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ABSTRACT
This study aims at extending the analytical capabilities of an existing X-ray
fluorescence spectrometer, in order to provide accurate, cost-effective
analytical technique for REEs analysis. This was achieved through the
integration of Am-241excitation-based system into the existing Ag anode-X-
ray tube spectrometer (EXP-1) in the X-ray fluorescence (XRF) laboratory of
Ghana Atomic Energy Commission (GAEC) for the analysis of rare-earth
elements (REE). With the attached Am-241 excitation-based system the
following REEs were identified and quantified; Sc, Y, La, Ce, Nd, Sm, Eu, Gd
and Er. The “Elemental Sensitivities Method’® was employed in the
development of the quantitative analysis of the identified REEs. These results
were confirmed by the Instrumental Neutron Activation Analysis (INAA) and
the Inductively Coupled Plasma Mass Spectrometer (ICP-MS) analytical
technique. On the other hand, the current EXP-1 could only identify and
quantify the following REEs; Sc .Y, and Eu. Comparative analysis of the
results of the Am-241 excitation-based system with ICP-MS and INAA
technique established 80% of the reliability and accuracy of the attached Am-
241 excitation-based system as alternative for analysis of REEs. This was
confirmed by the statistical results which gave R? values higher than 0.95,
slopes close to 1, and intercept close to zero (0). This means that, the results
obtained using the two methods were not found to be significantly different for
REEs. Consequently, the attached Am-241excition-based expanded the scope
of analysis of REE elements for the existing XRF spectrometer (EXP-1). From

the validation using the IAEA-Soil 7 reference standard.
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CHAPTER ONE
INTRODUCTION
Background to the Study
Multiple analytical techniques have been developed in response to the
requirement for rapid, sensitive, and non-destructive approaches throughout a
multitude of scientific fields, trace elements could be found in a wide range of
materials of interest (geological, and biological materials). Physical
approaches, such as spectroscopic techniques, have largely replaced many of
the previous classical methods for determining rare-earth elements (REEs)
(Balaram, 2016). Using atomic absorption and plasma emission spectrometry,
the simultaneous measurement of lanthanides at lower concentrations has
recently been performed (Potts et al., 2015). These approaches were found to
be insufficient, inductively coupled plasma spectrometry (ICP-MS) and
instrumental neutron activation analysis (INAA) are the only exception (Kin et
al., 1999). X-ray fluorescence (XRF) method is still the most versatile
approach for concentrations less than or equal to 1 mg/g (Taam et al., 2013).
The ability to measure each element without giving separation in columns is a

major benefit of using XRF analysis in REEs.

The utilization of various main radiation sources, such as X-ray tubes,
radioactive sources, or synchrotron light, has advanced these spectrometric
approaches, particularly XRF (Taam et al., 2013). Furthermore, spectrometer
development for diverse applications isan on-going research area (Sitko,
2009). Previous research conducted in the XRF unit of the Ghana Atomic

Energy Commission (GAEC) laboratory used silver anode X-ray tube
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benchtop X-ray spectrometer (EXP-1) to determine medium and moderate Z
elements (Afrifa et al., 2013). Rare-earth elements, on the other hand, have
received virtually little attention. To address this issue, a photon scattering
experiment was set up with Am-241 excitation-based source and a silicon drift
detector to acquire data for REEs with K-edges absorption near Am-241
exciting photon energies at 26.4 and 59.5 keV. A work has been done by
Taam et al., (2013) using tube-based XRF to analysed REEs in laterite sample
and only La, Pr, and Nd, could be identified (Taam et al., 2013). This thesis
describes the modification of an existing EXP-1 with an Am-241 excitation-
based system for REE studies. Scandium (?'Sc), yttrium (*°Y), and lanthanides
are the three groups of elements that make up rare earth elements (REEs) (see
Figure 1). There are seventeen (17) rare earth elements according to the

International Union of Pure and Applied Chemistry (IUPAC).

The first, cerium group, includes lighter elements such as lanthanum
(La), cerium (Ce), praseodymium (Pr), neodymium (Nd), samarium (Sm), and
europium (Eu), whereas the second, yttrium group, includes heavier elements
such as gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erb
(Y) (Savichev & Vodyanitskii, 2012). Because of its identical atomic and
ionic radii, yttrium (**Y) is commonly classified as a REEs (Henderson, 1984;
Van Gosen et al., 2017). Scandium (?'Sc) is also occasionally included in the
group of REEs since it resembles the elements in some ways. However, due to
differences in other features induced by a reduced radius of its 3+ ion, the

element's occurrence merits a special research (Henderson, 1984).

Digitized by Sam Jonah Library



© University of Cape Coast https://ir.ucc.edu.gh/xmlui

The cerium group comprises lighter elements like lanthanum (La),
cerium (Ce), prascodymium (Pr), neodymium (Nd), samarium (Sm), and
europium (Eu), whereas the yttrium group includes heavier elements like
gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), and erbium
(Yb) (Savichev & Vodyanitskii, 2012). Yttrium (*°Y) is typically classed as a
REE due to its same atomic and ionic radii (Henderson, 1984; Van Gosen et
al., 2017). Scandium (?'Sc) is sometimes grouped with the REEs since it
resembles the elements in some ways. However, because of changes in other
properties caused by a smaller radius of its 3+ ion, the element's presence

warrants further investigation (Henderson, 1984).
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Figure /: Light (marked Purple) and Heavy (marked Orange) Rare earth
elements on the Periodic table

Rare earth elements can be found in a variety of high-tech devices as listed
below. "REEs are necessary components of more than 200 products across a

wide range of applications, especially high-tech consumer products, such as
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cellular telephones, computer hard drives, electric and hybrid vehicles, and
flat-screen monitors and televisions,” according to the USGS news release
"Going Critical." Electronic displays, navigation systems, lasers, radar and
sonar systems are all critical defense tools. Even if the amount of REE utilized
in a product does not make up a significant fraction of the product in terms of
weight, value, or volume, the REE may be required for the device to function.
REE magnets, for example, make only a small part of the total weight, yet
desktop and laptop spindle motors and voice coils would not function without
them (USGS, 2002). Figure 2 depicts some of the REEs' applications in the

United States (USGS, 2013).
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Figure 2: Usage of Rare earth Elements in U.S. (USGS, 2013)

REEs normally occur in geological environment in the form of
carbonatites, alkaline complexes, rhylitic, granitic, hydrothermal, skarn,
placers and heavy mineral sand; Radioactive Coastal Sands in Australia, Sri
Lanka, Brasil, Malaysia, South Africa, United States of America (U.S.A), and

India; Mineral deposits in the form of Bastinaesite, Allanite, Euxenite,
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Microlite, Pyrochlore, Samarskite and Xenotime (Lusty & Walters, 2010).
REEs are a useful indicator of a variety of geological processes, including

magma production and fluid-rock interaction.

Although REEs enormous reactive capacity was well recognized, the
lanthanides were long thought to be biologically inert elements (Savichev &
Vodyanitskii, 2012). Later, it was shown that lanthanides have a strong
interaction with calcium-binding proteins (Furie et al., 1973). In the biological
nitrogen cycle, the medium's redox conditions are crucial, which is accelerated
by lanthanides under oxidative conditions, nitrification is enhanced, whereas
ammonification is accelerated under reductive conditions (Zhu et al., 2002).
Some microorganisms (in particular, iron-reducing chemolithotrophic
bacteria) favour lanthanide buildup and biogenic fractionation (Tsuruta, 2005).
Among these is the Gallionella ferruginea bacteria, which could generate
lanthanides in concentrations thousands of times higher than those found in
rocks and millions of times higher than those found in soil-groundwater
(Anderson & Pedersen, 2003). For Fe-Mn concretions, iron-oxidizing
chemolithotrophic bacteria cause a large buildup of lanthanides. Lanthanides
have recently been discovered to have a significant impact on plants
(Perelomov, 2007). Agro-chemists discovered that a little dose of lanthanides
has a favorable influence on the development of numerous plants (Rogan et
al., 2006; Tyler, 2004; Wu & Guo, 1995). At the same time, this effect was not
widespread, which was attributed to insufficient knowledge of soils. The most
significant challenge appears to be identifying territories with negative

lanthanide anomalies, where the most efficient administration of Lanthanide
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fertilizers is required. The use of Lanthanide fertilizers to farmlands (where
they are extensively used) would be challenging without knowing the amount
of lanthanide in natural soils. Because lanthanides are difficult to identify,
there is a scarcity of data on their presence in Ghana’s soils. Physical
approaches tend to be the most reliable for identifying lanthanides since they

allow for the analysis of solid samples without the need for soil breakdown.

For spectrometric methods such as ICP-MS and atomic absorption
spectroscopy (AAS), sample preparation is required (the process of converting
a powder sample into a real solution). Normal soil decomposition techniques
for determining lanthanide concentrations either do not allow for high analytic
productivity at reasonable labour costs, or they result in significant analytic
errors due to element loss during sample preparation for analysis
(Karandashev et al., 2007). The most successful physical methods for
estimating the total concentration of lanthanides in soils are neutron activation
analysis (NAA), -spectrometry, and X-ray fluorescence (Savichev &
Vodyanitskii, 2012). Instrumental and radiochemical neutron activation
analyses with heat neutrons are the two types of analyses. The former entails
spectrometric analysis of samples that have been activated in reactors
following a series of exposure cycles (Kolesov, 1994). In the latter situation,
the radionuclides in question are removed using radiochemical procedures,
and their induced activity is then determined. Because the experimental
approach is completely physical, its sensitivity is higher (the detection
threshold for the majority of lanthanides is equal to the first mg/kg, with a 20

percent analytic error (Savichev & Vodyanitskii, 2012). However, it does not
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allow the analysis of particular lanthanides, such as Gd (because of its low
sensitivity) and Dy (because the nuclides produced by activation have a short
lifespan) (Nikonov et al., 1999). The radiochemical approach is more
sensitive, and it yields a longer list of elements, but it takes much longer time
(Zaitsev et al., 1978) and cannot be regarded entirely physical. Direct sample
analysis is also used in y-spectrometry; after determining the content of natural
nuclides, the total content is computed using isotope ratios. This approach
could only be used to analyze lanthanides with a limited number of natural
radionuclides. The detection threshold is measured in milligrams per kilogram
(Kogan et al., 1991). The easiest and cheapest way of analysing heavy metals
in soils is by the use of X-ray fluorescence analysis (Savichev & Sorokin,
2000). This approach, however, cannot be used to study all rare metals. The
traditional XRF is obviously ineffective for determining the lanthanide
content. When the X-ray fluorescence spectra of REE samples is excited with
an X-ray beam, only lanthanide L-lines (far weaker than K-lines) would be
activated (Savichev & Vodyanitskii, 2012); Strong K-lines from macro-
elements would be placed on these weak L-lines., whose abundance is several
orders larger than that of lanthanides. The radioisotope-based XRF looks to be
the most convenient method for exciting lanthanide K-lines. The Am-241
radioisotope excitation source was employed, which has a 59.5 keV emission
line energy and a radiation intensity of 100 100 mC; (1 C; = 3.7 10'%s). It is

worth noting that no microelement lines superimpose on the K-lines of the

lanthanides.
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The simultaneous determination of lanthanides at lower concentrations

has recently been done using ICP-MS in geological samples (Taam et al.,

2013).

Statement of the Problem

Knowledge of REEs concentrations in different samples are very
important in the mining industries for REE prospecting. However, the analysis
of REEs concentrations is very difficult because of their strictly similar,
physical and chemical properties. The most common analytical technique for
the accurate analysis of REE is ICP-MS analytical technique (Abaka-Wood et
al., 2019). This technique requires sophisticated separation technique, is
expensive and not readily accessible in the country. Consequently, samples
must be sent to foreign countries for analysis which makes analysis very

expensive and relatively longer turn out time.

The other analytical techniques used for REE analysis are nuclear
technique of INAA and EDXRF analysis. However, with the INAA facility
available in Ghana. It takes considerable time to analyse REEs, even some of
the REEs like Dy and Gd cannot be identified with INAA because of low
sensitivity or short lifespan. On the other hand, EDXRF facility employs X-
ray tube excitation system, with analysis of REE by X-ray tube-based XRF
system is limited only to the L-lines of the lanthanides series due to system
sensitivity. In addition, the accuracy of the results obtained are compromised,
only lanthanide L-lines (far weaker than K-lines) would be activated. Strong
K-lines from macro-elements would be placed on these weak L-lines, whose

abundance is several orders larger than that of lanthanides. The evaluation of
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the X-ray spectrum is made much more complex as a result of this. These
problems may be circumvented through integrating Am-241 excitation-based

system into the EXP-1 EDXRF spectrometer at GAEC.

The issue is most commonly linked to the use of an X-ray tube system

in XRF.

Main Objective

The main objective of this study was to extend the analytical
capabilities of an existing X-ray fluorescence spectrometer, in order to provide
accurate, cost-effective analytical technique for REEs analysis; through the

integration of Am-241 excitation-based system.

Specific Objectives

The specific objectives of this study were:

I To reconfigure the EXP-1 (Ag anode X-ray tube XRF spectrometer)
with the attachment of an Am-241 excitation-based system, to facilitate

the identification of REEs;

o To develop and validate a quantitative method of analysis for the

reconfigured XRF spectrometer; and,

3 To compare the analytical results of selected geological samples using

EXP-1 XRF, Am-241 based XRF, INAA and ICP-MS.
Significance of the Study

Am-241 offers the possibility of analysis of high Z-elements with their
K-X-ray. EDXRF based on Am-241 is a cost-effective method for accurately

identifying REEs and their concentration. It would make energy-dispersive
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XRF available to all analytical laboratories in the low- and middle-income
sub-region of Africa, where obtaining ICP-MS for rare earth element analysis

may be challenging.

Delimitation

The scope of this research is to determine the amount of rare earth
elements (high Z elements) with Am-241 excitation-based as a source in
EDXRF to avoid peak interference. Peak interference could result in one
broader peak instead of two individual peaks, making it impossible to detect
individual elements. As it occurs between the L,of REE and the K, of
transition metals. In this case, L, of REE overlaps with K, of the Transition
metals. It makes it difficult to use the L-line to detect the REEs. Many
research studies in EDXRF address the peak interference problem at the signal
processing stage; however, using Am-241, characteristic peaks present in REE
are well separated using their K, line. The peak interference in REE is

usually not a major concern using Am-241.

The goal of this study was to use Am-241 as a source in EDXRF to
measure rare-earth elements (high Z elements) while avoiding peak
interference. Peak interference could result in a single larger peak rather than
two discrete peaks, making individual elements impossible to distinguish. It
happens between REE and transition metals, for example. In this situation,
REE's L_ and the Transition metals' K_ overlap. It makes detecting REEs
using the L-line difficult. The peak interference problem is addressed in

several EDXRF research studies at the signal processing stage; however,

10

Digitized by Sam Jonah Library



© University of Cape Coast https://ir.ucc.edu.gh/xmlui

utilizing Am-241, characteristic peaks present in REE are well separated using

their K_ line. In REE, maximum interference occurs.

Limitations

Standards were used to create sensitivity calibration curves. These
standards were chosen to span the range of energies to be determined in the
study (33.44-54.06 kV). However, due to the unavailability of the other
standards, energies of 33.44-44.47 kV were used in this study. As a result,
energy above 44.47 kV cannot be accounted for. In this project, Annual Am-
241 sources were used, which required precise determination of incident and
take-off angles. The inability to precisely measure these angles may add error,
resulting in the inability to acquire exact results, despite the accuracy of the
results being good. Validation should have been done with a variety of
certified reference materials (CRM), but due to lack of funding, only [AEA-

SOIL 7 was used.

Organization of the Study

This thesis is divided into five sections. The thesis's introduction,
highlights, and context are all covered in the first chapter. The research
problem, the scope and objective of the study, the significance of the study,
and the structure of the thesis are all stated. The second chapter discusses the
literature that was used in this study as well as earlier work that was done
using various methodologies for rare earth element analysis. The materials and
method to be used in conducting this research are presented in Chapter 3. The

fourth chapter delves into the findings, presentation and discussion of the
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findings and their consequences. Inferences leading to conclusions are

presented in Chapter 5.
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CHAPTER TWO

LITERATURE REVIEW

Introduction

This chapter contains a comprehensive overview of the literature, on
the subject of "rare earth elements and related analytical tools." Between
sodium and uranium, with sensitivity in the part per million (ppm) range XRF
analysis is a well-established multi-elemental analysis technique that could
offer quantitative results on most elements in the periodic table's (Vekemans et
al., 1995). There are an increasing number of applications that require precise
X-ray line intensity measurements. Heavy element X-ray spectra
measurements in the K-series, such as REE is gaining popularity. The Am-241
radioisotope has a 59.54 keV energy, which is enough to excite most elements
with K-lines. The use of heavy element K-series X-ray lines rather than L-
series radiation in EDXRF spectra should increase detection limits and
minimize peak overlap. When using a radioisotope source for XRF, the
needed equipment is mechanical, basic in design, and relatively less costly.
These bring energy-dispersive XRF to practically every analytical facility in
the low- and middle-income sub-region. The following is how this chapter is
structured: REEs are defined as well as their applications, deposits, and the
numerous analytical instruments used to analyse these elements. It also
establishes the fundamental knowledge of XRF, including the physics of XRF
spectra creation, X-ray interaction with matter, as well as XRF spectrometry.
The XRF analysis help in evaluating X-ray spectrum without damaging the

samples, the technique can be used to analyse the samples' chemical makeup.
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Overview of Rare Earth Elements

The strategic and critical minerals recognized globally are REEs.
Therefore, the easily accessible tool of REEs mining is of particular interest to
many stakeholders. REEs are classified into two groups: light and heavy
REEs. Light rare earth elements (LREE) include lanthanum (La), Cerium (Ce)
Praseodymium (Pr), Neodymium (Nd) and Samarium (Sm). They are common
and relatively easy to extract. Heavy REE (HREE), which contain yttrium and
elements with Z-numbers ranging from 64 - 71 [europium (Eu), gadolinium
(Gd), terbium (Th), dysprosium (Dy), erbium (Er), thulium (Th), ytterbium
(Yb), and lutetium (Lu)], are less abundant but important in demand and
supply. Yttrium is the lightest REE but is regarded as HREE because it occurs
with the other HREE as a result of similarity in outermost electronic
configuration and atomic size to HREE. Scandium, yttrium, and fourteen (14
REES) are the three groups of elements that make up REEs.

These metals possess similar chemical make-up, which means they are
mostly found in geological deposits together. However, they have unique
electrical and magnetic properties that allow them to be used in a small niche
where no other technology can. The geological name for rocks that could
dissolve in acid was rare in the 18th century, which is why these components
are referred to as "Rare." (ISPI publication, 2021) It is "rare" because of their
low concentration: they do not occur in pure form in nature but are always
compounded with other elements (Gupta & Krishnamurthy, 1992; Hoatson et
al., 2011; ishnamurthy & Gupta, 2015b). Individual abundances range from
Ce, the most abundant at around 60 ppm, to Lu, with a concentration of less

than 1.0 ppm, with the general crustal abundance of REEs being more than
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silver and similar to copper and lead (USGS, 2002). Hybrid cars, wind
turbines, fuel cells, electronics, medical and defense technology, and
metallurgy/specialty alloys are examples of technological and industrial uses.
REESs have been steadily gaining in relevance.

REE have multiple occurrences and liberal substitution with each other
in the crystal lattice of a host mineral as a result of the similarities in ionic
radii and oxidation state. Varying physical and chemical characteristics may
be attributed to the marginal ionic radii differences which are responsible for

either having heavy or light lanthanide (Long et al., 2012).

Technological Applications of Rare Earth Elements

There are no easy substitutes for the REE in most of their applications
because of the properties they contribute to magnets, phosphors, and other
specialized applications, largely facilitated by the properties of the 4f electrons
that form the lanthanide series (Eggert, 2013; Hulle, 2022). REE forms a
major constituent of many advanced materials and is critically important in
high technology and green energy sectors. The applications of REE include;
metallurgy, autocatalysis, glass additives, fluid cracking catalyst, battery alloy,
polishing powder, magnets, and phosphors (Abaka-Wood et al., 2017). The
most major REE application industry has been permanent magnets. Wind
turbines use permanent magnet generators to convert wind energy into
electricity, while electric vehicles, hybrid-electric vehicles, and plug-in
hybrid-electric vehicles use motors to convert energy stored in the battery into
mechanical power for propulsion (Lafleur et al., 2012; Zepf, 2013). REE is

also utilized to improve the strength, malleability, corrosion and oxidation
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resistance, and creep resistance of certain alloys. As catalysts, oxides of REE
may be used in the cracking of crude petroleum and hydrogenation of ketones
to form alcohol as well as olefins to form alkanes. The glass industry is one of
the major REE consumers, using them for glass polishing and as additives by
enhancing optical properties. Precision guide munitions (PGMs), smart
bombs, sonars, and radars are just a few of the military applications that utilise

REEs (Gibson & Parkinson, 2011; Lafleur et al., 2012; Robinson, 2011).

Mineralogy of Rare Earth Elements Ore Deposits

Rare earth elements generally occur in ore deposits as (a mixture) minerals
commonly classified as carbonates, oxides, halides, phosphates, and silicates
(Castor & Hedrick, 2006; Cordier & Hedrick, 2010; Lusty & Walters, 2010).
They occur as trivalent cations with other elements such as copper, gold,
uranium, phosphorous, and iron. REE are relatively abundant in the earth
crust, but minable concentrations are generally less than other minerals and are
usually made up of about 80-99% of La, Ce, Y, Pr, and Nd (Castor & Hedrick,
2006; Cordier & Hedrick, 2010; Lusty & Walters, 2010). They are mineralized
in about 250 mineral phases, with gadolinite, xenotime, samarskite, euxenite,
fergusonite, yttrotantalite, yttrotungstite, and yttrialite, predominantly
containing HREE, whilst bastnasite, monazite, allanite, loparite, ancylite,
parisite, cerite, britholite, florencite, and cerianite are noted to contain LREE
(Abaka-Wood et al., 2019). Table / provides a summary of some selected
REE minerals and their estimated rare earth oxide (REO) content. Bastnasite,
monazite, xenotime, and loparite are considered principal commercial sources

of REE minerals (Abaka-Wood et al, 2017; Jordens et al., 2013;
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Krishnamurthy & Gupta, 2015). Bastnasite occurs as a primary mineral, while
monazite is found in primary deposits of other ores and typically recovered as

a by-product (HUMPHRIES, 2012; Lusty & Walters, 2010).

Table 1: Selected REE Containing Minerals, Formular and Approximate

REO %
Mineral Chemical Formula REE Content %
Allanite (Ce,Ca,Y), (AL Fe3*)3(Si0,);(OH) 38
Bastenasite (Ce,La,Y)(CO3)F 75
Fergusonite (Ce,La, Nd)NbO, 53
Florencite CeAlz(P04),(0H)g 32
Kainosite Cay(Y,Ce);5i404,(C0O3). H,0 38
Loparite (Ce,La,Na,Ca,St)(T;, Nb)O; 30
Monazite (Ce,La,Nd,Th)PO, 65
Parisite Ca, (Ce,La),(C0O3)3F 61
Synchysite Ca(Ce,La)(C0O3),F 51
Xenotime YpO, 61

(Abaka-Wood et al., 2017)

Bastnasite

Bastnasite [(Ce, La, Y) C05F], a fluoro-carbonate mineral containing
about 65-75 weight (wt). % REO is the most common LREE bearing mineral.
It is an important mineral constituent for major REE deposits at Bayan Obo
(Inner Mongolia, China), Mount Pass (California, USA), and Sichuan
Manning, China (Krishnamurthy & Gupta, 2015; Li et al., 2014). Vein
deposits, contact metamorphic zones, and pegmatites are all examples.

(Krishnamurthy & Gupta, 2015). Bastnasite is a paramagnetic mineral and has
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a specific gravity ranging 4.9-5.2, rendering it amenable for magnetic and
multi-gravity beneficiation techniques. Most bastnasite deposits employ

flotation using fatty acids and hydroxamate collectors (Jordens et al., 2013).

Monazite

Monazite [(Ce, La, Nd, Th) P0,], a phosphate of REE and thorium
(Th), is predominantly exploited for its LREE content. The mineral usually
contains about 50-70% REO and 4-12% thorium content depending on the
deposit. The REO components may constitute 20-30% Ce,03C, 10-40% La, 05
and 10-15% Nd,05. In placer deposits, monazite is mostly found with heavy
minerals as ilmenite, zircon, magnetite, and rutile (Dushyantha et al., 2020). It
was the major REE-bearing mineral exploited on a commercial basis until
1965 when bastnasite emerged as a preferred option (Dushyantha et al., 2020;

Krishnamurthy & Gupta, 2015) .

Xenotime

Xenotime is mostly a yttrium phosphate YPO, mineral with a high
percentage of REO (5465 percent). It predominantly contains the HREE (Y),
thorium, and uranium. It is often a component of heavy mineral sands,
pegmatite, and igneous rocks. It is recovered as a minor mineral in many
heavy mineral sand operations which are worked primarily for monazite in
Brazil, India, South Africa, and Australia. The concentration of xenotime in a
deposit can range from 0.5 percent to 5% of the monazite mineral

(Krishnamurthy & Vissing-Jorgensen, 2015; Krishnamurthy & Gupta, 2015).
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Global Rare Earth Resources and Production

Rare earth metals are primarily found all throughout the world, but only a
few governments have set aside sufficient concentrations for mining. The
United States Geological Survey (USGS) reports that, by 2020, 120 million
metric tons of REE is expected that would have been generated globally.
China has 44 million metric tons of REE deposits as of 2020, followed by
Vietnam (22 million), Brazil (21 million), Russia (12 million), India (6.7
million), Australia (4.1 million), Greenland (1.5 million), and the United
States (1.5 million). Other countries that account for the majority of the
world's rare earth economic resources include Malaysia, South Africa, Sri
Lanka, Thailand, and Tanzania. Reserves could also be used for other
purposes. Over the last decade, new deposits have been identified in different
countries, resulting in extensive exploratory activities to construct REE
projects. New projects are being developed by China, Brazil, Canada,
Australia, Turkey, Finland, Greenland, South Africa, Madagascar, India,
Kyrgyzstan, Malawi, Mozambique, Namibia, Sweden, Tanzania, and Vietnam.
China, the United States, the Commonwealth of Independent States, Australia,
India, Brazil, and Malaysia have all produced REEs on a steady basis. Sri
Lanka, Canada, Thailand, Madagascar, and South Africa, on the other hand,
have contributed to world REE production on a sporadic basis (Krishnamurthy

& Gupta, 2015; Lietal., 2014).

19

Digitized by Sam Jonah Library



© University of Cape Coast https://ir.ucc.edu.gh/xmlui

Types of Rare Earth Elements Deposits

Unlike most other metals, the Earth's crust is rich in REEs. They are rarely
condensed into ore that can be mined. Primary deposits and secondary
deposits are the two types of REE deposits that can be found (Balaram, 2019).
Magmatic, hydrothermal, and/or metamorphic processes all contribute to the
formation of primary deposits. In extensional environments, these deposits are
typically linked with alkaline igneous rocks and carbonatites. Placers, laterites,
and bauxites are examples of secondary deposits generated by erosion and
weathering. REE deposits can be further categorized within these two
groupings based on genetic relationships, mineralogy, and occurrence type.
Because it is difficult to categorize REE deposits into discrete groups due to
their vast range of geological conditions, the economically significant REE
deposits were categorized into four categories by Sowerbutts (Balaram, 2019).
Based on the large concentrations of these elements in coal and marine
sediments, five types of REE deposits have been identified (Balaram, 2022):
Pegmatites and carbonatites, alkaline igneous rocks, residual igneous rocks,
residual igneous rocks, residual igneous rocks, residual igneous rocks, residual
igneous rocks, residual igneous rocks, residual igneous rocks, residual igneous
rocks, residual igneous rocks, residual igneous rocks, residual igneous rocks,
residual igneous rocks, residual igneous rocks, residual igneous rocks, residual

igneous rocks, residual igneous rocks,

Alkaline Igneous Rare Earth Elements Deposits

When deep mantle rocks partially melt within the Earth's crust, they

rise and cool, alkaline igneous rocks form. REE, as well as Zr, Nb, Sr, Ba, and
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Li, are commonly found in alkaline magma (Balaram, 2019). As the magma
rises, as a result of a complex combination of factors such as pressure,
temperature, and the chemistry of the rocks it contacts, it experiences chemical
changes. As a result of this complex interplay, a diverse spectrum of REE
deposits has formed (Balaram, 2019; Ray & Shukla, 2004). Differentiated

rocks such as nepheline syenites and trachytes, as well as peralkaline granites,

act as hosts.

These complexes usually occur in continental within-plate tectonic

settings associated with rifts, faults, or hotspot magmatism (Balaram, 2019).

Layered alkaline complexes, granitic stocks, and late-stage dikes, as well as
trachytic volcanic and volcaniclastic deposits, all contain REE mineralization
(Balaram, 2019; Dostal, 2017). Mountain Pass, California, Bayan Obo, China,
and Ytterby, Sweden have all discovered REE deposits in alkaline igneous
rocks. The world's largest REE deposit, China's Bayan Obo, is a high-grade,
igneous-related carbonatite deposit that contributes 80% of the world's LREE
(Verplanck, 2014). Carbonatites from Meghalaya's Sung Valley ultramafic—
alkaline—carbonatite Complex, West Jaintia Hills, and East Khasi Hills
districts were studied. Singh et al., (2014) found encouraging REE values.
(HREE levels range from 60.98 to 81.92 g/g, whereas LREE levels are
between 895.17 to 1264.85 g/g.) (Balaram, 2019). Economic considerations
such as market pricing for both main and by-products, mining and processing
costs, and metallurgical recovery tonnage grade distribution influence cut-off
grades in mining metallurgical processes (Nieto & Zhang, 2013). As a result,

determining the ore's cut-off grade may be difficult. The Saranu carbonatite
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deposit in Rajasthan is a large carbonatite deposit in India with high REE
concentrations. The deposit is made up of carbonatite dikes with a diameter of
10 cm and a concentration of 5.5 percent REO (rare earth oxides). LREE
minerals such as bastnisite, parisite, and synchysite have been discovered in
the Amba Dongar carbonatite complex in Gujarat (Doroshkevich et al., 2009).

The discovery of carbonatite plugs, sills, and dykes was made by (Bhushan &

Kumar, 2013).

According to a recent analysis of these carbonatites and the host ijolite
plug, the creation of this deposit was linked to mantle 'hot spot’ activity coeval
with Deccan volcanism (Singh, 2020). Using geological mapping and grid
channel geochemical sampling methods, Bhushan and Kumar discovered
carbonatite plugs, sills, and dykes hosting REE deposits at Kamthai (very
close to Saranu deposit), Barmer district, Rajasthan, India, with a possible
REE resource of 4.91 Mt and approximated up to 84 m depth with the highest

value of LREE of 17.31 percent and the mean grade of 3.33 percent (Balaram,

2019).

The REE and Y potentials of Neoproterozoic peralkaline Siwana
granite from the Malani igneous group in Rajasthan's Barmer area were
investigated by (Bhushan & Somani, 2019). They also categorized the REE
minerals in the suite, which comprised well-exposed and outcrops, and
determined that the site is suitable for open-pit mining. The Malani igneous
series' Neoproterozoic Peralkaline Siwana granite has an overall REE
concentration of 2.0 to 2.5 percent. Mineralogy, leachability, and separation

during the metallurgical test will all have an impact on the economic viability.
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Because HREE is so expensive, even extracting 50% of the ore will be
profitable. The cost of opencast mining will be minimal because the area is

extremely exposed and the outcrops have significant relief (Balaram, 2019;

Bhushan & Somani, 2019).

Residual Deposits

Extreme weathering of igneous rocks produces pegmatite and iron-
oxide copper-gold deposits as a result of deep weathering. Carbonatite and
peralkaline intrusive deep weathering have the potential to yield concentrated
REE mineral residual deposits. One example is REE-laterite, which is
generated by the weathering of tin granite in south China. Only China is
known to have ion-adsorption ores in this group. The climate in a large region
of North East India is ideal for the formation of a thick lateritic profile,
making this kind of REE deposit attractive (Singh et al., 2014). Bauxite, the
principal source of aluminum produced by the weathering of numerous types
of aluminosilicate source rocks, is also a substantial source of REE, according
to Valeton (Valeton, 1972). The solid residue created in the Bayer process for
aluminum production is known as bauxite residue (red mud). This red mud, as

well as some other bauxite deposits, might be prospective REE sources (Vind

et al., 2018).

Placer Deposits with Heavy Mineral

Placer deposits may contain REE-bearing minerals, which could be
valuable. The majority of REE-rich placer deposits are Tertiary or Quaternary
deposits generated from granitic or high-grade metamorphic rocks as source

materials; nevertheless, REE resources have been detected in Precambrian
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paleo placer deposits. In placer deposits, monazite [(Ce, Th)PO4], a common
REE-bearing accessory mineral found in igneous, metamorphic, and
sedimentary rocks, can be concentrated alongside other heavy minerals.
Monazite is a notable REE mineral since the majority of its ore deposits are
economically viable REE resources. Monazite contains cerium, but light and
heavy REEs including Tb, Dy, and Gd are scarce and less concentrated.
Monazite is the primary source of light REE in India. As a result, HREE in
India is heavily reliant on imports. Tin-rich river placers in Malaysia, paleo-
placers in the Witwatersrand, South Africa; Elliot Lake, Ontario; and beach
sand deposits in Kerala, Andhra Pradesh, Tamil Nadu, and Odisha, India are
just a few examples of REE placer deposits. Although monazite is currently
only processed in India, China, and Malaysia, Russia and Brazil are gaining
more interested (Palaparthi et al., 2017) conducted a comprehensive research
to analyze radioelement and REE a concentrations in beach placer deposits
along the eastern coast of Andhra Pradesh, India, in order to better understand
the economic potential of beach placer deposits. Monazite is a limited 'atomic’

mineral in India due to low thorium and uranium concentrations.

Rare-Earth Elements in Coal Deposit

As the gap between worldwide REE demand and availability widens,
the quest for alternative resources has become increasingly crucial, especially
for countries that rely heavily on imports. Coal fly ash, often thought to be
trash, is now recognized as a viable source of a variety of elements, including
REE (Franus et al., 2015). Because the REE concentrations in many coals and

coal ashes are comparable to or higher than those in typical REE ores, this is
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the case. REE values in coal samples from Iran's Mazino Coal Mine ranged
from 16.4 to 184 g/g, with an average of 88.9 g/g (Pazand, 2015). In
comparison to world average coal, REE levels were found to be much lower in
Indian coal samples from the North Eastern Region (NER). Coal ash, on the
other hand, has a global REE value of 404 g/g (Dai et al., 2016). In the
literature, even higher REE (including Y) values of up to 1358 g/g have been
reported (Hower et al., 2016). This has the potential to minimize our reliance
on others for these important ingredients while also creating new sectors in
locations where coal has historically played a significant role in the economy.
The concept of recovering rare earth elements from abundant coal and coal ash
is an exciting new research topic that offers a significant shift in the coal

paradigm (Franus et al., 2015).

Rare Earth Elements in Sediments of Continental Shelf and Ocean
Bottom

Mineral resources on the continental shelf are comparable to those on
neighbouring land. Minerals eroded from the soil may concentrate as placer
deposits along the coast, and comparable placer deposits may exist deeper
beneath the sea. Massive volumes of phosphorite (phosphate rock or rock
phosphate), a non-detrital sedimentary rock that is also a major source of REE,
can be found on continental shelves. According to recent investigations of
marine phosphorite deposits, the phosphorites contain significant levels of
REE (Dar & Saman, 2014; Li & Schieber, 2020; Mazumder et al., 1999; Nath
& Sharma, 2000). Unlike manganese nodules and cobalt crusts, phosphorite

deposits develop as chemical precipitates on continental shelves at much
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higher depths in seas (Balaram, 2019). When phosphate-rich fluids are heated,
they lose their insolubility and deposit. REE is abundant in the francolite
mineral phase of phosphorites, which replaces Caicium in the francolite lattice
(Jarvis et al.,, 1994). The amount of REE in these rocks varies greatly
depending on the kind and provenance of the rock. However, certain
phosphorite deposits contain up to 2000 g/g (Balaram, 2019). Embo (Emsbo et
al., 2015) determined that phosphorite deposits are more REE-rich than most
typical REE resources after analyzing chemical data from 23 sedimentary
phosphate deposits (phosphorites) with REE up to 18,000 g/g and HREE up to
7000 g/g. Current discoveries (Balaram, 2019; Hein et al., 2013; Kato et al.,
2011; Zhong et al., 2018) imply that substantial REE deposits can be found in

ocean bottom sediments.

Polymetallic nodules, ferromanganese crusts (cobalt crusts), and deep-
sea muds are the three primary forms of REE deposits found in deep oceans.
Polymetallic nodule deposits grow on sediment-covered abyssal plains (at
depths of 4500-6000 m in water) and are found in surficial seabed sediments
in abyssal plain muds, mainly in the Pacific and Indian Oceans (Nath et al.,
1994). Cobalt crust can be found on seamounts, ridges, and highlands on hard-
rock substrates all over the world, and as a surface encrustation on seamounts
and rock outcrops in all seas, having the richest deposits in the western Pacific
(Paropkari et al., 2010; Zeng et al., 2015). The proportions of influxes of
genetically varied components: hydrogenic, biogenic, hydrothermal,
volcanogenic, and lithogenic elements (Banakar & Borole, 1991; Nath et al.,

1992). Cobalt crust is the more important of the two kinds in terms of REE.
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REE enrichment is mostly caused by the sorption of ferromanganese oxides
and clay minerals in crusts and nodules. They form when cold ambient bottom
fluids at depths of 1000-3000 meters precipitate (Balaram, 2019). Large
concentrations of strategically and economically important metals (e.g., Co, Ti,
Ce, Zr, Ni, Pt, Mo, Te, Cu, W) (Savichev & Vodyanitskii, 2012), as well as
unusually high quantities of REE, are found in the crusts, which form at a
sluggish rate of around 1-7 mm/Ma. The two types of ferromanganese crusts
are hydrothermal (generally episodic) and hydrogenous (normally continuous).
REE patterns can aid in identifying the two types of deposits (Balaram, 2019).
The level of REE in these ocean bottom sediments (REE 2511 g/g) is very
high. Ce enrichment is exceptionally high, accounting for more than 60% of
total REE content (Zhong et al., 2018). Over millions of years, hot plumes
from hydrothermal vents extracted these elements from seawater and
deposited them on ocean floors (Savichev & Vodyanitskii, 2012). Balaram et
al., (2019), looked studied the seamount crust of the Afanasy Nikitin
Seamount (ANS) in the Indian Ocean to prove that the bottom sediments of
the Indian Ocean also contain massive concentrations of these valuable metals
(Savichev & Vodyanitskii, 2012). Using multi-beam swath bathymetry, the
research was then broadened to include detailed geochemical and bathymetric

examinations of cobalt crust of seamount (Krishna et al., 2014).

The third main source of REE is deep-sea muck, which is abundant on
the ocean floor (Yasukawa et al., 2015). A fresh and comprehensive data
collection of their bulk chemical compositions, including REE, major, minor,

and trace elements, was developed using 1338 deep-sea sand samples
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collected from 19 Deep Sea Drilling Project/Ocean Drilling Program locales in
the Indian Ocean. The high REE-rich mud and Fe-Mn nodule formations,
which  frequently overlap, have significant resource potential.
Minamitorishima Island, Japan, developed a successful mineral processing
approach with a hydro cyclone separator to selectively remove biogenic
calcium phosphate grains with high REE concentration (up to 22,000 g/g)
when reporting deep-sea mud from the western North Pacific Ocean. (Takaya
et al., 2018). According to the experts, this new REE resource could be used in
the near future. In some spots, the Pacific mud deposit has 100—1000 times the
world's current known terrestrial REE reserves of 130 million tons. According
to several analyses, undersea REE reserves are far more promising than on-
land REE resources. A 2.3-kilometer-square of metal-rich muck may supply
most of the world's REE needs for a year (Kato et al., 2011). They showed that
REE and Y can be easily recovered from mud using simple acid leaching,
suggesting that deep-sea muck could be a source for these elements (Balaram,
2019). The economic viability of deep-sea mining, however, is unclear given
the current level of ocean mining technology (Balaram, 2019). Deep-sea
mining could be a viable long-term solution if environmental and economic

problems are addressed.

Extraterrestrial Rare Earth Elements Resources

According to recent analyses (McLeod & Krekeler, 2017), the world's
accessible REE resources will persist for no more than 2500 years.
Exploration of extra-terrestrial REE resources is unavoidable, based on present

demand, mining operations, and technologies, as well as a predicted growth in
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population and technological needs. Our Solar System's Moon, Mars, and
other surrounding objects may have one or more alien REE deposits that will

be utilised one day (Haque et al., 2014; Savichev & Vodyanitskii, 2012).

Rare Earth Elements in Agriculture

Rare Earth Elements are also used as fertilizer in agriculture to
improve crop development and yield, resulting in an increase in REE
concentrations in the soil (Tyler, 2004). In general, macronutrients (Ca, Mg, N,
P, and S), micronutrients (such as Fe and Si), and rare earth elements are
found in mineral fertilizers (phosphate fertilizers) and soil conditioners. REE
can also be found in soils as a result of local geological sources (Liu et al.,
1993). To enhance productivity and quality, REE-containing micro-fertilizers
are applied directly to plants on a wide scale in China (Balaram, 2019; Diatloff
et al., 1995; Pang et al., 2002). REE accumulated concentrations have been
reported to be extremely low in general. Plant accumulation capacity, on the
other hand, is influenced by a variety of elements such as plant type, growing
conditions, and REE content in the substrate soil or rock, among others (Fu et
al., 2001). Rice got greater readings than maize, indicating that rice is more
prone to REE buildup (Fu et al., 2001). Environmentalists are concerned that,
as a result of REE abuse in agriculture, these elements may enter the food
chain through plant absorption, posing a health risk to humans. REE
concentrations in cereal grains are rather modest, according to some research
(Redling, 2006), and there is no considerable build-up due to REE
fertilization. As a result, cereals and products made from them, such as wheat

flour, are considered safe. According to (Thomas et al., 2014), nations with
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high natural occurrence levels of REE in their soils, like Russia and Nigeria,
will suffer larger environmental hazards as a result of increased REE input.
Careful monitoring may be required in areas where phosphate-based fertilizers

(mined from monazite deposits) are commonly employed.

Rare Earth Elements in Medicine

REEs could be used in a variety of therapeutic and diagnostic
applications in modern medicine due to their unique features, such as radiation
emission or magnetism. Only a few key uses of REE in medicine exist now,
but many more are on the way. REE has antibacterial and antifungal effects
comparable to copper ions, according to research (Wakabayashi et al., 2016;
Zhang et al., 2000; Zhong et al., 2018), and these elements are now employed
in pharmaceuticals. Although gadolinium has been used as a contrast agent in
MRI studies in a chelated form (Raju et al., 2010), recent study has discovered
direct evidence of gadolinium buildup in brain tissues, which could be
dangerous to neurons (Gulani et al., 2017; McDonald et al., 2015). Because
they stop fungal spores from growing and germinating, REE can be used as a
nematicide, impacting a wide spectrum of species (Balaram, 2019). When
pharmaceutical samples are tested by ICP-MS for inorganic impurities, it is
determined that they contain large amounts of LREE (La 25 g/g; Ce 7 g/g;
Gd 8 g/g) (Balaram, 2016). The ramifications of having such a broad range of
REE concentrations in drugs are unknown at this time (Balaram, 2019).
Residents in mining areas have been exposed to REE, which has been related
to a variety of health problems, including occupational toxicity, water

contamination, and agricultural damage. According to an increasing amount of
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research (Rim, 2016), REE-related antioxidant properties have been
demonstrated in the therapy of a variety of diseases. These elements'
therapeutic applications are now being found at a rapid rate, and emerging

technologies like nanotechnology could be applied to maximize their

utilization in the future.

Analytical Techniques used in Mining Rare-Earth Elements

Chemical analysis of REE in geological, industrial, and environmental
materials is required for geochemical exploration investigations, mining,
extraction, quality checks of both raw materials and end products in the
industry, and environmental monitoring. REE are difficult to distinguish due
to their physical and chemical similarities. This is especially true if, due to
various interferences and coincidences, a specific element among them must
be identified in the mix of the other REE. Traditional methods for determining
REE in geological materials at their crustal abundance levels, such as flame
atomic  absorption  spectrometry  (F-AAS), gravimetry, titrimetry,
spectrophotometry, and graphite furnace atomic absorption spectrometry (GF-
AAS), were previously extremely difficult and time-consuming (Onishi et al.,
1962; Saxena, 1970; Wengert et al., 1952). However, these jobs have grown
much easier now that powerful instrumental analytical tools are available.
Because of its multi-element capabilities, high sensitivity, wide linear dynamic
range, low interferences, ease of operation, and accuracy, instrumented
neutron activation analysis (INAA) and ICP-MS, particularly HR-ICP-MS, are
frequently used for REE detection in a variety of materials. In such

investigations, X-ray fluorescence spectrometry (XRF), inductively coupled
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plasma optical emission spectrometry (ICP-OES), glow discharge mass
spectrometry (GD-MS), laser-induced breakdown spectroscopy (LIBS), and
the recently introduced microwave plasma atomic emission spectrometry (MP-
AES) have all proven to be extremely useful. Although techniques such as
isotope dilution thermal ionization mass spectrometry (ID-TIMS) and spark
source mass spectrometry (SSMS) have been used in the past to determine
REE, their applicability is currently limited due to the need for time-
consuming sample preparation methods and high costs (Jochum et al., 1988;
Klinkhammer et al., 1994). Because REE are widely used in electronics and
sustainable energy systems, the search for economically viable REE
concentrations is ongoing. Many investigations of REE concentrations in coal
and coal ash have been published, indicating that they are potentially cost-
effective sources of REE (Eskenazy, 1987; Hower et al., 2013; Qi et al,
2007). Because REE are found in low concentrations in most geological
materials (Gromet et al., 1984; Haskin & Haskin, 1966; Taylor & McLennan,
1985), it is necessary to optimize sample preparation and testing methods in

order to reduce uncertainty and maximize recovery.

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) and
Instrumental Neutron Activation Analyses are two of the most used methods
for analyzing REE in geologic materials (INAA). While INAA has the
advantage of not requiring sample digestion prior to analysis, it takes longer to
complete and has greater detection limits than ICP-MS (Golighty & Simon,
1989; Palmer & Baedecker, 1989). Except for an enrichment of Sm in INAA

data, a study comparing REE concentrations by ICP-MS and INAA found that
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the two procedures produced comparable results (Cruse et al., 2000). The most
widely used analytical approach for measuring REE is ICP-MS following
solid sample digestion (Potts et al., 2015). REE in geological samples has also
been measured using pre-treatment, correction standards, and other techniques
like as Raman and X-ray fluorescence (Bayon et al., 2009; Lee et al., 2000;
Makreski et al., 2011; Raut et al., 2003; Zawisza et al., 2011). Although ICP-
MS has been shown to be a reliable and repeatable method for measuring
REE, appropriate preparation of samples for ICP-MS is critical for accurate
results. A comparison of REE in geological reference materials using INAA
and ICP-MS revealed that ICP-MS was more accurate for light REE (La-Gd)
than heavy REE (Tb-Lu), but INAA provided results that were closer to
published values, implying that sample preparation for ICP-MS was the cause
(Kin et al., 1999). The examination of REE in geologic samples digested using
a 4-acid approach, for example, yielded results that were lower than those
obtained using neutron activation analyses (NAA), owing to insufficient
digestion of very insoluble mineral phases (Totland et al., 1992; Tsai & Yeh,

1997).

However, in terms of analytical repeatability, the MC-ICP-MS (multi-
collector inductively coupled plasma mass spectrometer) outperforms
quadrupole ICP-MS or ID-TIMS method for REE measurement in geological
materials. Precisions of less than 0.4 percent can be achieved for all REEs
(Baker et al., 2002). The next section examines some of the most essential

analytical techniques and how they can be applied to REE analysis in a variety

of situations.
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Laser-Induced Breakdown Spectroscopy (LIBS)

LIBS is a sort of emission spectroscopy that makes use of a plasma
produced by a laser to ablate and excite the atoms in a sample, which can be
solid or liquid (Balaram, 2017; Cremers & Radziemski, 2013).The unique
optical emission spectra of elemental elements can be directly fingerprinted by
laser ablation of liquid or solids (Balaram, 2019). Detection limits for most
REEs in common applications range from 10 g/g to 100 g/g (Balaram, 2019),
Precisions range from 3% to 5%, and for homogeneous materials, precisions
are generally better than 2%. (Cremers & Radziemski, 2006). Various
manufacturers provide both desktop and portable variants. LIBS technology
has a number of advantages over other approaches, including the ability to
take measurements quickly, the ability to utilize it in the field, the lack of
sample preparation, and the consumption of small amounts of sample. The
most significant advantage of LIBS is that it can quickly identify a wide range
of metals and non-metals, including REE (Bhatt et al., 2018). This capability
is notably beneficial for REE component recovery and processing procedures.
LIBS-based solid-state measurements are commonly comparable to XRF in
terms of precision. It can also instantly characterize solid objects. The
applicability of LIBS for field analysis is comparable to that of XRF in terms

of overall accuracy (Takahashi and Thomnton, 2017)

Instrumental Neutron Activation Analysis (INAA)
INAA is a very sensitive and versatile analytical technique for
determining major, minor, and trace element concentrations in a range of

media. A small sample is subjected to a neutron flux in a nuclear reactor.
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Stable nuclei absorb neutrons and decay into unstable radioactive isotopes,
which produce particles or, more significantly, gamma rays that are unique to
the elements from which they were produced. The energy of the emitted
gamma rays identifies the nuclide, and the intensity of the radiation can be
used to estimate its abundance. Quantitative measurements are usually
performed with semiconductor radiation detectors. When the strength of these
gamma rays is compared to that of a standard, the concentrations of the
individual nuclides may be quantified. Because the chemical and physical
structure of the material has little effect on nuclear reactions and decay
processes during and after irradiation, this technology is exceedingly popular.
Several researchers have used the INAA method to assess REE concentrations
in a range of earth and environmental materials at extremely low levels
(Alharbi & El-Taher, 2016; Baidya et al., 1999; Balaram, 2019; Bounouira et
al.,, 2007). INAA investigated the geochemical behaviour of REE in beach
sands from Tamil Nadu, India (Ravisankar et al., 2006). The data gathered by
the author utilizing other popular analytical techniques such as ICP-MS and
ICP time-of-flight MS (ICP-TOF-MS)is compared to the REE values
determined by INAA for Ocean bed polymetallic nodule reference sample
(2388) from the Indian Ocean (Pandey, 1992). Because certified data for a
variety of elements, including REE, is not currently available for this unique
Indian reference material, this information would be useful in the future for
delivering certified values for all REEs. INAA has some flaws, despite being a
sensitive and multi-element technique. To account for the emitted X-rays that
undergo self-attenuation in the sample under the same counting conditions,

INAA requires matrix matching reference materials for calibration. As a
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result, synthetic standards made from REE combinations are not suitable
unless the matrix matches that of the sample. INAA measured REE
concentrations (g/g) in ferromanganese crust (cobalt crust) samples taken from
the ANS (Afanasy Nikitin Seamount) in the Eastern Equatorial Indian Ocean,
following the procedure outlined by (Balaram, 2019; Figuelredo & Marques,
1989). The Nod-A-1 and Nod-P-1 worldwide polymetallic nodule reference
samples were used to calibrate the system. Because INAA is such a sensitive
technology, it is highly useful for determining REE in geological and
environmental materials. Despite these benefits, INAA is not a widely used
analytical technique since it takes time, is not self-contained, requires the

presence of a reactor, and requires longer cooling times for specific elements

(Balaram, 2019)

Inductively Coupled Plasma Optical Emission Spectrometry (ICP OES)
ICP-OES is a multi-element analytical technique for determining
distinct elements in a wide range of materials at major, minor, and trace
concentration levels. At high temperatures, a liquid sample is converted into
an aerosol and transferred to an inductively coupled plasma. In the plasma, the
sample undergoes dissolution, vaporization, atomization, and ionization. The
atoms and ions take energy from the plasma, which causes electrons to jump
from one energy level to the next. When electrons return to a ground state,
light with wavelengths unique to each element is released. To determine the
relative elemental levels in an unknown sample, the intensity of measured
emissions is compared to the intensity of known-concentration reference

materials (Greenfield et al., 1964; Wendt & Fassel, 1965). The ICP-OES could
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measure up to 60 elements simultaneously with great sensitivity and a very
large linear dynamic range, which is possibly its most impressive feature
(Balaram, 1995). After selecting the most acceptable spectra lines, determined
low concentrations of the fourteen naturally occurring lanthanides directly by
ICP-OES (Bentlin and Pozebon, 2010). However, due to several spectral
interferences encountered during the determination of REE in geological
materials, it is necessary to use a separation and pre-concentration procedure
before using ICP-OES (Jarvis et al., 1994). Who used ICP-OES to evaluate
REE and Y in 37 international rock reference materials after using cationic-
exchange chromatography for secessioﬁ énd pre-concentration, accompanied
by a conventional rock solubilisation method. Because of the line-rich spectra
emitted by REE, it is difficult to reliably quantify REE and other trace
elements in the presence of high REE concentrations in a sample using ICP-
OES. The analysis of cerium oxide, gadolinium oxide, and NdFeB magnetic
materials matrices was done using high-resolution ICP-OES to get very high-
quality results (Chausseau et al., 2014) . Because of the spectral complexity
and low quantities of REE in various types of rocks, ion exchange separation
is required after sample digestion before ICP-OES analysis, making this
approach less productive (Amaral et al., 2017; Balaram, 1995; Jarvis & Jarvis,
1985; Walsh et al., 1981) employed ICP-OES to collect data on geochemical
formation history, plant nutrition status, the need for supplementation, and
possible contamination in geological and agricultural materials by measuring

emission signals in radial and dual viewing modes.
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Microwave Plasma Atomic Emission Spectrometry (MP-AES)

In 2011, the MP-AES, new commercial equipment that represents yet
another method of analysis, was developed, for REE measurements. It appears
to be a viable alternative to ICP-OES. According to reports, The MP-AES
system employs a relatively new type of plasma torch that generates high-
temperature microwave plasma using nitrogen gas (Hammer, 2008). During
the previous years, the applicability of MP-AES has been proven in a wide
range of geological and environmental matrices, including industrial effluents,
water, sediments, soils, rocks, and ores, with detection limits in the pg/g range
for many REE (Balaram et al., 2013; Helmeczi et al., 2016; Kamala et al.,
2014; Sreenivasulu et al., 2017; Vysetti et al., 2014). The unique approach for
quick digestion of REE ores and determined REE both by MP-AES and
dynamic reaction cell-ICP-MS was developed (Helmeczi et al., 2016). The
REE values obtained by MP-AES were identical to those obtained by ICP-MS
(Tupaz et al., 2020). The MP-AES was employed to determine scandium in a
laterite sample, and the results were comparable to ICP-MS (Tupaz et al.,
2020). MP-AES is currently a feasible analytical strategy for inorganic
contents in a variety of geological and environmental materials due to its
multiple clear advantages over techniques like F-AAS and ICP-OES. Because
MP-AES and classic ICP-OES use identical sample introduction procedures,
sample introduction and sample pre-concentration strategies developed for
ICP-OES should be equally resilient for MP-AES, making MP-AES a viable

alternative approach in the future.
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Glow Discharge Mass Spectrometry

The glow discharge mass spectrometry (GD-MS), which works like
mass spectrometric techniques, it is well established analytical tool for the
analysis of major, minor, trace, and ultra-trace compositions in solid materials,
including geological, metallurgical, and semi-conductor materials, over a wide
dynamic range (ng/g to 100 percent), with a variety of applications spanning
several disciplines (Becker & Dietze, 2003; King et al., 1995). In 1985, the
first commercial GD-MS was created, the magnetic sector model VG 9000
("Thermo Elemental", Winsford, UK). This technique is useful for analysing
REEs because it has lower detection limits for various REEs to sub- pg /g

levels.

X-ray Fluorescence Spectrometry (ED-XRF)

X-ray fluorescence spectrometry (XRF) is a suitable approach for trace
element research at the g/g level, notwithstanding the technique's insensitivity
to REE in the current setting (X-ray tube system). However, as a traditional
analytical technique for measuring REEs, XRF has distinct advantages over
other methods in terms of accuracy, time, and cost. Its only drawback is that it
has a low sensitivity to REEs when employed in an X-ray tube system
arrangement. There are two forms of XRF: EDXRF (energy-dispersive X-ray
fluorescence spectrometry) and WDXRF (Wavelength-dispersive X-ray
fluorescence spectrometry) (Potts & Webb, 1992). With success, the WD-XRF
and ED-XRF procedures were utilized to determine REE in environmental and
geological samples that have been pre-separated from other constituents. Due

to the higher detection limits provided with this methodology for REE, many
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analysis techniques require extraction and pre-concentration phases for precise
estimation (De Vito et al., 2000). For example, after all REEs were separated
from other constituents using an ion-exchange process (Juras et al., 1987)
employed XRF to assess REE in geological samples ranging in composition
from ultramafic rocks to rhyolite. A study of the uses of XRF analysis in the
Chinese rare earth mining was presented (Wu and Guo, 1995). Among the
applications were REE analysis in ores and soil concentrates, compounds,
metals, alloys, functional materials, and rapid and online analysis in the
separation process (Smolinski et al., 2016). In recent times, geochemical
exploration studies have effectively used portable XRF (ED-XRF form) to
measure REE such as La, Ce, Pr, and Nd, and also REE pathfinders such as Y,
Th, and Nb (Balaram, 2017). These devices are very valuable in the field since
they enable quick decisions in prospecting, ore grade/process control, and
environmental sustainability analyses. Even though identifying trace
impurities of rare earth elements in Ghanaian mines is becoming increasingly
important for the categorization of mine materials, there are few fast and
sensitive methods for doing so. Rare earth elements (REEs) are a useful
indicator of a variety of geological processes, including magma production
and fluid-rock interaction. There are an increasing number of applications that
require precise X-ray line intensity measurements. Measurements of heavy
elements’ K-series X-ray spectra, such as rare earth elements are also gaining
popularity. The energy emitted by the Am-241 source is 59.54 keV, which
may excite the K-lines of most heavy elements. The use of heavy element K-
series X-ray lines instead of L-series radiation in EDXRF spectra should

increase detection limits and eliminate peak overlap.
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Principle of X-ray Fluorescence

The principle that each element produces secondary fluorescent X-rays
when exposed to appropriate X-ray energy and the area under the X-ray
spectra (intensity) could be used to estimate the concentration of an element in
the sample could be used to analyse rare earth elements. Wilhelm Conrad
Rontgen discovered X-rays in 1895 while examining cathode rays in high-
voltage, gaseous discharge tubes, and they were given the letter 'X' due to the
unknown nature of radiation (Van Grieken & Markowicz, 2001). For his
discovery of X-rays, Rontgen was awarded the Nobel Prize in 1901.There
were various attempts to employ this radiation for the characterization of
matter within a short period after its discovery (Haschke, 2014b). Henry Gwyn
Jeffreys Moseley developed a particular link between the wavelength of
characteristic X-ray photons and an atomic number of the exciting element in
1913, which paved the way for the use of X-rays for element characterization
(Jenkins, 2012). The X-ray spectrum ranges from 0.010 nm (100 eV) to 10 nm
(100 keV). The wavelength of X-ray photons is inversely proportional to their
quantum energies, and thus on par with the binding energies of atoms' inner
shell electrons (Gauglitz & Moore, 2014a; Vogel-Mikus et al., 2012). X-rays
were first used to excite a sample in 1925, but it was not until 1948 that the
technology became feasible with the invention of the first commercial X-ray
spectrometer (Tsuji et al., 2005). This spectrometer monitored the wavelength
of one element at a time and was a wavelength dispersive X-ray spectrometer
(WDXRF). Later, multi-element analysis was made possible by the discovery

of energy dispersive X-ray spectrometers (XRF).

41

Digitized by Sam Jonah Library



© University of Cape Coast https://ir.ucc.edu.gh/xmlui

Interaction of X-rays with Matter

When an X-ray beam interacts with a substance, it is attenuated,
resulting in a reduction in the incident beam's intensity (Jenkins, 1995). As
shown in Figure 3, when an X-ray beam travels through a sample, some

photons may be dispersed or absorbed inside the material (Storm & Israel,

1970).

Other photons

& Characteristic X-rays

>

[(E,), T(Ay)
3>

L= Ioexp(-upd)

Figure 3: Interaction of X-ray with matter (Jenkins, 1995)

Scattering

The interaction of radiation and matter can cause the direction of X-
rays to alter. If the photon's energy remains constant, the scattering is known
as elastic or Rayleigh scattering. When X-ray photons collide with weakly
bound electrons, scattering occurs. Inelastic or Compton scattering occurs
when photons lose some energy (Beckhoff et al., 2007; Theodorakou &
Farquharson, 2008). The interaction of a photon with a free electron at rest is

known as Compton scattering (Van Grieken & Markowicz, 2001). The total
scattering cross-section O; could be represented as the sum of two

components:
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Ji:-O'Ri+O'Ci (§244]

where O R,; and o Ci are the cross-sections for Rayleigh and Compton

scatter of element i respectively.

Photoelectric Effect

The phenomenon of photoelectric absorption, discovered by Albert
Einstein in 1905, can only occur if the photon's energy is equal to or greater
than the electron's binding energy. A photon is absorbed and an inner shell
electron is ejected in the photoelectric effect. A fraction of a photon's energy is
utilized to overcome the electron's binding energy, while the remainder is
transferred to the expelled electron as kinetic energy (Janssen & Lehner,
2014). Because the ejection of electron results in the development of a
vacancy, the atom becomes excited and emits an Auger electron (characteristic
photon) to return to its stable configuration. The ratio of released characteristic
X-ray photons to the total number of inner shell vacancies created in the
atomic shell is known as fluorescence yield (Beckhoff et al., 2007). After
absorption, the intensity I, of an X-ray beam traveling through a layer of
thickness d and density p is decreased to an intensity I, according to Lambert-

well-known Beer's law as shown in equation (2.2):
I'=lge=#rd (2.2)
where u is the mass attenuation coefficient.

The number of photons (intensity) decreases, but their energy remains

relatively constant (Janssens et al., 2017).
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As more vacancies are produced, the photoelectric cross-section grows,
but at binding energies, the cross-section drops sharply because lower-energy
X-rays cannot evict electrons from the K shell, but they can interact with
weakly bonded electrons in the L and M shells. The absorption edge is the
abrupt reduction in cross-section (Beckhoff et al., 2007), and the jump ratio is
the ratio of the cross-section slightly above and below the absorption edge.
Because X-ray fluorescence is caused by selective radiation absorption

followed by spontaneous electron emission, an effective absorption process is

required (Jenkins, 1995).

X-ray Absorption Phenomena
Absorption is the process of converting incident photon energy into the
kinetic energy of a charged particle (usually an electron). The Beer-Lambert

law yields four X-ray absorption coefficients (Storm et al., 1970).

1. Linear absorption coefficient p;, is given as absorption per unit

thickness (cm™') as shown in equation (2.3)
I
Win = In(°/)/d (2.3)

2. Mass attenuation coefficient py, gives the absorption per mass in the

unit area (cm2.g™") as shown in equation (2.4)

g = Min (2.4)

The absorption per atom in the unit area (cm?.atom™) is given by the atomic

absorption coefficient p, as shown in equation (2.5)

Ha = Win- 4/ p = "/n 2.5)
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The atomic weight is A, the Avogadros number is N, and the number of atoms

per unit volume is n.

3. The absorption per mole in a unit area (cm2.mole™) is calculated using

the molar absorption coefficient as shown in equation (2.6)

Hmole = UIin-A/p (2.6)

The mass attenuation coefficient p, takes into consideration all of the
possible interactions in the specimen. Thus p,, is composed of three major

compounds
tm(E) = ©(E) + 0.0n(E) + Oincn(E) 2.7

where 7(E), o.,n(E) and 0,1 (E) are photoelectric, coherent and incoherent

mass attenuation coefficients, respectively.

Photons are completely absorbed in photoelectric absorption, providing energy
for orbital electrons to move and imparting kinetic energy to them, leading to
the emission of X-ray spectral lines. During the scattering phase, photons are

not absorbed but deflected off their collimator path in the absorber.

Absorption Factor

The interelement impact is largely influenced by the absorption
phenomena. The fluorescent element is believed to be unaffected by any other
element in the sample in this section. As a result, its emission is purely owing
to primary energy excitation. Taking into account that the excitation is

monochromatic, the fluorescent intensity is simply given by

I;(E) = Si(E).C;. Ay (E) (2.8)
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where
Ai(E) = 1 — exp[—a(E)pd/a(E) is known as the absorption factor,

Si(E) is the sensitivity of the system, C; is the concentration of the element i in

the sample and a(E) is the average absorption correction factor which is given

by

a(E) = pi(Eo)escos + uy (Ecscys 2.9)

Where E, is the photon's incident energy and E; is the emergent energy, ¢, is

the incident angle and ¢, is the emergent angle

For thin samples the absorption is negligible and the relation between the

concentration and the intensity is linear
Ii(E) = Si(E).C; (2.10)
For infinitely thick samples pd in the absorption term
4(E) = /4y @2.11)
The equation that relates the intensity and the concentration becomes
I(E) = 424 2.12)

If the concentration C; and the sample absorption a(E) are known, the

sensitivity for any element may be determined:

= Ii(B)a(®)
In either scenario, a spectrometer's sensitivity can be written as

Si = GEEK,: (214)
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where G is a proportionality constant that depends on spectrometer properties
like source strength and system geometry, ¢; is the detector efficiency for
element i and K; is a factor comprising all the element-dependent basic

parameters associated with element i. K; is a number that is given by

K; = o, (T Y Wiaf (2.15)

where ai(Eo) is the element i's photoelectric mass-absorption coefficient for
the incident energy source. The K edge jump ratio is E, 7, the K-shell
fluorescence yield is W, and the branching ratio is f. Eqn (2.15) may be used
to compute the factor k; using Storm and Israel's tabulated data (Storm &
Israel, 1970). A connection for the geometrical factor G can be found using

Eqns (3.6), (3.8), and (1) (Greaves et al., 1992):

P I;(1jcosec@q tpgcosecyy)

£;iK;Cy i)

In theory, regardless of the element being tested, this value should be
the same. When determining a spectrometer's sensitivity, however, the
standard deviation (SD) values computed with Eqn (2.16) vary for different
elements. The average value of the calibration must not have a relative
standard deviation (RSD) larger than 3% as a requirement for its quality
(Greaves et al., 1992; Tang & Gomez, 1994). There is evidence of mistakes in
the measurements of one or more thick samples when this restriction is not
met (e.g. sample inhomogeneity, coarse grains in a pellet, lack of surface
polish, concentration inaccuracy) (e.g. sample inhomogeneity, coarse grains in

a pellet, lack of surface polish, error in the concentration).
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Enhancement Factor

The enhancement is also a major contribution to the interelement
effects and it occurs when the radiation from another element in the specimen
excites the analyte. The essential criteria for excitation are that only X-ray
photons with an energy greater than that of an element's absorption edge may
stimulate that element's fluorescence. This adds more to the main X-rays'
excitation of the target's characteristic lines. The main spectrum is the most
important contribution to the specimen’s emission. Secondary fluorescence
occurs when an element with a higher atomic number than the fluorescent
element is present. For example, consider a Fe-Ni alloy submitted to the same
incident radiation. Both elements are excited by the primary radiation and
consequently the Fe atoms are also subjected to the Ni fluorescent radiation.
Because Ni — K, radiations are sufficiently energetic to excite Fe atoms, an
additional Fe emission is observed as secondary fluorescence which is
indirectly produced by the primary radiation with energies greater than Ni
energy absorption edge. Due to the enhancement factor (1+ FE™) the

intensity becomes
I; = G x &(E;) X Ki(E,) X C;. A;(E) x (1 + FF™) (2.17)

X-ray Fluorescence Spectroscopy (XRF)
Basic principle of XRF

The X-ray region, also known as the Rontgen region, begins at 10 nm
and extends to shorter wavelengths. Because X-rays have the same energy as
inner-shell electron binding energies, they can be used to excite or analyze

these atomic levels. (Beckhoff et al., 2007). The electromagnetic wave is
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emitted and absorbed in photons, which are discrete units of energy
proportional to the frequency of radiation. The atomic model postulated by
Bohr consists of a nucleus with protons and electrons occupying discrete
energy shells. The photoelectric effect occurs when the energy of a photon
exceeds the binding energy of an electron in the shell, causing the electron to
be expelled (Jenkins, 1999a). Due to the ejection of an electron from the K
shell, the atom is left in a high energy state, resulting in atom instability. There
are two methods by which the atom can recover to its normal state: auger
effect and fluorescence (Van Grieken & Markowicz, 2001). The auger effect
occurs when an electron from a higher orbital fall into the core hole,
transferring energy to an electron from the outer shell and forcing the outer
electron to expel. On the other hand, when an electron from the outer shell
falls into the core hole, the extra energy can be released as an X-ray photon in
a process known as X-ray fluorescence. Fluorescence radiation can be emitted
by transitions that take less than 100 fs and follows the selection rules for
electric dipole radiation (Beckhoff et al, 2007). The emission of this
distinctive radiation allows elements to be identified. Measurement of the
energy of characteristic X-ray photons generated from the sample from line
spectra with all the characteristic lines superimposed above a fluctuating

background can be used to quantify the elements (Gauglitz & Moore, 2014b).

Selection Rules and Characteristic Lines
X-ray spectral series, such as K, L, and M series include the allowed

transitions that may fill the vacancy in a named atomic shell (Figure 4).
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Figure 4: Observed characteristic line in K series for X-ray fluorescence

Additional notions such as a, B, and y indicate which higher energy sub-shell
the electron originated from. For example, Kal and Ka2 indicate the
transitions from L3 and L2 sub-shells, whereas, K 1, K B2, K B3 lines are
produced during the transitions from M3, N2 and M2 sub-shells (Vo-Dinh,
2006). Every electron is described by four quantum numbers: the principal
quantum number n, which can take any integral value (for K level n=1, for L
level n=2, and so on), the angular quantum number /, which can take any value
between (nl) and 0, the magnetic quantum number (m), which can take any
value between + | and |1, and the spin quantum number s, which has a value of
1/2. The vector sum of Hs gives the entire momentum J of an electron
(Janssens et al., 2017). To form normal lines, the main quantum number must
change by at least 1, the angular quantum number must change by only /, and

total momentum must change by 0 or /. (Beckhoff et al., 2007). X-ray spectra
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may contain prohibited lines, which are lines that do not follow the basic
selection rules and come from outer orbital levels (Figure 4). After the first
electron is ejected, the atom may remain in an excited state for a long time,
with a high possibility of another electron being ejected before the gap is
filled. When one electron is lost, the energies of the surrounding electrons
change, and X-rays of different energy are emitted. These weak lines known
as satellite lines are not analytically significant and may confuse the

interpretation of spectra ( Van Grieken & Markowicz, 2001).

Instrumentation

The main components of the XRF spectrometer are:

Excitation source

The excitation energy is required more than the binding energy of the
electrons of the atom for the production of X-ray fluorescence. The excitation
is mostly produced by X-ray tubes in laboratory instruments whereas,
radioactive sources like Am-241 as shown in Figure 5, rotating anodes, and
synchrotrons (Janssens et al., 2017) are common in transportable instruments

and for highly sophisticated investigations, respectively.
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Figure 5: Diagram showing the Am-241 decay scheme with two major
energies emitted at 59.5 keV and 26.3 keV.

Primary Optics

To bend the beam before it strikes the sample, primary optics is placed
between the X-ray source and the sample. These are used to control the source
radiation distribution. Secondary optics with similar optics can be employed to
shape the secondary beam. Filters for absorption of specific sections of the
spectrum, collimators and apertures for determining beam form, and
monochromators for selecting a monochromatic beam are all possible primary

optics (Haschke, 2014b).

Sample Positioning System
A manual or motor-driven positioning system can be used to position
the sample if it is in a tray or on a stage, but the position needs to be

reproducible with the source and spectrometer. D stands for the distance

between the source and the sample influences the measured intensity by 517.
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(Haschke, 2014b). Another influence can be tilting the sample surface which
can change the absorption for low-intensity radiation. The spinning of the
sample can help average the sample in homogeneities. As a small area of the
sample is analysed, it must be properly positioned in the beam. The
measurements for the sample can be taken in air, gas flow, or vacuum.
Generally, vacuum is maintained but in the case of samples that cannot be
evacuated, He-flush or other special conditions are used for the analysis of the
sample. Different excitation directions of the sample are possible. The sample

can be excited from the top or bottom (Janssens & Van Grieken, 2004).

Secondary Optics

As a beam shaper, secondary optics may be required to improve
resolution but can also be a dispersive optic that is used as a monochromator

(Haschke, 2014b).

Detector

There are two types of detectors as follow:

Wavelength Dispersive X-ray Fluorescence Spectrometer (WDXRF)

The sample emits X-rays, which are directed to the crystal, which
diffracts them in different directions depending on their wavelengths. The
detector is fixed in place, but the crystal is rotated to allow the detector to take
up different wavelengths (Beckhoff et al., 2007). The resolution of WDXRF
lies between 5 eV to 20 eV. Higher-resolution reduces spectral overlaps and
allows the analysis of complex samples with higher accuracy. It also reduces

background and enhances detection limits and sensitivity, but using more
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optical components reduces efficiency and costs more (Janssens & Van

Grieken, 2004).

Energy Dispersive X-ray Fluorescence Spectrometer (EDXRF)

In EDXRF, the complete spectrum is captured at the same time,
allowing elements from most of the periodic table to be detected in a matter of
seconds (Haschke, 2014b). As EDXRF takes less time for the generation of
spectra, it is widely used in element mapping to build up detailed element

images with a high spatial resolution for thousands of pixels (Beckhoff et al.,

2007).

Sample Preparation

Accurate analysis by XRF requires adequate sample preparation.
Samples must be prepared according to the method of analysis and should be
representative of the bulk material being tested (Beckhoff et al., 2007).
Samples should fit into the chamber of the XRF spectrometer. Therefore, the
sample used for X-ray spectroscopy needs to be effectively homogenized and
mostly in fine powder form, but may also be liquid (Janssens et al., 2017).
Lack of sample homogeneity is the most important factor which can cause
inaccuracy in X-ray assessment-based element quantification methods larger
than matrix effects (Beckhoff et al., 2007), as only a small amount, as well as

the area of the sample, is analysed (Haschke, 2014b).
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Solid Samples

A solid sample could be analysed as a bulk sample without any
preparation, fused with glass, as a loose powder or powder pressed in pellets
(Jenkins, 1995). However, most solid samples require pre-treatment such as
cutting, grinding, or polishing before analysis to meet the requirement of
homogeneity and ensure accurate and quality analysis (Margui & Van
Grieken, 2013). Direct measurement is used when any type of sample
preparation may damage its structure. This method of analysis is used for
characterizing cultural heritage material that is usually fragile and in the study
of gems and jewelry (Margui & Van Grieken, 2013). Direct measurement is
also used for the analysis of layer systems, corrosion layers, contamination,
and non-homogeneities of valuable samples (Haschke, 2014b). Fusion of
samples with glass minimizes matrix and surface effects, but not all samples

fuse with glass without prior treatment (Jenkins, 1995).

The most common method of analysis is powder preparation. The
sample is finely powdered, combined with the binder/matrix, and pressed into
pellets or tablets resulting in a homogenous sample with a flat surface
(Haschke, 2014b). Pellets must be compacted and ideally presented as a pellet
so that the angle of incidence of the X-rays is uniform and the emitted

fluorescence can be captured without bias from all parts of the sample.
Liquid samples

Liquid samples could be analysed directly, by taking a few milliliters

placed in a cup made of polyethylene or polytetrafluoroethylene with a thin
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film at the bottom to allow the penetration of X-rays (Margui & Van Grieken,
2013). A film is not required for top-down measurement, and measurements
can be taken without any absorbing substance in between (Haschke, 2014b).
In liquid samples, the light matrices generate a higher scatter background
which reduces the sensitivity compared to solid samples (Margui & Van
Grieken, 2013), but the sample is homogeneous, and negligible particle size
effects are present (Jenkins, 1995). Sometimes, the powdered suspension of
water-insoluble material is mixed with a few milliliters of water and filtered
through cellulose, glass or plastic filters resulting in a thin layer on the filter

which is directly measured by XRF (Margui & Van Grieken, 2013).

Factors Influencing XRF Measurements

Matrix Effect

The X-ray matrix effect is the most basic and key component in
analytical accuracy. The accumulated counts of X-ray photons are always
accompanied by statistical fluctuations. As the incident beam passes through
the sample it is absorbed due to interaction with atoms and emits fluorescence
in all directions (Beckhoff et al., 2007). Fluorescence radiation directed at the
detector is captured directly, but it can also be absorbed by the matrix along
the route (Haschke, 2014a). Only a small number of circumstances allow for a
simple linear relationship between observed element counts and concentration.
Beyond the sample's critical depth below the surface, any emitted photons are
absorbed and will not contribute to the fluorescence intensity (Janssens et al.,
2017). This critical depth varies according to the matrix composition and the

energy of primary and secondary radiation. The samples thicker than critical
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penetration depth are called infinitely thick or massive samples. Attenuation
and enhancement phenomena affect the intensity of X-ray fluorescence,
causing matrix effects. The reported XRF intensity will no longer be

proportionate to the element concentration due to the matrix effect.

Atomic Number of Elements

It is difficult to detect elements with a low atomic number as compared
to the elements with a high atomic number as their excitation probability is
very low (Haschke, 2014b). If the fluorescence radiation emitted is of low

energy, it may be absorbed in the sample itself.
Sample Particle Size and Homogeneity

The detected concentration of elements depends upon the exact
position of measurement as X-rays can penetrate only a few mm into the
sample (Hou et al., 2004). Sample inhomogeneity can drastically affect the
results of quantification of elements and result in low accuracy of
quantification (Haschke, 2014a). Particle size effects are generally classified
as grain size effects, inter-element effects, or mineralogical effects
(Krusberski, 2006). Within the powdered samples analyzed by XRF, particle
size effects are a serious source of analytical errors contributing >30%
deviation if the samples have highly heterogeneous particle size distributions

(Mzyk et al., 2002).
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Sample Moisture

The sample's moisture content is regarded as one of the most
significant sources of error, particularly in soil analysis (Bastos et al., 2012).
The primary radiation is absorbed as well as scattered by water, resulting in an
exponential reduction of characteristic X-rays (Ge et al., 2005). The effect of
moisture on XRF intensity can differs from one element to another and is
known to influence light elements (K and below) more as compared to heavier

elements (Schneider et al., 2016).

Quantitative Spectra Analysis

X-ray spectra evaluation is one of the most critical steps in XRF. It
provides a means of mapping the measured XRF spectra to the actual chemical
composition of the sample. When a sample that contains REE is irradiated by
a primary X-ray source, fluorescent X-rays from REE are generated. The
intensity of these fluorescent X-rays is proportional to the amount of REE
present in the sample. The higher the amount of REE, the higher will be the
count intensity in its corresponding energy channel. Thus, if the fluorescent X-
ray intensity and concentration of an element contained in a standard sample
are both known, then calibration can be established to determine the
concentration of REE from its fluorescent X-ray count intensity. Obtaining
this calibration function is the main objective of all quantitative XRF analysis

methods.
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The XRF analysis method involves the techniques for extracting the
most accurate information possible about the characteristic lines (Jenkins,
1995). In general, amplitude noise, which arises from the statistical character
of the counting process, can be distinguished from energy noise, which causes
the X-ray lines in the spectra to seem considerably broader than their natural
widths (Janssens et al., 2017). X-ray lines appear as small, well-defined peaks
in XRF, and net and background intensities can be estimated with accuracy
(Vo-Dinh, 2006). In both XRF and WDXRF, the net number of counts under a
characteristic line is proportional to the analyte concentration which is also
true for concentration and net peak height. Peak area as an analytical signal is
chosen in XRF since the detector resolution is poor and peaks may be low in
intensity. This results in decreased statistical uncertainty for small peaks
(Haschke, 2014a). Since the late 1980s, several research studies have been
published on automated XRF spectrum analysis algorithms. The intent has
been to develop software to assist technicians in XRF quantitative analysis.
For example, the International Atomic Energy Agency's (IAEA) QXAS
software uses an Analytical X-ray Analysis by Iterative Least-squares (AXIL)
method, in which the net peak information is obtained by fitting measured
spectra with mathematical functions tailored to specific elements using a

nonlinear least-squares strategy (IAEA, 2005).

The significant information is included in the characteristic spectral
peaks in XRF quantitative analysis, and the background continuum is regarded
a nuisance. Eliminating the continuum can improve the accuracy of the net

peak area determination. There are generally two methods to eliminate the
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background continuum in XRF spectra. The first method directly eliminates
the background using a heuristic approach while the second method estimates
the background using a set of analytical functions(Jenkins, 1999b). The
continuous is eliminated from spectra in the first technique by using an
appropriate filter with minimal or no knowledge of the actual XRF
background which makes it more suitable for real-time analysis because it is
computationally less demanding. In the second method, the continuum is
modelled using various analytical functions which are least-squares fitted to
segments of background spectrums. Modelling the continuum involves using
analytical functions tailored to represent the various excitation conditions and
widths of regions in the XRF spectrum (Van Grieken & Markowicz, 2002).

This method, as applied to this research, is further described below.
Background Estimation

For determining detection limits, repeatability, and reproducibility,
background radiation is a limiting factor (Li et al., 2020). Electron beam
excited samples are not perfectly flat, the background shape is not fully
predictable, so questions arise concerning how much of the available spectrum
should be used to measure the peak area (Statham, 1977). In spectra in which
severe peak overlap is not encountered, and well-defined background regions
are detected on both sides of the peak, simple background subtraction methods
can be used. If the neighbouring peaks lie too close to the peak of interest, the
background is estimated through the least square fitting of background or
quantitative regression analysis models (Jenkins, 1995). The background is

estimated using least-squares polynomial fitting on user-defined subsets of
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points that should belong to the backdrop. The fitting produces satisfactory
results for background estimation if those spots are correctly picked (Mazet et
al., 2005). When utilizing calibration curves to create regression models, the
spectrum background might be added to account for the sample's lack of

precise background removal (Jenkins, 1995).

Linear Least Squares Fitting

If we have a large number of experimental data points (x; y;) to fit, by

this best straight line:

f(xia) = f(x a.az) = a; + apx; (2.18)

We acquire values a;and a, in a manner that the total of the square differences
between the observed data y; and the estimated f(x;, a) is lowest using least-

squares fitting. The goal is to discover (a,, a;) in such a way that

2
X2(ay,8z) = Bi=a (1 = fri01,82)) Wi 2.19)
By the connection, the weighted w; are related to the counting statistics error
in Vi-

w; =L (2.20)

1

X2 is the chi-square function of the two variable a, and a,

The minimum of X2 is obtained by setting the partial derivatives of X2 with

respect to a, and a, to zero and calculating the values of a; and a,

%% _o and Z=0 .21)

aa1 aaz

This results in a two-equation system with two unknowns.
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2i=1(i —a; — apx)w; = 0 (2.22)
Yi=a(Vi — a; — apx)x;w; = 0 (2.23)

The values of a, and a, are obtained by solving these two linear equations.

This linear system of order 2 could be represented in matrix form as:

Li=tw;,  Di=1xw; | [Q1 [ Zi=ryw
Ei=1xiwi Eizlxiiiwi] [a ] . [Ei=1y3:xiw‘_j| (2'24)
e Cll 2.25)

The general term for any linear fitting function with linear parameters a;:

flx.ala; ... ,8p) = arfi(X) + apfo(x) + - + anfr(x) (2.26)

Solving the linear system yields the ideal parameters for the fitting function

that best suit the experimental data y;

o B ale (2.27)
e g 2.28)
where.
Bk = Zi=ayificowi (G K=1,u0) (229)
and

i = Ti=17; ) fe xdwi (izki=1, - n) (2.30)
Non-linear Least-Squares Fitting

If we take the case of fitting a different set of points with a Gaussian

plus a background, was observed as,
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f(xia;, ... .ag) = a; + apx; + azexp[—2(E2%°] (2.31)
where
a, and a; are the background parameters
az is the height of the peak
as is the width of the Gaussian peak

then the set of equations resulting from setting the X2 partial derivatives to

zero with respect to its parameters is non-linear.

As a result, for a non-linear function, X? must be reduced iteratively, that is,
by intelligently altering the parameters at each iteration and reducing 2 until it

reaches the lowest.

AXILQXAS uses the Marquardt algorithm to implement its iterative
technique. To assure convergence, this method combines the function's

linearization with a gradient search

Function Linearization Method

When it comes to function linearization, f(x;a) = f(x;a; .....,a,) at
the kth iteration is expanded to first-order Taylor expansion as a function of

the parameters a;,:
af(x.aky .ok
f(xial' vee ey an - f(xn akl, T akn) + Zi:iLaa;;#(aj_akj) (2'32)

Setting (a; — ak,-) = oqj

where akis the parameter vector’s value at iteration k
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The result is a linear function with parameter increments ¢a;(1, ....n) such that

= Zimal(yi - f( ) - 2L, )y 12y, (2.33)

6a1 day

2 S Tt . ope
TheX* can be minimized for each parameter ga; by using the traditional

method of linear least squares

At the kth iteration, this yields a set of n simultaneous linear equations in

matrix form;

21=1§5{T§&LW, Zi= 16a1f’ﬂn ][ oay Zi=10i — f(xia k)a"l ; (2.34)

Ei=1£,—fna%wi Di= 1aaafnaaaﬂ wi Zi=1(J’1 = f(xi,a"))aT wi
a* gg = Rk (2.35)

At iteration k+1, the increments in each parameter oa; are added to the

previous estimation a* to produce a new one a**?
a**1; = q;* + oq;* (2.36)

The process above is repeated until the last iteration yields a tiny X* or until a

different stopping criterion is met.

While this analytical method based on extending the fitting function f(x, a) for
its parameters a; converges quickly to the minimum X2, it cannot be depended
on to approach the minimum with precision from an initial guess outside the
range where the fitting function can be accurately represented. As a result, if
the initial guess of the fitting parameters is far from the minimum, this method

is known to diverge
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Gradient Method

In this method, there is a step off from the current trial value in the
direction of the negative gradient of X2 controlling the step size carefully in

order to assure the decreasing behaviour in the X2 and thus achieving

convergence.

—VX2 = — 3%2 ....... o (2.37)

| 2= 0= f(xi,a"):T’l S
p Yi=10n —f(xi,ak))ﬂ‘ Skl

dan

—VX?

The new trial a®*? is obtained from the previous trial using
gt t=lg Xy iziﬂ(yi—f(xf,a"))gaﬁj =1 ) (2.39)

This method has a slow convergence property, and when the search

approaches the minimum, it suffers greatly.

Marquardt Algorithm

The best aspects of both the gradient search technique and the
approach of linearizing the fitting function are combined in this algorithm. The
algorithm's main outline is that during the kth iteration, the matrix o and

vector P described below are formed, and the system is created:

r

a'ca=p (2.40)

where

a'=a(l+2) (2.41)
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This algorithm lowers the difficulty of function linearization by solving if X is
small (&' = ). When is A big, the diagonal terms of the matrix' dominate, and

the equation degenerates into n distinct equations.
aga; = (L)ﬂj i=1,...n (2'42)

The factor & in the Marquardt algorithm is thus used to perform an optimum
interpolation between function linearization as the X2 parameter is decreased
and gradient search direction as the parameter is increased: the new X2 is
tested at each iteration; if it is reduced, the iteration is said to be successful;
otherwise, the same iteration is repeated while increasing the parameter V
until the new X2 is decreased. After each successful iteration A is decreased in

order to speed up convergence.
Treatment of Peak overlaps

Overlapping of peaks occur when the energies of two or more elements
are close to each other. Peak overlap can significantly reduce the accuracy of
X-ray spectrum quantification (Jalas et al., 2002). To determine the accurate
net area under each peak, the overlap must be addressed (Jenkins, 1995).
Deconvolution refers to assigning the areas to peaks of interest (Brouwer,

2006).

Interpolate the background under the peak and add the net channel contents in
a window containing the peak to calculate the net area of an isolated, non-
overlapped peak in an EDXRF spectrum. As a result, we can calculate the net

peak area N as follows:
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N=3%lj—¥ep) = 2% — 2 ¥s(;y=T-B (2.43)

where the summation is applied to the spectral window (which contains

nrchannels) in question. As a result, the uncertainty sy can be expressed as:
S’y =52, +8%, =T+B (2.44)

The average background height left and right of the peak (respectively, yB,,L
= BL/nL and yB, R = BR/nR, where BL and BR are the integrals of the left
and right background windows and nL, nR their channel widths) can be
interpolated between the background height yB(j) in channel j of the peak

window

e x( = Jas) (2:45)

iBRr—JBL

Ys(j) = ¥sL T

The channels between which the background is linearly interpolated are jB,L
and jR,L. The uncertainty on N is provided by: where both background
windows around the peak have equal width (i.e., nL = nR = nB/2 channels)

and are symmetrically positioned around the maximum:
S%y =T + (n®r/ng)(BL + BR) (2.46)

Peak overlap is common in energy-dispersive X-ray spectra, and the
background intensity below the peak, particularly for peaks corresponding to
trace elements, can be on par with or even greater than the net peak intensity.
To minimize the weighted difference I1? between experimental data y; and a

mathematical fitting function yg;, a non-linear least-squares technique is

widely used.
ey e (D)2
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In the investigated spectrum, y; is the observed content of channel i, and yy;,
denotes the estimated fitting function. The total number of channels in the
fitting window is t, and n is the fitting function parameter number. The latter is

split into two sections, one for the background spectral and the other for the

photo peaks.

Yrit @)= Yback () + Ypeak (D) = Ypack (D) + Eyj(i) (2.48)

where the index j refers to all of the spectrum's characteristic line groups For

each line group j (e.g., Fe-K, Pb-L3), the contribution yj(@) to the ith channel

is determined as follows.:

¥i (D = ATl 16 (B 1)t Ejio)] (2.49)

The total area of all picture peaks in line group j is A; (comprising, for
example, the Fe—K, and -Kz lines); these are parameters that can be
optimized during the least-squares fitting procedure. Each line in group j has a
relative abundance rj; (with k 7j, = 1), and the index k runs over all of them.
G, is a Gaussian function centered on Ej , and t(Ej ) is the overall attenuation
factor for X-rays with energy Ej, as specified by radiation absorption in the

detector, absorbers between the sample and the detector, and the sample itself.

Methods and models for quantitative analysis

The standard curve created by standard samples is used in quantitative
analysis. The measured intensity value of the unknown element in an actual
measurement is fed into the standard curve to derive the elemental
concentrations. Standard samples, as well as unknown elements, should be

measured in similar settings (Bandhu et al., 2000).
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Statistical Theory for Method Validation

Accuracy

Accuracy refers to the degree of agreement of a measurement made

from a sample being analysed with the ‘true result’ obtained from an accepted

reference standard.

Precision

Precision refers to the degree of agreement between the repeated
individual measurements made on the same sample. The precision of a method
may be excellent, but its accuracy may be very poor. The terms accuracy and

precision are often misused and frequently interchanged.
True Value

The true value is the value of a characteristic obtained from an

accepted reference standard.

Chapter Summary

This chapter reviewed literature related to rare earth elements and the
various methods employed for their analysis. Lanthanides (atomic numbers
57-71) and yttrium, which have a chemical behaviour similar to the heavier
lanthanides, are examples of rare earth elements (REEs). REEs are classified
into two categories: light (from La to Sm) and heavy (from Eu to Lu). They
have chemical and physical properties that are similar. Physical procedures
have largely replaced many of the existing classical methods for determining

REEs. These spectrometric techniques, particularly XRF, have advanced with
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the use of . ]
several major radiation sources, such as radioactive sources, X-ray

tubes, or synchrotron light.
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CHAPTER THREE

RESEARCH METHODS
Introduction

This chapter presents the research method employed to extend the
capability of the EDXRF spectrometer system at GAEC with the optimised
attached Am-241 excitation-based system to the existing Ag-anode X-ray tube
spectrometer for analysis of REEs. The chapter is structured into study design,
sample collection and sample preparation, X-ray spectrometer re-
configuration, description of instrumentation system, software used, least-
squares fitting, laboratory analysis and identification of elements, quality

control, and assurance. The chapter ends with chapter summary.
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Figure 6: Project Framework (Field Data,2021)
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To expand the scope of the analysis of the existing XRF system for REESs, it

was ne :
Cessary to reconfigure the current spectrometer by attaching an Am-241

excited system. Subsequently, the optimised attached Am-241 excited system
settings were calibrated for qualitative and quantitative analysis. The
calibrated attached system was then used to analyse REE-containing samples
and results were obtained compared with analyses using conventional X-ray
tube XRF system, ICP-MS and INAA. To effectively address the research

problem, the overall strategy utilised to carry out this research is outlined in

Figure 6

Sample Collection

Twenty standard samples and three rock samples that contain REEs
were collected. The standard samples collected were based on their K and L-
lines which fall within the energy range of the REEs. The standard samples
were collected from the Chemistry department and the rock samples from the
Earth Science department of University of Ghana. The samples before
transportation into the laboratory were put into zip-lock bags to prevent

contamination and labeled.

Sample Preparation

Twenty-five standard samples (S, Cl, K, Ca, T; Cy, Mn, Fe, Co, N;, Cu,
Zn, As, Br, Sr, Mo, Ag, Cd, Sn, I, Cs, Ba, W, Hg, and Pb) were obtained in
powdered form. The rock samples were crushed, ground, and sieved through a
100p mesh sieve. Pellets were made with hydraulic pelletizer (Carver
Technologies, Auto-CrushIR, Wisconsin, US) at the Ghana Atomic Energy

Commission (GAEC) using a stainless steel pellet die with a diameter of 2.5

cm.
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To make a pellet (see Figure 8), the pellet die compresses sample
powders between two flat polished discs at a rate of 20 tons per square inch.
Ten grams of each sample were compressed into 2.5 cm diameter pellets with
a 0.5 cm thickness. No binder was added to the samples because the pellets
were strong and did not desegregate. After each sample preparation, the
pelletizing die was cleaned with ethanol. Before being used, the pellets were

placed in the 150 mm desiccator (AS ONE, 240, Vietnam) overnight.

A N AR e e g o
= ‘-NL"";‘J -

Figure 7: Assembly of the Pressing die.

Procedure in Assembly of the Pressing Die

(See Figure 7) shows the assembly of the pressing die where the press

housing is initially positioned on the base plate.
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1 -
) the first Pressing plate is inserted into the housing.

2) the samp] a1
PI¢ material is added, and the second pressing plate is placed on

top.
3) The polishing surfaces are facing the sample.

4) Pri izi .
) Prior to pelletizing, both pressing plates were covered with unique thin

coatings to prevent contamination.

Figure 8: Prepared Pellets in a petri dish.

X-Ray Spectrometer Re-configuration

The benchtop XRF spectrometer at GAEC was attached to a developed

Am-241 excitation-based system. The design and the construction of the

excitation system focus on three main parts, namely:

(i) An excitation source.
(ii) A sample

(iii) A detection system
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Excitation Source

The first step in X-ray spectrometry analysis is the selection of a
primary radiation source. This is usually determined by the sample element of
interest, which in this work are REES (like Sc, La, Ce, Sm, Eu, Nd,Gd, Th, Yb,
and Lu) in geological material. The XRF spectrometer at GAEC is based on a
commercially available benchtop X-ray spectrometer (EXP-1) manufactured
by Amptek Technologies. The spectrometer uses Ag-anode X-ray tube as its
excitation source. To expand the scope of elements that can be analysed, an
Am-241 excitation-based system was designed, constructed, and attached to
the existing XRF spectrometer. The attached Am-241 excitation-based system
has been effectively used in the analysis of materials from geological source
(Funtua, 2004). The X-ray tube and the attached Am-241 excitation-based
system were linked to the data acquisition software (DPPMCA) for the
acquisition of the spectra. The source-sample-detector geometry was

subsequently optimised.

Samples

The developed Am-241 excitation-based system was constructed to be
able to hold and analyse the different types of samples (solid, liquid, and
filters) not limited by their dimensions. The chamber is shielded with lead

blocks to protect the operator of the system.

Detection Systems

One of the main functions of the spectrometer is to detect K- X-rays of

REEs.

The determination of the K-X-rays improved detection limits and

efficiency for REEs. The detector used for the developed Am-241 excitation-
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based system was the Si-PIN detector (Amptek, Bedford, MA, USA). The Si-
PIN detector has an area of 60 mm?, active depth of 500 mm, and resolution
of 160eV at 59 kev. The X-123 Silicon Drift Detector (Amptek
Technologies) with a thickness of 500 microns (p) and resolution of 125 eV
full width at half maximum resolution at 5.9 keV (*°Fe) at 11.2 microseconds

peaking time was used for Ag-anode X-ray tube spectrometer.

To acquire X-ray spectra, DPPMCA software was used on a personal

computer.

X-ray Spectrometer Chamber and Sample Holder Construction

The Am-241 excitation-based system chamber was designed and built
with cast iron. The dimension of the chamber is 30 cm x 40 ¢cm. Figure 12
displays the chamber and the setup. The Figure 9 including photographs of the
EXP-1 with the attached Am-241 excitation-based system. The chamber
housed the Am-241 excitation source sample holder. The aluminium plate in
different dimension serve as a space between the source and the detector
window and the same time as the sample holder (see Figure 10). The
aluminium plate with dimensions of

10ecmx2cm,12cmx2cm,125cmx2cm,13cmx2cm,14cmx 2 cm,

15cmx 2cm
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— Imadiation Chambe:

1 Irradiation Chamber
Silicon Dnift Detector
X-ray Tube

$1-PIN Detector

Specirum

a) EXP-1 Setup

) Am-241 excitation based system Sciup

Figure 9: Photograph of EXP-1 (2) with the attached Am-241excitation based
system (b), connected to the monitor to display the spectra.

Aluminium Plate

- Mylar Foil

Figure 10: Aluminium plate that serves as the spacer and the sample holder

Description of Instrumentation Systems

X-ray Fluorescence Spectrometer

The EXP-1 has a silver anode X-ray tube used to excite the REE-
containing samples, a silicon drift detector (SDD) was used to collect the
fluorescent X-rays, and associated electronics were employed to analyse the

spectrum (see Figure 11). The silver tube's average energy is 22.1 keV,

78

Digitized by Sam Jonah Library



© University of Cape Coast https://ir.ucc.edu.gh/xmlui

which i
Ich 1s lower than the energy of the K-edge of the REE absorption band

(wWhich ranges from 33.440 1o 54,063 keV). As a result, only the REEs' L-X-

ray could be excited.

Nty

Figure 11: Labelled EXP-1, anode X-ray Tube Spectrometer Experimental
Setup at the laboratory.

Am-241 Excitation based System

The instrumentation for Am-241 excitation-based system in this study
included Am-241 source for excitation of REE-containing samples, a SI-PIN
detector for collecting fluorescent X-rays, and associated electronics for
spectrum analysis (see Figure 12). The Am-241 excitation source was chosen
for continuous and monochromatic beam because of its stability and modest
size. The Am-241 emits radiation at 26.4 keV and 59.5 keV, making it helpful
for detecting high-atomic-number elements like REEs. Furthermore, because
the energy of the K-edge of the REE absorption band is 33.440-54.063 keV,
attached Am-241 excitation-based system could detect the characteristic K-
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line of most REEs, The optimization of the geometric arrangement was
evaluated with a barium oxides (BaO) pellet weighing about 10 g and 25 mm
in diameter, which was positioned at a different distance from the source. The
Table 3 in chapter four shows the distances, “a” is a sample-source distance of
10.0 mm; “b” is the sample-source distance of 12.0 mm, and “c” is a sample-
source distance of 12.5 mm. Also shows measured intensity and background

values. The Figure 13 shows the optimum source-sample-detector geometry

for Am-241 excitation-based system.

Figure 12: Am-241 excited-based system experimental setup.
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Figure 13: Optimum Source-Sample-detector geometry for Am-241

Excitation based System (measurements in degrees and milliliters)

A=A source inside radius (6.5 mm)
B=Source outside radius (12.0 mm)
C=Source sample distance (12.5 mm)
D=Sample-detector distance (28.6 mm)
E=Detector-Be window distance (5.0 mm)
F=Detector radius (3.1 mm)
G=Collimator radius (4.7 mm)
H=Collimator height (7.0 mm)
J=Source-detector distance (16.6 mm)

—collimator source distance (0.5 mm)

Software

Three suites of software utilized in this study for XRF were:

81

Digitized by Sam Jonah Library



© University of Cape Coast https://ir.ucc.edu.gh/xmlui

Am 's X- - :
ptek's X-123 Spectrometer has its acquisition and control software,

DPPMCA EXE.
(it Amptek's Mini-X (X-ray tube) has its acquisition and control

software, Mini-X.EXE.

(i)  AXIL/QXAS software is for quantitative analysis of elemental

composition from the spectra.

Data Acquisition Software

XRF spectra could be acquired from EXP-1 and Am-24lexcitation
source XRF instruments through Amptek supplied acquisition software,
DPPMCA EXE platform. Mini-X.EXE platform control Amptek Mini-X X-
ray tube. The software from the DPPMCA platform is capable of recording
XRF count data in a data format (*.MCA files). These specially formatted files
contain valid count rates and raw counts for each energy channel along with
all instruments and XRF measurement parameters including instrument and
ambient temperatures. Mini-X X.EXE software displays the voltage and the
current inputs that generate the X-ray. The DPPMCA-based software supplied
by Amptek contains databases. These databases enabled the software to
automatically identify elements present in samples through proper calibration.
The DPPMCA-based software is capable of creating custom XRF views, one
of which is an overlay comparison of any two or more XRF spectra which
were used extensively in this research. The DPPMCA-based software may be
used to store data in a generic XRF data file. The DPPMCA-based software
was utilized as the primary data acquisition software for this research to

collect XRF measurements in a generic spreadsheet file format (*.MCA).

82

Digitized by Sam Jonah Library



© University of Cape Coast https://ir.ucc.edu.gh/xmlui

Signal Processing Software

The International

Atomic  Energy Agency's QXAS — AXIL
(Analysis of x

~Tay spectra by iterative least — squares f itting)

software was utilized for signal processing in this study (Bernasconi, 1993).
The AXIL Program works by fitting a mathematical function (described by
photo peaks and spectral background) to experimental data in both linear and
non-linear ways. It includes many utility programs for converting MCA
(multi-channel analyzer) spectrum files to a common format. During the
spectrum  evaluation process, the AXIL software converted the net peak
intensities into concentration (He & Van Espen, 1991). Figure 14 depicts an

overview of the AXIL package's many modules and their interdependencies.

XRF
SPECTROMETER

SPECTRUM
FORMAT

CONVERSIO
N W\ PARAMETERS

SPECIFICATION

*INPUT

SPECTRUM HR SPECTRUM |
ANALYSIS (25N FITTING  pe==

CALIBRATION
STANDARDS

QUANTITATIVE ELEMENTAL
ANALYSIS r SENSITIVITIE

SENSITIVITY
CALIBRATION

ANALYSIS OF
UNKNOWN
SAMPLE

CONCENTRATION

Figure 14: An overview of the AXIL package's various components and their

interdependencies
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Non-Linear Least-Squares Fitting

The spectrum evaluation in AXIL is based on the analyst selecting the
appropriate input to the mathematical model to represent the experimental
data. This is accomplished by defining the spectral region that needs to be
fitted [Region of interest (ROI)], selecting appropriate background
compensation technique, selecting several X-ray line groups to be included in
the model (Fe-Ka, Mo-Ko, Pb-L1), and calculating the spectrometer's energy
and resolution parameters. Using a non-linear least-squares technique, the
weighted sum of differences 1> between the experimental data y; and the
mathematical fitting function yfit is then minimized using a modified

Marquardt algorithm to change the model parameters as below:

v e (D)2
nz Y il Zi([y; yflt,l.(l)]) (31)

n—-m Yi

In the processed spectrum, y; denotes the observed content of channel i
and the determined fitting function is yfit (i), the fitting ROI total number of
channels is indicated by n and the size of the fitting function's parameters is

represented by m, as shown below:
Yrit @@= ycont(i) + Ej Element Aj [ZK Line Rjkp(i‘ Ejk)] (32)

In line group j, the total area of all photo peaks is Aj
(consisting Ky and K -K lines); these are parameters that can be optimized
throughout the least-squares fitting process. Each line in group j has a relative

abundance rjk (with k rjk = 1), and the index k runs over all of them. A
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Gaussian ; :
function is denoted by the letter P. The Continuum function

IS Yeone (1), Ry, line ratio, peak shape is Ej

n

P — i 2 Gai E{—E;
G(l' Ejk) Bk exp[—%(—‘sﬁlﬁﬁ] (33)

Vo

where E denotes the line's typical energy (eV). The spectrum GAIN in

(eV/channel) for the energy E; of channel i and the energy ZERO in (eV) at

channel 0 are used to calibrate the energy.

Energy Calibration E;=ZERO + GAIN X i (3.4)
Resolution Calibration &, = [(’2‘:;:%)2 + eFanoEj,]"/? (3.5)

The contribution of the electronic component to the peak width
(usually 120 eV), the Fano factor (normally 0.114), and the average energy
required in silicon to create an electron-hole pair are all represented by
NOISE, FANO, and 3.85 (Paropkari et al., 2010; Van Grieken & Markowicz,

2001).

A nonlinear least-squares technique is necessary since the fitting
function is linear in the net peak area parameters A4; but nonlinear in the
parameters Zero, Gain, Noise, and Fano. The parameters' values are changed

in a series of approximations until a minimum in I? is obtained (Van Espen &

Lemberge, 2000).

Neutron Activation Analysis

Low Enriched Uranium Miniature Neutron Source Reactor (LEU-
MNSR) usually refer to as the Ghana Research Reactor-1 (GHARR-1), a 34
kW tank-in-pool Miniature Neutron Source reactor is installed at GAEC. It
produces a maximum thermal neutron flux of 1 x 10'2 ncms™! at full power.
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The fi i

Ive basic components of the MNSR are the concentrically structured
uranium pin core, the bottom and side cylindrical beryllium reflectors, the top
adjustable beryllium shims, the center single control rod, and the light water

moderator and coolant (Baidoo et al., 2018; Osei et al., 2021).

Ten irradiation locations are available: five inside the beryllium
reflector (inner sites) and five outside the beryllium reflector (outer sites). The
assembly is placed in an Al-vessel and submerged in a stainless-steel-lined
concrete pool. The GHARR-1 has been in service since 1995. The location has
been used for reactor physics research, nuclear data, nuclear engineer training,
and other nuclear-related human resource development. Neutron activation
analysis is the most prevalent use, which is used to promote national research
in geology, archaeology, food science, and other domains (Adazabra et al.,

2014; Nyarko et al., 2003)

Laboratory Analysis and Identification of Elements
X-ray Fluorescence Analysis

The measurements of XRF were carried out at the GAEC XRF facility
(see Figure 9). Both the Am-241 radioisotope excitation-based system and
EXP-1 Ag-anode X-ray tube spectrometer use the same software for data
acquisition (DPPMCA) and the concentration calculations (QXAS_ AXIL
software). The schematic of the experimental set-up for EXP-1, Ag-anode X-
ray tube spectrometer is shown (see Figure 11) and that of Am-241 excited-
based system (see Figure 12). EXP-1, Ag-anode X-ray tube spectrometer uses
a SDD while the Am-241 radioisotope excited based system uses a SI-PIN
detector. Both system (see Figure 9) are linked to a computer with DPPMCA

spectroscopy software. The voltage and current supply to the tube are 45 keV
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and 5 : Ta:
RA, respectively. The incidence angle and take-off angle for the EXP-1,
Ag- s
g-anode X-ray tube Spectrometer were both 67.50 degrees. The angle of

Incidence and take-off for the attached Am-241 excitation-based system were

52.5% and 90°, respectively.

Forceps and gloves were used to insert the sample into the sample chamber to
avoid contamination during measurement. To obtain trustworthy results, the
detection geometry for both methods was kept the same during counting
measures, and each sample was counted for 120 seconds for the EXP-1 Ag
anode X-ray tube spectrometer and 3000 seconds for the attached Am-241
excited-based system. The elements and their concentrations were discovered
using the characteristic spectra lines emitted by the elements. The K, and Kg-

X-ray emissions were chosen as the focus. (Pemmer et al., 2013).

Furthermore, the QXAS-AXIL software was used to analyse the data
(Alvarez et al., 2007). Fitting configuration functions were used to fit the
curves. A number of parameters were calculated, optimized and used based on
the specific detecting geometry to execute the program quickly. The
elemental concentrations and mass fractions were then calculated using the

fitted curve (see Figure 15).
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Figure 15: The XRF method for determining the concentrations of elements in

a sample is described

Calculation for XRF Measurements

For each spectra line, the equation (2.17) describes the connection

between intensity and mass concentration.
I; = G xe(Ep) X Ki(Ep) % Ci Ay(B) X (1 + EER (3.6)

where

I; is intensity, G is system geometry, g(E;) is the efficiency of the

detector, K;(E,) isthe fundamental parameters, C; is the concentration,

A;(E) isthe absorption factor, and

(1 + FE™") is the enhancement factor
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Neutron Activation Analysis

A, pel L
he GHARR-1 was used to irradiate REE containing samples and

IAEA-soj :
EA-soil 7 (reference material). Each sample was weighed three times before
bei : :
©Ing wrapped in a thin polyethylene sheet and heat-sealed into pellets. There

are three different types of irradiation procedures designed based on the half-

lives of the components of interest:

1) short (nuclide half-life tiz 2.5 hours);

2) medium (nuclide half-life t;, 12 hours); and

3) long (nuclide half-life t;,> 3 days) ( Osei et al, 2021).

The scheme for analysing certain elements is shown in Table 2. The

irradiations were all done at a reactor thermal output of 17 kW, resulting in a

thermal neutron flux of 5.0 x 10! n/cm?2s!.

Figure 16 depicts the analytical workflow, which begins with sample
preparation and packaging and finishes with quantitative analysis and

reporting.

Table 2: For Reference Materials, an Irradiation Scheme has been
Devised

Irradiation time Delay time Counting time Elements
determined

1 min 5 min 10 min Na, Mg, Al, Cl, K,
Ca,Ti,V, Mn, Cu,
I

1 hr 24 hrs 10 min K, Zn, Ga, As, Br,
Ccd, La,Sm,Eu, U

5 hrs 7 days S hrs Sc, Cr, Fe, Co, Zn,

Rb, 'Sb€s, *Ba;
Ce, Nd, Sm, Eu,
Th, Yb, Lu, Hf,
Ta, Th, U
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Sample transfer Reactor & wradiation HPGe detector
system

-

- e -

Sample preparation & Ko TAEA ‘ Spectrum acqﬁigition
& packaging Quantitative analysis (GENIE 2000)

Figure 16: The GHARR-1 facility’'s INAA analytical workflow.

The REE samples were sent to the reactor using a pneumatic transfer
mechanism during INAA operations at GHARR-1. After 22 hours of decay
time, for 3 hours, samples were irradiated at half power and counted on the
HPGe detector. The sample was sufficiently cooled for an appropriate activity
with a decay time of 22 hours. After 96 hours of decay time, the sample was
counted again to obtain a medium half-life element. The REE samples were
then counted on the HPGe detector for three hours to provide better statistics
and accurate data. For all counting experiments, the detecting geometry
remained the same. The energy peaks for their associated. The mass of each
element identified in each REE was calculated using the area value under each

peak elements were found in the resulting energy spectrum (see Figure 17.).
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Figure 17: The INAA method for determining the elements in a sample and their

Concentrations is described above.

INAA Measurement Concentration Calculation
The equation (3.7) could be used to relate the mass of REEs to the

concentration of each element identified in the energy spectrum:

__ (Peak area)(Arel) 3
M v §tho_thNAVe—>~t ( )

Where M is the radioisotope's mass, The area beneath the energy peak
corresponding to the radioisotope is known as the peak area, Arel is the
radioisotope's molecular weight, th is the flux value of 4.3x10'2 n/cm? s,

oth is the radioisotope's thermal cross-section, Avogadro's Number is NAV, A

-~ . 50 408
is the radioisotope's decay constant, and the radioisotope's decay time is t.
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Quality Controj
Control Chart

Cont : e
rol charts establish the precision of an analytical technique. To

fi
ind out whether the attached Am-241 excited-based system XRF

spectrometer at the GAEC was in statistical control, a control chart was
generated using a Barium Oxide (Ba0) control sample. It was irradiated
before, during and after any batch of sample irradiation. This process was
repeated throughout the analytical period until an adequate number of results

were obtained. From twenty-one (21) results, the control chart was generated

and interpreted using the Shewhart rules.

Method Validation

All outcomes must be traceable to a recognized standard in order to be
comparable. The measurand (usually mass fraction) is indirectly linked to the
measurement technique, which must be described as a function of the
measurement parameter, by developing a working equation that models the
experimental measurement and conditions and assigns results to the
measurand (fluorescence characteristic radiation count rate). The validity and
uncertainty evaluations are then used to see if the working equation (method

specification) is accurate in describing the real situation (Alvarez et al., 2007)

The IAEA Soil 7 reference material was used to validate the method. The
samples were examined under the same experimental conditions as the
reference materials. Using the sensitivity curve of EDXRF for both EXP-1 and
the attached Am-241 excitation-based system, the purpose of validation was to

assess the precision and accuracy of the analytical results. The degree of
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a :
Ccuracy was calculated using the formula (Ventura et al.,
(3.8) below:

2014) in equation

Observed value
Expected Value X 100% (3-8)

An avera i
ge of nine results of the observed values was used to measure the

degree . .~
gree of accuracy. In the meantime, the precision was assessed using the

Shewhart rules (Durivage, 2021).

Comparison Method

To guarantee that the attached Am-241excitation-based EDXRF
developed meets expectations, it was compared to the INAA and ICP-MS on
the same samples, in addition to technique validation using IAEA Soil 7
reference material. A samples (DK6, Dk7 and DK8) which were measured at
Canada with ICP-MS, collected from the University of Ghana's Earth Science
Department (Nude et al., 2015). The same samples were analysed using INAA
and the newly designed attached Am-241 excited-based EDXRF equipment at

the GAEC.

Instrumental Neutron Activation Analysis

GHARR-1 is a 34 kW Miniature Neutron Source reactor with a tank-
in-pool design installed in Ghana. At full power, it produces a maximum
thermal neutron flux of 1x10'2 n/em? (Osei et al., 2021). The samples were
exposed to half-power radiation. The HPGe detector picked up the outgoing
gamma (y)-rays. Ko-IAEA software was used to analyse the y-ray spectra.

Irradiating the Carbonate rock GBWO07108 reference sample was used to

calibrate the apparatus (Osei et al., 2021)
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Inductively couple Plasma. Mass Spectrometry (ICP-MS)

Due of the inaccessibility of an ICP-MS in the Country, Ghana, the
researcher unable to measure with one. A sample which was measured with
ICP-MS from Canada was found at the University of Ghana's Earth Science

department (Nude et al., 2015). The developed Am-241 excited-based EDXRF

system was used to analyse these samples.

Chapter Summary

This chapter has gone over the full procedure of conducting the study.
Specifically, the chapter covers research design, sample collection and
preparation, X-ray spectrometer reconfiguration, description  of
instrumentation systems, laboratory analysis and identification of elements,
quality control and the chapter summary. In the subsequent chapter, the

analysis and discussion of the results are presented.
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CHAPTER FOUR

RESULTS AND DISCUSSIONS
Introduction
This chapter summarizes the findings and discussions of the study to
extend the capabilities of the EDXRF spectrometer at GAEC with the

optimized attached Am-241 excitation-based system to the existing Ag-anode

EDXRF spectrometer for REE measurement. The following are the seven key
sections of the chapter: Energy calibration, the redesigned optimum source-
sample-detector geometry for the attached Am-241 excitation-based system,
and the findings of the proposed quantitative approach, the method validation
results, the application in rare earth elements analysis, and the comparison of
results from the attached Am-241lexcitation-based EDXRF with, Ag-anode

EDXRF, INAA, and ICP-MS, and concludes with a summary of the Chapter.

Energy Calibration

Rare-earth elements present in a sample can be identified with XRF
only when the XRF spectrometer is calibrated. Energy calibration was
developed with standards. A minimum of two (2) standards is required for
energy calibration. The energy calibration equation assigned energy values to
the channel numbers in the multichannel analyzer in the EDXRF spectrometer.
The standards used for the calibration were the compound of KCI, KBr and
MoOs. The calibration was done with the Potassium at energy 3.312 keV,

Bromine at energy 11.907 keV and Molybdenum at energy 17.478 keV peaks.
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The ener ibrati
gy calibration plot generated is presented in Figure 18. The equation
generated
Was what the model used to assign the energies to the channels of

the multichanne] analyzer in the EDXRF spectrometer system.

20
18 y=0.0397x -0.4621
: Ri=1
45 | 17.436
‘; 12
2 |
- 10 |
= 8
g ﬁ
R &
4|
2 | 3,308
0 100 200 300 400 500
Channel Number

Figure 18: A graph of energy calibration showing the regression equation and

the R2 value.

Redesigned Optimum Source-Sample-Detector Geometry for the Am-241
Excited-based System

To extend the capabilities of the existing EDXRF spectrometer for
REE analysis, an Am-241 excitation-based system was integrated into the
existing Ag-anode EDXREF spectrometer (EXP-1). There was therefore a need
to reconfigure the source-sample-detector arrangement by determining the
optimise parameters for analysis. The Am-241 excitation-based source was of

annular geometry. To reduce the interfering background signal while obtaining
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the most analyt; i
ytical signal, the best sample-detector distance was evaluated.

This arran
eme :
gement ensures optimum fluorescence radiation detection

effici .
ciency. Therefore, a thick Bao sample pellet weighing 10 g and measuring

25 mm in di . .
diameter was put at various distances from the detector window and

the radiati : .
radiation source. The X-ray intensity of Ba was measured. After analysis,

the maximum detected counts represent the best arrangement of all factors
such as the sample distance from the radiation source and the detector
window. The detector Be-window distance was 5 mm, the source inside radius
was 6.5 mm, the source outside radius was 12 mm, the distance between the
sample and the detector window was 28.6 mm, and the source-detector
distance was 16.6 mm. On the Myllar foil, a sample has been placed for
analysis. The optimisation of the geometric arrangement was based not on the
only maximum count but also the best signal-to-noise ratio. Table 3 shows
measured intensity and background/noise values. However, based on the
signal-to-noise ratio optimal source-sample distance outcome is to be “c”.
Therefore, all of the samples in the specified sizes were arranged at the
determined optimum distance of 12.5 mm. With the drawing of all
measurements to scale, the optimal geometric configuration for the setting was

found to be 52.5° for incident angle and 90° for take-off angle. This geometry

has produced results that are comparable to INAA and ICP-MS results (see

Table 8).
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Table 3: Intensity and t

Distance from he Background Produced from the Various

the Am-241 Source

Distance m 7
o) Intensity Background/noise Signal-to-noise ratio

FERNG s

61684.0 1156.0 53.4
b 12.0 53266.0 939.0 56.7
c 12.5 56456.0 932.0 60.6
d 13.0 30642.0 642.0 LD
e 14.0 17945.0 602.0 29.8
f 15.0 14682.0 543.0 27.0

Development of Quantitative Method

Elements could be quantified using XRF with the equation (2.16).
I; = G x &(Ep) x K;(E,) X C;. A;(E) X (1 + FF"h)
where
I; is Intensity, G is system geometry, e(E;) is the efficiency of the

detector, K;(E,) is the fundamental parameters, C;  is the concentration,

A;(E) is the absorption factor, and
(1 + FE™) is the enhancement factor

There are three ways by which this equation can be applied. The fundamental

parameter approach, the Elemental sensitivity approach and the direct
comparison of count rates (Criss & Birks, 1968). The Elemental sensitivity

approach was adopted, which involves sensitivity calibration using selected

standards.
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Sensitivity Calibration

The spectrometer sensitivity must be measured to be able to achieve
quantitative results using the elemental sensitivity method in XRF (Greaves et
al., 1992). Excitation of thick homogenous pellets of the standard sample of
the several elements or compounds can be used to achieve this. The

sensitivity, S; was calculated using the equation (3.16)

PRI

li(E) is evaluated fitted X-ray intensity, a(E) is absorption factor of the

standard, C; is the concentration of the standards

The a(E) and C; were calculated using values in Table 4 and X-ray intensity

in the standard was evaluated using the AXIL spectrum deconvolution.

Sensitivity curves were developed with standards. Twenty-five (25) standards
were used. These elements were selected to cover the maximum range of
energy of REEs. K,-lines and L,-lines are treated separately for Ag- anode X-

ray tubes spectrometer.

The sensitivity calibration (Figure 20 and Figure 21) was done for both the
EXP-1 and Am-241 excitation-based system using S, Cl, K, Ca, T; C;, Mn, Fe,

Co; Ni: Cu, Zn,r AS' BT: ST! MOI Ag' Cd‘ Sn’ [’ CS‘ Ba' W' Hg' and Pb

The respective concentrations of the various standards are shown in Table 4.
The “Elemental sensitivities method” determines the sensitivity of

characteristic lines from standards, taking self-absorption in the standards into

account.
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Table 4: Standards with Their Res

A pective Concentrations for Sensitivi
Calibration o

COMP
OUND ELEMENT CONCENTRATION CONCENTRATION OF

(%) OTHER ELEMENTS (%)
CaCo, Ca 39.643 C=11.880,0=47.476
CoCO; Co 49.301 C=10.048, 0 =40.152
NiC0, Ni 49.396 C=10.108, O = 40.394
Zn0 Zn 79.536 0= 19463
AS;03 As 75.588 0=24212
Cry03 Cr 68.414 0=31.576
FeC0; Fe 47.720 C=10.263, 0=41.015
MnCO; Mn 47316 C=10.344, 0=41.338
Mo0, Mo 66.654 0=33.346
ST(N03), Sr 40.988 N=13.104 O =44.906
CuC0; Cu 50.919 C=9.624, 0 = 38.460
KBr Br 66.474 K =32.523
KHCO, K 38.663 H=0.100,C=11.877,0
=47.462
- S 32.06 -
- Ti 47.8 -
NaCl Cl 60.059 Na = 38.946
AgNO; Ag 63.373 N =8.229, O = 28.199
Ba0 Ba 87.772 0=10.226
CsNO; Cs 66.142 N=6.971,0=23.886
cdo Cd 87.540 0=12.460
HgCl, Hg 73.138 Cl =25.853
HIO, i 71.781 H=0.57, 0=27.149
PhO Ph 91.903 0=17.096
; Sn 99.00 =
WO, W 79.297 0=20.703

Am-241_Ko-Sensitivity Curve

The standard samples used to calculate Ka- sensitivity curve and their

ed intensity values of the respective elements are shown in Table 5 below:

ftt
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Table 5: Standards used in the Ka-Sensitivity Curve and Their Fitted
Intensity Values

Atomic Number (Z) Elements Ka-Energy Intensity Values (cps)
keV
20 Ca 3.691 5.69E+07
22 Ti 4.510 8.89E+07
24 Cr 5.414 1.25E+08
26 Ee 6.403 1.57E+08
28 Ni 7.477 1.90E+08
29 Cu 8.047 2.23E+08
30 Zn 8.638 2.59E+08
33 As 10.543 2.92E+08
35 Br 11.923 3.10E+08
42 Mo 17.478 2.12E+08
47 Ag 22.162 2.11E+08
48 Cd 23.172 2.23E+08
50 Sn 25.270 2.37E+08
53 [ 28.610 2.54E+08
55 Cs 30.970 2.60E+08
56 Ba 32191 2.50E+08

A typical plot of sensitivity fitted standard (Fe) is shown Figure 19
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Figure 19: A plot of fitted Fe-standard for sensitivity calculation showing the
peak area

The plot of the calculated Ka-sensitivities are shown in Figure 20. The
polynomial fit of the calculated Ka- sensitivities generated the sensitivity (Y)
is equation (4.1)

Y=A,+A = Z+A,+ 77 (4.1)
Ay = 2.5690E+003 + 2 6389E 002
A, = —4.0484E*092 { 3 6936E%002

where Z is the atomic number

Equation (4.1) was used for the calculation of the various concentration in the

unknown samples

It was observed that there was an increase in the Ka-sensitivity values of the
attached Am-241 excitation-based system with X-ray energy from calcium
(Z=20) to molybdenum (Z=42) and drops sharply before it continues with
further increase in sensitivity with energy. This sharp decline in sensitivity can
be attributed to the two major energies emitted by Am-241 excitation-based
source at 26.4 keV and 59.5 keV. Figure 2.5 shown the Am-241 decay
scheme. The 26.4 keV is the prominent irradiation energy for the low-Z and
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Mid-Z elements and 59.5 keV for the irradiation of the high-Z elements. This

account for the two different trends shown in the Ka-sensitivity curve of the

attached Am-241 excitation-based system in (Figure 20)

4 00E+08 T
3.50E+08 ¥
3.00E+08
2.50E+08 +
2.00E+08 %
1.50€+08 }
1.00E+08 %
5.00E+07 +

0.00E+00 *">rt—rt 1 2 1

1 1 L il ; 1 1 1 1 1 1 1

SENSITIVITY (CPS/pg/pA/cm?)

20022 24 26 28 29 30 33 35 38 42 47 48 50 53 55 56

S

ATOMIC NUMBER

=@== K-Sensitivity Curve

Figure 20: Am-241 Ka-Sensitivity Curve.

X-ray Tube Lo-Sensitivity curve

The standard samples used to calculate La- sensitivity curve for the

EXP-1 and their fitted intensity values of the respective element are shown in

Table 6
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Table 6: Standards used in the La-Sensitivity Curve and their Fitted
Intensity Values

Atomic Number (Z) Elements Lo-Energy Intensity Values (cps)
keV
47 Ag 2.984 6.33E+06
48 Cd 3.133 7.12E+06
50 Sn 3.444 8.02E+06
53 | 3.937 2.26E+07
35 Cs 4.286 4.64E+07
56 Ba 4.467 6.67E+07
80 Hg 9.987 8.64E-+07
82 Pb 10.549 1.06E+08

The calculated sensitivities were plotted and the graph are shown in Figure 21.
The polynomial fit of the calculated La- sensitivities generated sensitivity (Y)

is equation (4.2)
Y=A, +A, *Z + A, 22 (4.2)
Ay = 2.0629E+905 4+ 7,697 E+004

A, = —2.1250E+00% 4 8 1071E+003
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where Z is the atomic number

Equation (4.2) was used for the calculation of the various concentration in the

unknown sample

For heavier elements, the L-line depicts an increase in sensitivity function, as
shown in Figure 21. The sensitivity curve trends are comparable to those seen

in Ivosevic's study (IvoSevié et al., 2014).

1.80E-+05
1.60E+05
1.40E+05
1.20E+05
1.00E+05
8.00E+04
6.00E+04
4.00E+04

2.00E+04

0.00E-+00 v h y—L v . T - - - v
47 48 50 53 55 56

—P==| -Tube

Figure 21: Ag-anode X-ray Tube La-sensitivity curve.

Comparison of the Sensitivities of Am-241 excited based system with
Ag X-ray tube excited spectrometer
The sensitivity plot for the attached Am-241 excited-based system and

Ag-anode X-ray tube spectrometer is shown in Figure 22.
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Figure 22: Comparison of Ka and La Sensitivity Curve.

Both systems show the expected trend of the sensitivity increasing with
atomic number (X-ray energy). However, the sensitivity values of the attached
Am-241 excitation-based systems are much higher by an order of magnitude

than the sensitivity values of the Ag-anode X-ray tube spectrometer.

The difference in sensitivity could be attributed to the fact that the
photoelectric absorption probabilities and fluorescence yields are much higher
for K-X-rays as compared to L-X-rays. Therefore, X-ray fluorescence
intensity for Ka X-rays is consequently higher than the La X-rays. The
attached Am-241 excitation-based system can analyse a wider range of
elements (From Ca at energy of 3.691 keV to Gd at energy of 42.983 keV)
than the Ag-anode X-ray tube spectrometer (K at energy 3.313keV to Mo at
energy 17.478 keV). This limitation with the X-ray tube spectrometers is due
to the fact that the Ag- anode X-rays of 22.1 keV cannot excite the K-X-ray of
the REE when one is using the X-ray tube excitation system. Then REE can

only be analysed with their L-X-ray spading from 4.650 to 7.654 keV.
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Unfortunately, this range of energies falls within the K-x-rays for the elements
from Ti to Cu. Consequently, in the addition to the much lower sensitivity of
the L-X-rays, the elements from Ti to Cu will cause interference with their
much prominent K-X-rays. This will have an impact on the precision with
which REE concentrations can be determined using a traditional X-ray tube

excitation technique.

Method validation
Method validation demonstrates the consistency, accuracy, and
precision of the data obtained with the attached Am-241 excitation-based

system and the EXP-1 at GAEC's XRF laboratory.

Repeatability/Precision of the attached Am-241 excitation-based system and
EXP-1, was measured using BaO standard which was irradiated before, during
and after sample irradiations. A reasonable amount of data was generated and

presented in Table 7 below.
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Table 7: Testing the Repeatability/Precision of Am-241 and Ag-X-ray
Tube EDXRF Spectrometer

Number of irradiations Intensities
Am-241 EDXRF Ag-X-ray tube EDXRF
1 827390 827390
2 827296 727296
3 827863 727863
4 820560 720560
5 822379 722379
6 821215 721215
7 821396 721396
8 827329 727329
9 811683 711683
10 825572 725572
11 827116 727116
12 822685 722685
13 828299 728299
14 829143 729143
15 832577 732547
16 835838 735838
17 832428 732428
18 836666 736666
19 832234 732234
20 833413 733413
21 835571 735571
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Figure 23: The control chart that shows the mean, standard deviation,
lower and upper control limit for the Am-241 EDXRF system.

The control chart (see Figure 23) establishes the precision of an
analytical technique (Durivage, 2021). To find out whether the attached Am-
241 excited-based system at the GAEC was in statistical control, a control
chart was generated using a Barium Oxide (BaO) as a control sample. The
interpretation of the control chart based on the Shewhart rules suggests that the

spectrometer was under statistical control (variation is consistent).
The seven (7) rules of the Shewhart control chart are;

Rule 1: One point is beyond the 3¢ limit. This aims to find points that are

outliers or random.

Rule 2: There must be at least eight points on one side of the centerline

without crossing it. This is a significant shift that can occur on either side of

the centerline.
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Rule 3: Four out of five points are in the range of Ic to 2 . A small shift on

either side of the centerline is regarded four out of five points in this region or

beyond.

Rule 4: Six or more consecutively ascending or decreasing points. This is

regarded as a pattern. The trend can be upward or downward.

Rule 5: Two out three points between 2o and 3c. This is considered a large

shift.

Rule 6: In a row, fourteen points alternate up and down. This is generally

regarded as a case of excessive control.

Rule 7: Any pattern, cycle, or trend that is visible or predictable. Such points

are regarded as uncontrollable.
The outcome of these rules may be attributed to;

(i) Proper setup of the equipment

(ii) Environmental conditions among others.

IAEA Soil 7 (reference material) was used to test the accuracy of the
attached Am-241 excitation-based system. Figures 24 and 25 show the results
of the XRF study, whereas Figure 26 shows the results of the INAA analysis.
The concentrations of these reference materials were recalculated using
equations from the sensitivity curve.

When compared to the certified values, the calculated findings
indicated a high level of consistency (see Table 8). The accuracy of the
developed method was further confirmed by an INAA (validated primary

method) study of the same standard (see Table 8).
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Figure 24: Fluorescence Spectrum of the various REEs in IAEA-Soil 7 with
Am-241 EDXRF and their Peak areas.
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Figure 25: Fluorescence Spectrum of the various REEs in IAEA-Soil 7 with
Ag-tube EDXRF and thier Peak areas.

The IAEA-Soil 7 sample were measured with EXP-1(without the attached
Am-241 excitation-based source) and the attached Am-241 excitation-based
system using the elemental sensitivity method. Energy peaks for each element

were found in the resulting energy spectum (see Figures 24 and 25). Using
112
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the QXAS-AXIL program, using equation 3.16, the area under each peak was
processed to calculate the concentration of each element identified in each
sample. The elements identified with EXP-1 were Scandium (Sc), yttrium (Y)
and Europium (Eu) also elements identified with attached Am-241 excited-
based system are Lanthanum (La), Cerium (Ce), Neodymium (Nd) and

Europium (Eu)
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Figure 26: Analysis of REEs in Sample Soil7 with INAA.

The IAEA-Soil 7 sample has been measured using INAA method. The
energy peaks for each element was found in the resulting energy spectrum (see
Figure 26). Using the Ko-IAEA program, using equation (4.2), the
concentration of each element seen in each sample was calculated using the
area value under each peak (intensities). The elements which were identified

from the INAA technique were Scandium (Sc), Lanthanum (La), Cerium (Ce),
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Neodymium (Nd), Samarium (Sm), Europium (Eu), Terbium (Yb) and

Lutetium (Lu).
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Table 8: Accuracy and Standard Deviations

Elements Soil 7 Ag-Tube XRF measurements Am-241 XRF Measurement INAA Measurements
( REEs Elements) Observed value Accuracy SD  Observed value Accuracy SD Observed value  Accuracy SD
Expected value (mg/kg) (mg/kg) (%) (mg/kg) (%) (mg/kg) (%)
Sc 8.345.2 8.3+ 5.2 100.0 52 8.1+£25 98.0 25 944+1.3 114 1.3
La 28.0+1 27.5+3.8 98.2 3.8  27.2+41.1 97 1.1
Ce 61.0+6.5 60.5 £2.5 90 2.5 60.442.3 99 23
Nd 30.0+6 30.4 £3.0 101.3 308930712 102 1.2
Sm 5.1£0.35 4.6£2.0 90.2 2.0 4.38+0.25 86 0.25
Eu 1.0£0.2 1.2+ 3.8 120 3.8 0.9+2.7 110.0 2.7 0.88+0.05 88 0.05
Tb 0.6£0.2 0.74 +0.03 117 0.03
Yb 2.4+0.35 5.1£13.4 87 13.4 2.34+0.09 96 0.09
Lu 0.3+0.1 - - 0.34 1.3 113 1.3
Source: Field Data, 2021 N=triplicate sample

SD= standard deviation
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Application in Rare Earth Elements Analysis

The developed quantitative methods were applied to the analysis of
REEs in volcanic rocks (DK6, DK7 and DKS8) in the Dahomeyide organic
belt, southeastern Ghana, West Africa (Nude et al., 2015). These rock samples
were obtained from the Earth Science department of the University of Ghana
which had already been measured using ICP-MS from Canada (Nude et al.,
2015). The same rock samples were processed through the stages of crushing,
grinding, sieving, pressing, and finally forming the pellet. Three replicate each
of these samples were analysed using the attached Am-241 excitation-based
EDXRF system, Ag-anode X-ray tube spectrometer and INAA at GAEC. The
energy peaks for the elements represented in the obtained energy spectrum
were analysed (see Figures 27-29). The fluorescence X-ray intensity of the
identified elements was evaluated using the spectrum deconvolution methods
of the IAEA-AXIL software. The concentration values of the elements were
calculated using the elemental sensitivities methods as shown in equation

(3.16).

The three samples have been measured using the elemental sensitivity
method for Ag-anode X-ray tube spectrometer. The energy spectrum that
resulted was examined for energy peaks for the elements it represented (see
Figures 27-29). Using the QXAS-AXIL software and equation (3.16), the area
value under each peak was used to calculate the concentration of each element

observed in each sample.

116

Digitized by Sam Jonah Library



© University of Cape Coast https://ir.ucc.edu.gh/xmlui

o
u
n
t
s
/
C
h
a
n
n
e
1

Figure 27: Fluorescence Spectrum of the various REEs in sample DK6 with
Ag-tube EDXRF and their Peak areas.
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Figure 28: Fluorescence Spectrum of the various REEs in sample DK7 with
Ag-tube EDXRF and their Peak areas.
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Figure 29: Fluorescence Spectrum of the various REEs in sample DK8 with
Ag-tube EDXRF and their Peak areas.

The mass concentration of the REE was calculated using equation
(3.16). The photoexcitation was carried out using the incident source energy of
the Ag anode, which was 22.1 keV. For each element, the description of the
recognized elements peaks (see Figures 30-32). Lanthanum (La), Cerium (Ce),

and Europium (Eu) were discovered using this Ag anode X-ray tube
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spectrometer technique for a Sample DK6: Lanthanum (La), Cerium (Ce),
Europium (Eu), and Terbium (Th) are the elements used in sample DKT7:
Lanthanum (La), Cerium (Ce), Europium (Eu), and Terbium (Tb) are the
elements used in sample DK8

The same three samples each have also been measured using the elemental
sensitivity method for the attached Am-241 excitation-based system. The
resulting energy spectral were analysed for energy peaks for their
corresponding elements (see Figure 30-32). Using the QXAS-AXIL software
to calculate the concentration of each element found in each samples based on

equation (3.17).

Ilteration - iSquare =
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Figure 30: Fluorescence Spectrum of the various REEs in sample DK6 with
Am-241 EDXRF and thier Peak areas.
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Figure 31: Fluorescence Spectrum of the various REEs in sample DK7 with
Am-241 EDXRF and their Peak areas.
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Figure 32: Fluorescence Spectrum of the various REEs in sample DK8 with
Am-241 EDXRF and their Peak areas.

The REE concentrations were determined using equation (3.17)
The mass concentration of the REE was calculated using equation (3.16). The
photoexcitation was carried out using incident source energies of 59.5 keV and
26.4 keV for Am-241. For each element, the description of the recognized
elements peaks (see Table 3.1). Scandium (Sc), Lanthanum (La), Cerium (Ce),

Europium (Euz), Neodymium (Nd), Samarium (Sm), and Gadolinium (Gd)
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were discovered in DK6, DK7, and DK8 samples using the Am-241 EDXRF

technique Only DK8 has an extra Erbium (Er) atom.

The same samples had previously been subjected to ICP-MS analysis at the
Analytical Facility System (ALT) laboratory in Vancouver, Canada (Nude et
al., 2015). The Ghana Atomic Energy Commission used the Low Enriched
Uranium Miniature Neutron Source Reactor to analyze the identical samples
with INAA (LEU-MNSR). The energy peaks for their associated elements
were found in the resulting energy spectrum (see Figures 33-35). The Ko-
IAEA software was used to calculate the concentration of each element found
in each sample based on the area value under each peak, used to calculate the

concentration of each element identified in each sample
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Figure 33: Graph that shows INAA analysis results of REEs in sample DK6.
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The equation (4.2) could be used to connect the mass of REEs to the
concentration of each element identified in the energy spectrum (see Figures

33-35).
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—_ (Peak area)(Arel)
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where M is the radioisotope's mass, Peak area is the peak area of the
radioisotope energy peak, Arel is the radioisotope's molecular weight, § th is
the flux value of 4.3x10'? n/cm? s, oth is the radioisotope's thermal cross-
section, Nav is Avogadro's Number, and t is the decay time for the

radioisotope, A is the radioisotope decay constant,

For samples DK6, DK7, and DKS8, the elements found using the INAA
approach are Scandium (Sc), Lanthanum (La), Cerium (Ce), Neodymium (Nd),

Samarium (Sm), Europium (Eu), Terbium (Yb), and DK6 has a new element,

Lutetium (Lu).

Figures 36-38 show a comparison of the results obtained for the Ag
anode X-ray Tube spectrometer and the attached Am-241 excitation-based
system, INAA, and ICP-MS. Despite the reasonable fit of the Ag anode X-ray
tube spectrometer spectra lines, there is still some variation in the
concentration values. It was not able to detect Y,Nd,Gd,Th,Yb,and Lu in
sample DK6, DK7 and DKS8 also Er in sample Dk7 and DKS8. The attached
Am-24] excitation-based system was able to detect and quantify ¥, Nd,Gd in
DK6, DK7 and DK8 and in addition Er in DK7, which EXP-1 was not able to

quantify in DK6, DK7 and DK8.
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Figure 36: Graph that shows the concentrations of the REE in sample DK6.
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Figure 37: Graph that shows the concentrations of the REE in sample DK 7.
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Figure 38: Graph that shows the concentrations of REE in sample DKS8.

Comparison of Results from Am-241 EDXRF, Ag-Tube EDXRF, INAA
and ICP-MS
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Figure 39: The graph shows a comparison between the results obtained for REEs with INAA and

Am-24 lexcitation-based EDXRF, the ocomrelsticn and R? values.
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The concentration values of the several methods used for validation in
this work (Ag anode-X-ray tube spectrometer, INAA, and ICP-MS) were
compared to the new method, the attached Am-241 excited-based system. The
correlation analysis method was utilized in conjunction with the linear
regression method (see Figures 39-42). The performance of the attached Am-
241 excited-based system was statistically evaluated using multivariate
regression robust statistics and equations (Ivo3evi¢ et al., 2014). For all

analytes, the
Am — 241 excited — based system = B X [INAA(mglkg)] + A,

when the intercept (A) and slope (B) were calculated. B = 1 and A = 0 if the
attached Am-241 excited-based system concentrations and the INAA
concentrations of elements are consistent for REEs, the intercept (A) should be
close zero (0) and the slope (B) close 1 as shown in Figure 39. As a result, the
results obtained using the two methods were not found to be significantly
different for REEs. On the other hand, statistically significant variations were
discovered for Ag anode X-ray Tube spectrometer estimated element
concentrations of REEs under the same conditions. The slopes (0.8399) of the
validation curves for REEs were close to 1, but the intercept (-18.581) was not
close to zero (0) as shown in Figure 40. For Ag anode X-tube spectrometer,
the standard deviation of differences was similarly extremely high and

considerably departure from zero.
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Figure 40: The graph shows a comparison between the results obtained for
REEs with Ag anode X-tube spectrometer and
Am-241excitation based system, the correlation equation and the R?
value of 0.6129.

This shows the limitation of the tube-based XRF excitation system for
REE analysis due predominantly to the interference of L X-ray of the REE by
the relatively high intensities of K X-ray from the transition metals. This leads

to higher inaccuracies in concentration values and a reduction in the scope of

the REE that could be analyzed.

The slope of the attached Am-241 excitation-based system and INAA,
as well as ICP-MS, was close to 1 in all cases, as well as the intercept close to
zero (0) and the linear correlation coefficient (R?) values was higher than 0.95
in all cases, as shown in Figures 4/ and 42, respectively. These results showed

an excellent match between the attached Am-241 excitation-based system,
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INAA and ICP-MS methodologies. That is, Elemental Sensitivity Method,
Neutron Activation Method and Inductively Coupled Plasma-Mass

Spectrometry respectively.
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Figure 41: The graph shows a comparison between the results obtained for
REEs in sample DK6é using ICP-MS and the attached Am-241
excitation-based EDXRF system, the correlation equation and the
RZvalues.

In this study, as it can be observed from Table 8, standard deviation
(SD) values were in the range of 3.8-20.7 mg/kg for the elemental sensitivity
method for Ag-anode X-Tube spectrometer and 2.0-3.8 mg/kg for the attached
Am-241 excitation-based system, also INAA standard deviation values were
in the range of 0.09-2.3 mg/kg. The SD values are low when the SD < 10%

of the required X-ray fluorescence spectrometers and sometimes SD > 10%

for the constrains of elements of a certain concentration (Syahfitri et al.,
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2013). The results show that the attached Am-241 excitation-based system
elemental sensitivity method is a reliable and comparable method for the

determination of REEs.

Chapter Summary
The results and discussion are summarised below:

Energy calibration has allowed qualitative analysis. Sensitivity calibration for
K and L lines was achieved using the following standards using S, Cl, K, Ca, T;
C,, Mn, Fe, Co, N;, Cu, Zn, As, Br, Sr, Mo, Ag, Cd, Sn, 1, Cs, Ba, W, Hg, and Pb.
To be able to determine REEs in a sample, the excitation and the detection
geometry were re-designed with attached Am-241 excitation-based sources
with average energy (59.54 keV). The incident and take-off angle used is 52.5°
and 90° respectively. Measures were put in place to mitigate unnecessary
radiation exposure. To validate the developed method, IAEA-SOIL 7, INAA
and ICP-MS were used. The results were comparable. Analysing samples that
contain REEs, here, are the results for Ag-anode EDXRF, the elements which
were identified from this technique for IAEA-soil 7 were Scandium (Sc),
Europium (Eu), Dysprosium (Dy) and Ytterbium (Yb). For Sample, DK6 are:
Lanthanum (La), Cerium (Ce) and Europium (Eu). For Sample DK7 are:
Lanthanum (La), Cerium (Ce), Europium (£u), and Terbium (Tb). For sample

DKS8 are: Lanthanum (La), Cerium (Ce), Europium (Eu) and Terbium (Tb).

The elements which were identified from the attached Am-241
excitation-based EDXRF technique for IAEA-Soil 7 are Scandium (Sc),

Lanthanum (La), Cerium (Ce), Neodymium (Nd), Europium (Eu), Erbium
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(Er). Samarium (Sm) and Terbium (Th). For sample DK6 are Scandium (Sc),
Lanthanum (La), Cerium (Ce), Neodymium (Nd), Europium (Eu), Erbium
(Er). Samarium (Sm) and Terbium (Th). For sample DK7 are Scandium (Sc),
Lanthanum (La), Cerium (Ce), Neodymium (Nd), Erbium (Er). For sample
DKS8 are Scandium (Sc), Lanthanum (La), Cerium (Ce), Neodymium (Nd),

Europium (Eu)

The elements which were identified from this INAA technique for
IAEA-Soil 7 were Scandium (Sc), Lanthanum (La), Cerium (Ce), Neodymium
(Nd), Europium (Eu), Erbium (Er). Samarium (Sm) and Terbium (Tb). For
sample DK6 are Scandium (Sc¢), Lanthanum (La), Cerium (Ce), Neodymium
(Nd), Europium (Eu) and Erbium (E7). For sample DK7 are Scandium (Sc),
Lanthanum (La), Cerium (Ce), Neodymium (Nd), Erbium (Er). For sample
DK8 are Scandium (Sc), Lanthanum (La), Cerium (Ce), Neodymium (Nd),

Europium (Eu)

Standards were used to create sensitivity calibration curves. These
standards were chosen to span the range of energies to be determined in the
study (33.44-54.06 kV). However, due to the unavailability of the other
standards, energies of 33.44-44.47 kV were used in this study. As a result,
energy above 44.47 kV cannot be accounted for. In this project, Annual Am-
241 sources were used, which required precise determination of incident and
take-off angles. The inability to precisely measure these angles may add error,
resulting in the inability to acquire exact results, despite the accuracy of the

results being good. Validation should have been done with a variety of
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certified reference materials (CRM), but due to lack of funding, only IAEA-

SOIL 7 was used.
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CHAPTER FIVE

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS
Introduction

This chapter summarizes the findings, conclusions, and
recommendations for extending the EDXRF spectrometer capabilities at
GAEC by optimizing the attached Am-241 excitation-based system to the
current Ag- anode X-ray tube spectrometer for REE evaluation (analysis). The
following are the four (4) main sections of the chapter: The summary of the
research findings, conclusions, the recommendations, and the chapter

summary.

Summary

Earlier studies in XRF laboratory unit of National Nuclear Research
Institute (NNRI) of Ghana Atomic Energy Commission (GAEC) made use of
a benchtop X-ray fluorescence machine (EXP-1) made by Amptek
Technologies. EXP-1 spectrometer has Ag-anode X-ray tube (Ag-target) used
to determine medium and moderate Z elements using their K-line energies.
However, little data are available for rare earth elements. To address this
situation, excitation and detection geometry has been developed to obtain
results for photon scattering from REEs having their K-edges close to the
exciting photon energies at 26.4 and 59.5 keV emitted by Am-241 excitation-
based source. The sensitivity and accuracy of the XRF analysis could be
considerably improved by properly designing the excitation and detection

geometry. The incident and take-off angle used were 52.5° and 90°
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respectively. Measures were put in place to mitigate unnecessary radiation
exposure. In these measurements, attached Am-241 excitation-based source

with a high-intensity output of 100 mC; was used. Irradiation time was 3000

sec. per sample for the REEs.

This study describes the attached Am-241 excitation-based system to
the existing Ag-anode X-ray tube spectrometer at GAEC's XRF laboratory,
which is primarily used for rare earth element analysis. Scandium (Sc),
Lanthanum (La), Cerium (Ce), Neodymium (Nd), Samarium (Sm), Europium
(Eu), and Terbium (Tbh) were discovered using the attached Am-241
excitation-based system technique for IAEA-Soil 7. These results are based on
the calibration standards that were available. When compared to the certified
values, the Am-241 excitation-based system calculated findings demonstrated
a good agreement (see Table 4.2). Based on the INAA and ICP-MS results, the
accuracy value is fairly excellent and can be accepted. Our findings imply that
EDXRF elemental sensitivity based on attached Am-241 excited-based system

is a comparable method for determining REEs.

Conclusions

i) Existing tube-excited XRF spectrometers can only measure few REEs
with poor accuracy. It has however been possible to extend the scope
of an existing tube-based spectrometer, with an Am-241 excitation-
based system for REE analysis. This enabled the analysis of the

following REEs; Sc, Y, La, Ce, Nd, Sm, Eu, Gd and Er with their K-X-

rays
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i) Development of the quantitative method using the ¢’Elemental
Sensitivities Method”’ of the QXAS Software, and K-X-ray improved
accuracy in analysis of REEs using the XRF analytical technique

iii)  Comparative analysis results of the Am-241 excitation-based
system with ICP-MS and INAA technique established the
Am-24lexcitation-based system as a reliable, accurate alternative for
analysis of REEs. Am-241 excitation-based system offers possibilities
for fast and accurate routine analysis of large number of samples, since
sample preparation is minimal and analysis time shorter compared to
the other techniques (INAA & ICP-MS)

Recommendations
Based on this thesis work, the following recommendations are

proffered:

1. Currently, the system can only analyse one sample at a time; it is,
therefore, recommended to the Ministry of Environment, Science,
Technology & Innovation (MESTI) to provide funding to automate the
system for routine analysis of multiple samples.

2. In order to cover the entire spectrum of REE analysis on the Periodic
Table, it is recommended to UCC through the department of Physics to
provide funding for purchasing REE standard elements to enable
improved sensitivity calibration.

3. Due to inadequate funding for this thesis work, only IAEA-SOIL 7

reference material was used in the validation process. It is
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recommended for future research to analyze certified reference materials that

contain REE elements
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APPENDICES
APPENDIX A
SAMPLE DK8
Element
Ag-x-ray tube XRF  Am-241 ICP-MS INAA
Se 6.7 5.8 6 59
Y 51.5 54
La 101.5 147 244
Ce 184 119.4 212 559
Nd 62.1 60.6 60.2
Sm 15.5 25.8
Eu 30.4 20 34.9 30.9
Gd 4
Er 3.7 51
Tb 50.6 53
Yb 13 22.4
Lu 2.6
APPENDIX B
SAMPLE DK7
Element
Ag-x-ray tube XRF  Am-241 ICP-MS INAA
Sc 6.8 59 6 6.2
Y 51.6 54.5
La 99.2 144 204
Ce 27 116 207 229
Nd 35.4 15.7 222
Sm 15.7 22.2
Eu 20.1 3.3 3% 5.5
Gd 3.9
Er 1.5 1.6 1.7
Tb 20.2 3.9
Yb 12.7 18.7
Lu 2.7
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APPENDIX C
SAMPLE DK6
Elements
Ag-x-ray tube XRF Am-241 ICP-MS INAA
Sc 6.9 6.3 6 59
Y 50 49.7
La 92.7 91.6 133 210
Ce 704 107 119 106
Nd 55.1 74.6 73
Sm 14.1 213
Eu 72 31 34 4.4
4.2

3
vb 12.1 12.5
g 2.4 2.6
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APPENDIX D
SENSITIVITY LINE
Atomic Number  K-Sensitivity  L-Sensitivity

20 5.69E+07

22 8.89E+07

24 1.25E+08

26 1.57E+08

28 1.90E+08

29 2.23E+08

30 2.52E+08

33 2.92E+08

35 3.39E+08

38 3.57E+08

42 2.12E+08

47 2.11E+08 6.33E+06
48 2.23E+08 7.12E+06
50 2 45E+08 8.02E+06
53 2.54E+08 2.26E+07
58 2.54E+08 4.64E+07
56 2.50E+08 6.67E+07
80 8.64E+07
82 1.06E+08
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