the type and quantity of a given element are
determined. An important aspect is to find the relationship between the concentration and
activity of a given radionuclide. It can be represented by the Formula (15) [164]

Ao =N-¢p-o- (1 - e*“) (15)
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where;

— Ay is the activity of the excited radionuclide excited due to irradiation of the sample
with neutrons; activity is expressed in [Bq], which is the number of decays per second;

— Nis the atomic number of a given isotope in the target material;

— ¢ is the neutron flux density (em~2s71);

— ois the activation cross-section, which is the probability of a nuclear reaction occurring
expressed in cm?; 1barn = 10_24cm2) ;

— tisthe irradiation time [s];

— Ais the radioactive decay constant: A = 1%2 ;

— T is the half-life of the radionuclide [s];

— (1 —e~M) is the saturation factor, representing the fraction of the maximum obtain-
able activity after irradiation.

In practice, activity is not measured directly; however, the amount of the analyte is
proportional to the number of counts. The easiest and most accurate way to calculate the
mass of the analyzed element is the method of the standard, which is irradiated together
with the tested samples. The formula for calculating the concentration of the metal of
interest is presented in the following form [107]:

(%mp) samples (16)

X =

o)
(D~C-mw pattern

where;

— xis the concentration of the determined element (ppm);

— P is the number of counts collected in a given peak;

— Dis the correction for nuclide decay before starting the measurements;

—  Cis the factor responsible for the decay of the radionuclide during the measurements;
— mp is the sample weight [g];

— my, is the mass of the standard [ug];

The relationship expressed by Equation (16) allows the calculation of the metal con-
centration during research on an active sample.

The product can also be analyzed using the XRF technique. XRF can evaluate nearly
every single substance placed in the spectrometer, but the better the sample preparation,
the more precise and reliable the analytical outcome. The sample preparation method will
always be a trade-off between the quality of outcomes required, the effort applied in due
course (i.e., labor and complexity), and the expenses (i.e., sample preparation equipment and
time to analysis labor) [165]. Based on the analysis requirements, the choice might vary for
different components. Pellets can be generated for the proper geometry necessary for the
efficient interaction of the X-rays with the components of the sample [166]. When analyzing a
loose powdered substance, the specimen can be placed in a plastic sample cup with a plastic
support film. That ensures a flat surface for the X-ray analyzer and supports the specimen
over the X-ray beam. The finer the material, the more likely it is to be homogeneous and have
reduced empty spaces, allowing for a more accurate analysis. Enough powder should be used
to achieve an infinite surface area for all of the metals of concern.

As with loose powdered samples, liquid samples are prepared by transferring them
into a plastic sample cup. There are few possibilities for analyzing liquid samples, and
the important factor is to select the proper support film that offers a balance of transmis-
sion capabilities, strength, and contamination. Mylar is an ideal film, but polypropylene
improves transmission more than mylar, although it has a lower tensile strength. Kapton
is an excellent film, but it dramatically represses the XRF signal for lighter elements and
is vulnerable to highly basic solutions [165]. For reliable results, the appropriate film for
liquid samples must be chosen. In general, different software integrated into the XRF can
provide the concentrations of the elements present in the sample under analysis (solid). In



Separations 2023, 10, 112 39 of 45

addition to XRF and NAA, XRD, XANES, EXAFS, XPS, and XAS can be used to characterize
the recovered metals. Such techniques give information regarding the structural orientation
and surface analysis of the recovered metals.

5. Conclusions

Since industrialization, there has been a significant rise in the utilization of energy
reserves, especially fossil fuels. The available critical and strategic metals have declined
dramatically due to intensive mining and urbanization, among other things. Hydromet-
allurgical procedures must be developed to increase the recovery of key metals. Isotope
tracers for studying the physicochemical foundations of processes, laboratory industrial
technology studies, and a method for researching the effectiveness of existing industrial
technologies and apparatus, as well as the control and regulation of industrial processes,
are all beneficial in the study of hydrometallurgical issues. Using radiotracers in solvent
extraction, adsorption and chromatographic resins enhance the study of the behavior of
cations recovery. Radiometric analysis, such as the neutron activation methods, and X-Ray
Fluorescence are important in the analysis of the metals. The employment of nuclear
technology to control and regulate technical processes has aided numerous industries in
optimizing industrial operations and finding flaws. The described applications of radio-
tracers, methodologies, and analyses can be used directly to optimize hydrometallurgical
processes and installations on laboratory and industrial scales.
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