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Preface

Rare Earth Elements - Emerging Advances, Technology Utilization, and Resource
Procurement presents a compelling array of research detailing aspects of the tech-
nology and utilization of rare earth elements and similar elements. Chapters in the
section on “Emerging Advances and Technology” discuss coordination compounds
involving lanthanides to develop luminescent turn-off sensors, gold mineraliza-
tion in Egypt, concentrated hydrochloric acid leaching of steenstrupine to obviate
silica gel formation, luminescent materials with turn on and radiometric sensory
response based on coordination compounds, prediction of solubility and miscibility
parameters of the bismuth-arsenic complex and amorphous mineral compounds
using molecular dynamic simulation, rare earth elements in new advanced engineer-
ing applications, and a radon emanation measurement system for South African
communities. The section on “Utilization and Resource Procurement” presents an
evaluation of rare earth element mine sites for environmental impact.

Each chapter provides a unique perspective on the uses or technology associated with
rare earth elements. Collectively, they showcase the diversity of research involving
these elements.

Dr. Michael T. Aide

Professor of Agriculture,

Southeast Missouri State University,
Missouri, USA
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Chapter 1

Coordination Compounds of
Lanthanides as Materials for
Luminescent Turn Off Sensors

Claudio Pettinari, Andrei Drozdov and Yuriy Belousov

Abstract

This review aims at describing the possible use of lanthanide coordination
compounds as materials for luminescent sensors now more necessary due to the
continuous requirements from the society of electroluminescent and lighting
devices, for example analytical sensors and imaging instruments. This is the first
part of a work describing the photophysical foundations of the luminescence of
complex compounds of lanthanides in the context of design materials with a sen-
sory response, and also considers in detail materials with the most common type of
response - turn off sensors.

Keywords: lanthanides, coordination compounds, luminescence, sensors, sensory
response mechanism, turn off sensors

1. Introduction

The use of coordination compounds, organometallic and inorganic species
containing lanthanides (Ln) as luminescent materials is mainly due to electronic
transitions inside f-shells [1-6]. The design of luminescent sensors based on lantha-
nides is currently catching up and the number of papers on emitting materials, in
particular Organic Light-Emitting Diode (OLED), is increasing. Several lanthanide
complexes and Metal Organic Frameworks (MOFs) were described as useful for
ratiometric fluorescent sensing [2] or potentially employable as functional materials
[5]. These compounds are often characterized by switchable and tunable properties
allowing fine-tuned optical features and sensitive responses to small molecules and
ions. Several reviews [7-12] have reported lanthanide-containing luminescent sensor
materials, which can be used for detecting anions [9] or low molecular weight analytes
[8], and also for detecting cations [12]. The rapid growth in the number of publica-
tions requires a systematization that could help in the choice of the right compounds
for new devices. Here we report a general overview of the principles governing the
lanthanide coordination compounds luminescence and the most important examples
of Ln compounds for sensing both ions and low molecular weight compounds. We
have decided to report here a classification of the species based on the type of sensory
signal being recorded, in detail “turn off”, “turn on” and “ratiometric” sensors.
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2. Lanthanide complexes luminescence principles

To understand how to control a sensory response by using a lanthanide complex as
sensor material, it is necessary to consider the main processes occurring when Ln**
compounds exhibit luminescence. In the absence of organic ligand environments,
absorption and emission are due to f-f transitions in the electron shells of lanthanides
which, at least theoretically, are possible for all ions on going from Ce>* (4f"°>d") to Yb**
(4£3). At the same time, the structure of the levels first becomes progressively more
complicated on going from Ce** to Eu®*, and then gradually becomes simpler on going
from Tb** to Yb’* ion. It is relevant that symmetric ions with respect to Gd**, located
in the center of the Ln series, have some similarity both in the structure of electronic
levels and in luminescence features, such as the lifetime of the excited state (Figure 1).

The largest energy gap between the excited and ground levels is observed for the
Gd** ion and corresponds to UV emission. Among those emitting in the visible region
(Table 1), the most efficient phosphors are Tb*>* and Eu®* ions; Sm** and Dy>* ions are
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Figure 1.

Free ion energy levels of the trivalent lanthanide ions from Ce** (4f*) to Yb>* (4f*3). Levels are labeled by term
symbols or, for some higher levels, capital letters. Reprinted from Dieke and Crosswhite, 39 copyright 1963, with
permission from the Optical Society of America [13].
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Excited state

Emission

Ion, electronic AEM, DM Emission TH205 US Tp20> NS
configuration ground color [ref] [ref]
state
Ce [Xe]4f! D Fy), 351 uv
Fs)p 365
Pr [Xe]4f? P, (20500)  *H; j = 4,5,6 488, 528, Red
D, 3F, 6,111,050 NIR
Nd[Xe]4f *F3, (11460) “I,j="/-" 900, 1060, 1350 NIR 0.031[14] 0.14 [15]
j="h=-"1 0.031 [15]
Sm [Xe]4f *Gsy (17900)  °H;j="h-" 560, 595, 640, Orange,  2.69 [14] 60 [15]
*Gsp, “Gsp Fpj="-"h 700, 775 NIR 2.7 [15]
®Hysp 870, 887, 926, 10
1010 SmCl; 6H,0
1150
877
Eu [Xe]4f° Dy (17300)  F;,j = 0-6 580, 590, 615, Red 112.4 [14] 4020
°D, ’F;,j=0-4 650,720, 750, 820 108 [15] [14]
°D, ’F;,j=0-4 525,535, 557, 585, 4100
625 [15]
462, 470, 487,
510, 535
Gd [Xe]4f P/, (32200) 83, 315 uv 1480 [14]
Tb [Xe]4f® °D, (20500)  Fj,j=6-0 490, 545, 580, Green 442 [14] 3800
620, 650, 660, 675 467 [15] [15]
Dy [Xe] 4f° *Forp (21100) °H,,j="/-"/, 475,570,660,750 Yellow-  2.49 [14]  42[15]
s/ SH,j="/-%% 455,540, 615,695  green 2.6 [15]
Ho [Xe]4f'° °Fs 1, 965 NIR
*lg g 1180 NIR
°F, (18500)  °I,j=8,7,6  540,750,1015 Green
+NIR
Er [Xe]4f™ “Ss s 550 Green
*For2 15 670 Red
T, j = 9,11,13 s 850, 980, 1560 NIR
(11750)
Tm [Xe]4f? 3H, (12400) 3F, 1470 NIR
G, He 808 NIR
3He 480 Blue
Yb [Xe]4f" 2Fs, (10250) 2F,, 980 NIR 0.17[15]  3.95[15]

“Agm — emission wavelenght, Trro ana Tp2o — observed excitation state lifetime of L’ solvated with H,0 or D,0O

respectively.

Table 1.

Ions emitting in the visible region.”

somewhat lower emitters. Among the IR-emitting ions, the most effective is Yb3, as
well as Nd** and Er’*. Ce** luminescence is possible due to d-f electronic transitions.
Other ions (Pr**, Pm3*, Ho**, Tm>") can exhibit emission in the visible and/or

IR regions, however, as a rule, their intensity is low and difficult to detect with a
common equipment. These considerations explain why europium and terbium
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compounds are used in most of the productions of lanthanide-based luminescent
sensors.

With the exception of the d-f transitions for Ce** and Tb", the electronic
transitions of lanthanides are characterized by low extinction coefficients (Table 2).
The extinction coefficients are significantly lower not only with respect to those found
for organic molecules but also with respect to d-cations which cause a low lumines-
cence brightness of most inorganic REE compounds. In 1942, Weissman proposed a
solution to this problem [16]. In chelate complexes containing organic ligands charac-
terized by conjugated aromatic fragments, absorption and emission are spatially sep-
arated due to the “antenna” effect: the organic molecule effectively absorbs radiation,
sequentially passing to singlet and triplet excited states, and then it can transfer

Ion Transition A e, M em™?
Ce3* 4f' - 5d4 253 755
*Fs;, — *Frp ~5000 n/d
pr* 3H, — P, 444.0 10.1
*H, — %Py 468.8 4.4
3H, — 3P, 4822 41
*H, — 'D, 589.0 4.95
Nd** *o/» — *D3p 354.0 2.30
oz — *Gop 512.0 1.89
Yo = *Gr 522.0 374
*Io/2 — *Gspp, *Gy 575.2 6.00
419/2 - 453/2 731.5 3.80
o2 — “Frn 740.0 6.22
*Io;, — *Fsp 794.0 8.10
*lora = *Hopa 801.0 5.48
*Io;, — “Fap 865.0 3.10
Sm>* ®Hs/, — P3py 401.5 1.25
®Hs/; — ®Fopy 1089.0 2.19
®Hs, — °Fypa 1250 2.0
Eu®' "Fg — °F,4 298.0 1.04
"Fo — °Hg 317.5 0.98
"Fo — °Le 396.0 2.90
Gd* 88712 — “Liaa 2727 3.16
8871 — i 273.0 1.12
872 = lon, Iy 275.6 1.90
Th>* 4fy — 4f,-5d 219 374
"Fg — °Gs 377 n/d
F¢ — °D; 385 n/d
"Fg — °Dy 492 n/d
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Ion Transition A e, M lem™?
Dy* ®Hy32 — *Papy 325.0 1.88
®Hizo — P72 350.5 2.60
6H13/2 — *Migs» 365.0 2.14
®Hy3/2 — ®Fsp 807.0 1.84
®Hiz/o — °Frp 908.5 2.40
®Hiz/2 — Fop, *Hypo 1102.0 1.80
®Hy3/0 — Farsz, *Hop 1300.0 1.07
Ho** 5Ig — 3F4, °D, 241.0 3.18
%ig Slg — °H, 278.0 221
Yb** 5lg — 3Dy 287.5 3.10
5Ig — 3Hg 361.5 2.10
g — 3Gs 416.1 2.52
I — 3Gg 452.0 3.70
Ig — °F; 485.5 1.75
Slg — °F,4 536.5 4.55
5l — °Fs 641.0 3.04
*Lis;2 — *Dypa 255.0 6.66
*Lsn — *Gup 379.2 6.90
4115/2 - 41:‘7/2 487.0 2.03
*Lis, — "Hup 523.0 3.28
*Lis;2 — *Fora 652.5 2.04
*He — 3P, 262.0 1.05
*He — 3D, 360.0 0.93
*He — 3F; 683.0 2.36
*Hg — °H, 787.4 1.00
3Hg — Hs 1230.0 1.00
*Fy — Fspa 973 21
Table 2.

Absorption coefficients of Ln’>* ions corvesponding to the most significant transitions [15].

excitation energy to the Ln>* ion, which in turn emits a typical narrow-band
lanthanide-centered emission [17]. In Figure 2, a scheme showing the emission
mechanism of the luminescence of lanthanide complexes is reported.

It is worth considering the Jabloniski diagram in Figure 3 to better understand the
principles governing luminescence for sensory materials.

Processes occurring during antenna sensitization of lanthanide cations are sche-
matically presented in the Jabtonski diagram (Figure 3). Light absorption (A) occurs
mainly due to the chromophore groups of the ligand, and the extinction coefficient of
the ligand can exceed that of the lanthanide ion by several orders of magnitude [18].
The coordinated ligand is excited to one of the singlet excited states S*, the transition

7



Rare Earth Elements - Emerging Advances, Technology Utilization, and Resource Procurement

Ligand
L
”~ e, 3
uv D onor En ergy u'ansfer(kn)
Antenna atoms
source
* Absorption (A)

FYLERLLT

[
.
[
O]
[
=
[
5

Quen ching (k, ")
Quen ching (k" k") Detector
Figure 2.

The emission process for a Ln®* luminescent complex. Antenna, spacer, coordination site, and central ion are
evidenced.

Ligand HLQ;J

Figure 3.

Simplified Jablotiski diagram for luminescent Ln>* complexes. The processes of absorption (A), radiative
relaxation (abbreviated as r) — fluorescence (F), phosphovescence (P), and emission of lanthanides (Ln) are
shown by straight lines; nonvadiative relaxation processes (nr) are indicated by dotted lines; energy transfer (ET),
internal conversion (ic), and intercombination conversion (isc) are indicated by dashed-dotted lines. The reverse
energy transfer processes are not shown for clarity.

to the most stable state being defined as internal conversion (k;*"). At this stage, the
ligand can either emit a quantum of light (ligand fluorescence, rate constant kz"), or
non-radiatively relax (kF""), or its excited state S* energy can be transferred to the
triplet excited state 3 by inter-combination conversion (k;.). This triplet state is
relatively long-lived due to the forbiddance of singlet-triplet transitions. The lumi-
nescent relaxation of the triplet excited state is called phosphorescence (kp") and is
well observed when the energy of >T* is lower than the resonant level of lanthanide.
This is usually the most common phenomenon for Gd*>* complexes [19]. The triplet
excited state life is longer than that of the singlet one. Various relaxation pathways are
possible for it: ligand phosphorescence (kp"), nonradiative relaxation (kp"") due to
energy transfer into lattice vibrations (multiphonon relaxation), and energy transfer
to the lanthanide ion (k"z7). In addition to this pathway, in rare cases, direct
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excitation of the lanthanide ion through the singlet state of the ligand (k e7>) is also
recorded. The transitions inside the f-shells of lanthanides are quite fast and are
accompanied by the luminescence of the latters (k;,"). Nonradiative relaxation of the
excited states of lanthanides due to phonon lattice vibrations is also possible, which
corresponds to the constant kg,

Thus, the luminescence efficiency of monometallic lanthanide complexes
depends on the rate of many processes, and minor changes in the system can
dramatically affect it. To date, some rules have been developed that are necessary
for the production of efficient luminescent materials based on REE compounds,
primarily Eu®* and Tb3*, but also Sm>*, Dy3+, IR-emitting Nd3*, Yb3*, and some
other REE ions [17, 19-21].

3. Classification of sensory materials
There are several ways to classify sensory materials:
i. according to the type of response;
ii. according to the structural features;
iii. according to the Ln’* ions employed;
iv. according to the mechanisms leading to the occurrence of the response.

In this manuscript we will consider examples of various materials, classifying them
according to the type of recorded response, and evidencing also other relevant fea-
tures.

From a phenomenological point of view, the most rational classification is on the
basis of the type of sensory signal being recorded, the most common being “turn on”,
“turn off” and “ratiometric”. These types of sensory response are unevenly
represented in the literature (Figure 4). The most common type of response, i.e. the
“turn off”, is characterized by the least selectivity and unfortunately is not optimal for
practical use.

It makes sense to distinguish the materials according to their structural features
and typology. For example, it is useful to differentiate between soluble mononuclear

- Turn off

- Turn on

- Ratiometric, Ln+Ln’
- Ratiometric, Ln+L

- Emission band shift

Kinetic

14%

5%
188

Figure 4.
Percentage of different types of sensory response in lanthanide-based luminescent sensors.
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complexes, coordination polymers (CP’s) and porous Metal-Organic Frameworks
(MOF%) [22], or immobilized species on an inorganic support surface. Each of
these materials has both advantages and disadvantages, and it is impossible to
unambiguously define them as optimal without specifying the conditions for which
they are optimal. For example, molecular complexes quickly react with an analyte
and are convenient objects for studying the response mechanism; however, their
regeneration is complicated, and they contaminate the sample. Complexes
immobilized on carriers react more slowly and their preparation is time-consuming.
Synthesis of insoluble MOF’s is often even more difficult, but they offer the
advantages of high chemical stability and increased selectivity due to limited pore and
channel permeability.

A third possible classification of materials is according to the type of luminescent
centers used:

a. materials that contain cations that effectively give luminescence, for example,
Tb3* or Eu?*;

b. materials that contain less intense emitters, for example, Sm>* or Dy3+;

c. species containing lanthanide ions often emitting in the IR region (Nd>",
Er3+, Yb3+);

d. materials where the luminescence is exclusively due to the ligand;
e. bi- and polymetallic systems with several luminescent centers.

The luminescence efficiency of Eu®>* and Tb>* compounds usually turn out to be
much higher, moreover, their emission bands lie in the visible region (Table 1), where
the sensitivity of standard photomultipliers is high. As a result, most of the described
sensor materials are built by using Eu** and Tb** compounds for “turn on”, “turn off”,
and “ratiometric” sensors. The luminescence of IR-emitting ions Nd**, Er**, and Yb>*
are more sensitive to C-H bond vibrations, which makes them also promising to
produce special sensor materials.

Finally, the fourth classification method allows one to distinguish between
materials according to the mechanism of sensory response. The proposed
classification is based on the effect that the analyte has on both the structure of the
complex and on the processes reflected in the Jabloniski diagram.

The most obvious is the mechanism of action defined “internal filter” effect
(IFE), in which the absorption spectrum of the analyte overlaps with the excitation or
luminescence band of the sensor material. This mechanism (Figure 5) is not
characterized by high selectivitg and sensitivity but can be easily implemented for
many analytes, for example, Fe>* ions. For obvious reasons, only a “turn off” response
can be achieved for materials based on this principle. The IFE does not require
chemical interaction of the analyte with the sensor material. The unequivocal
evidence of the involvement of the IFE mechanism in the sensory response is the
intersection of the spectra.

The second, also relatively simple, response mechanism involves either the coor-
dination of the antenna molecule to the lanthanide complex or the elimination of the
antenna molecule and its replacement with a non-antenna analyte molecule. In the
first case, a turn on response is observed, and in the second, a turn off. Proof for this
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Figure 5.

Response mechanism associated with the internal filter effect: a) - the effect of the analyte on the luminescence of the
sensor molecule; b) Jabloviski diagram when the analyte absorbs excitation energy; c) Jabloriski diagram for the
absorption of the radiation emitted by the analyte.

mechanism can derive from analytical and spectroscopical data confirming the change
in the structure of the complex.

The third possible mechanism, analyte switching antenna (ANA) is associated with
a change in the structure of the ligand, “turning on” or “turning off” the antenna
function (Figure 6a). In this case, the analyte changes either the absorption efficiency of
the ligand (A) (Figure 6b), or the energy of the singlet and triplet levels (S*, T*)
(Figure 6c¢), or the sensitization efficiency kT er) (Figure 6d), but the analyte itself
should not have absorption in the region of excitation or emission of the sensor and
should not have a direct effect (antenna sensitization or quenching) on the Ln’* ion,
otherwise other possible mechanisms (effect of an internal filter, energy transfer, vibra-
tional quenching of luminescence) take place in parallel with this mechanism or domi-
nate it. In a typical case related to this mechanism, the sensor molecule contains an
antenna group, a macrocyclic analyte receptor as a spacer, and a lanthanide ion in a
suitable environment. The coordination of M™* by a macrocyclic receptor leads to a
change in the electronic structure of the ligand, although the cation itself (usually an
alkali or alkaline earth metal) does not affect the luminescence of other Ln>* compounds.

Depending on the nature of the substance, both “turn off” and “turn on” responses
can be realized. It is not easy to prove the existence of an ANA mechanism; it is
necessary to show the formation of a ligand-analyte bond by analytical methods and to
detect a change in the efficiency of specific processes using spectroscopic, kinetic,
and/or calculation methods.
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Figure 7.

Response mechanisms associated with the control of luminescence quenching processes (quencher addition/
elimination, QAE). Suppression of nonradiative relaxation of the singlet, triplet states, and the excited state of
lanthanide (a). Controlling vibrational quenching by introducing or removing X-H bonds (b).

The fourth possible mechanism is the addition or elimination (due to oxidation,
substitution, or another process) of the quencher group during the interaction of the
sensor with the analyte (quencher addition/elimination, QAE mechanism) (Figure 7).
Bonds with suitable vibrational energy (OH, NH, CH) can act as quenching groups: in
fact, the excited state of Ln®" or the ligand upon interaction with the analyte can
effectively undergo phonon relaxation. This mechanism involves the transformation
of the sensor molecule into a new compound, which can be confirmed by analytical
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chemistry and spectroscopy. A “turn off” or a “turn on” response is observed
depending on whether the groups are attached or split off. When a quenching group
(for example, H,0) is replaced by an antenna ligand, two possible processes simulta-
neously contribute: removal of the quencher and enhancement of sensitization by the
new antenna molecule or the reverse process.

The fifth possible mechanism can be observed when the sensor material is a bi-
metallic system containing two lanthanum ions, usually Tb** and Eu**. Due to the
proximity of radii and chemical properties, in these compounds, the two cations, as a
rule, occupy the same crystallographic positions and are statistically distributed. If
both Ln?* ions are capable of emission, the excitation energy is transferred between
the ions, and the rate constant of this process can be determined from kinetic data
[23]. If the analyte affects the energy transfer constant between the ions, then a
sensory response appears, which manifests itself as a change in the ratio of the integral
luminescence intensities of the lanthanum ions. The proof of this mechanism requires
a careful analysis of spectroscopic and kinetic data and cannot be extended to any
“ratiometric” sensors, since in many cases, at least in the case of detection of CH, OH,
and NH bonds, the response is not associated to a change in the efficiency of sensiti-
zation of one lanthanide ion by another, but with more efficient quenching of the
luminescence of one of the ions.

Finally, also materials that are potentially usable as thermometric sensors can be
based on REE compounds. However, the discussion on this topic is beyond the scope
of this review. Lanthanide-containing luminescent thermometers are the subject of
special reviews and monographs [24, 25].

The internal nature of the f-shells of lanthanides makes them less susceptible
to the effects of the crystal field, however, a change in the geometry of the
coordination environment can still be detected in several cases by careful
analysis of the luminescence spectra. This principle is applicable in gauge sensors,
in which compression of the crystal under pressure leads to a reduction in the Ln-O
[26, 27] or Ln-F [28, 29] distances, which shifts the bands in the emission
spectrum.

4. Turn off sensors

Recent papers describing luminescent sensor materials have reported clearly that
“turn off sensors” dominate other types of response. This can be easily explained by
the fact that luminescence quenching due to IFE, nonradiative relaxation of the
excited states of the complex, or formation of a not-luminescent complex (static
quenching) are caused by a large number of analytes with a different chemical nature
[30]. Turn off sensors are poorly usable in real devices since it is difficult to detect
signals at a low analyte concentration.

Effective internal filters can be either intensely colored compounds (due to d-d
transitions typical of d-cations as Cu®* or Co’*, or to charge-transfer bands as in
hydrolyzed Fe** aqua ions, Cr,0,°~, CrO,*~, MnO, "~ anions).

The nonradiative relaxation of the excited state of the complex obeys the Stern-
Volmer equation:

IO PLQYO 70 D
—=———=—=1+4K
T~ pLqv o T KslQ
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where Ky — is the dynamic Stern-Volmer constant [31]. The higher the KPgy
value, the higher the sensitivity of the sensor material with respect to the quenching
analyte. In the case of dynamic quenching, in addition to the luminescence intensity
(and quantum yield), the lifetime of the excited state of Ln>" is significantly reduced.
Dynamic quenching is caused by the excitation energy adsorption from the quencher
molecule without the formation of a phosphor-quencher bond.

Static quenching is caused by the formation of a non-luminescent complex formed
by the luminophore and quencher molecules. The bond between the two species can
be either covalent or hydrogen or stacking interaction. Static quenching is associated
with nonradiative deactivation of the singlet or triplet state of the ligand, which
weakens the antenna sensitization. As a result, during static quenching, the observed
lifetime of the excited state (t,ps) of the lanthanide ion can slightly decrease, but to a
lesser extent with respect to the dynamic quenching. For static quenching, the Stern-
Volmer equation is also applicable:

I
7 =1+K5[Q]

In many cases, these two types of quenching complement each other, and by
combining the equations for the static and dynamic cases the following generalized
equation can be derived:

I
70 =1+ (KB, +K3y)Q + K5, x KS, x Q2

The nonlinear dependence of Iy/I on the quencher concentration Q indicates a
complex quenching mechanism.

Measurements carried out with a temperature control also make it possible to
distinguish between static and dynamic quenching mechanisms, since for a static
mechanism, an increase in temperature leads to a decrease in Ky and for a dynamic
one, to an increase [31].

The luminescence quenching can occur via excitation energy transfer (ET)
from the ligand or metal through FRET (Forster Resonance Energy Transfer),
DEE (Dexter Electron Exchange), or PET (Photoinduced Electron Transfer)
mechanisms [32] (Figure 8) which imply the deactivation of the excited state of
the molecule by transferring the excitation energy to the quencher molecule,
whose LUMO is lower in energy with respect to the excited electron of the donor
molecule.
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Figure 8.
Schematic vepresentation of the mechanisms of deactivation of excited states. Left - Forster mechanism (FRET),
center — Dexter mechanism (DEE), right — photoinduced electron transfer (PET) mechanism.
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FRET [33] implies nonradiative energy transfer from an excited donor molecule to
an unexcited acceptor molecule, followed by radiative or nonradiative relaxation of
the latter. The typical distances between the donor and acceptor molecules usually are
20-60 A, and the efficiency of the Forster transfer decreases very rapidly with
increasing distance (efficiency is proportional to r~°®), which makes it possible to
measure the distance between particles. A transfer is described as the emission and
absorption of a virtual photon [34].

DEE [35] includes two electronic transitions: an excited electron from the donor
molecule to the LUMO of the acceptor molecule, and an electron from the HOMO of
the donor to the HOMO of the acceptor. This creates a hole in the HOMO of the donor
molecule [36]. These two processes proceed either simultaneously or sequentially.
This mechanism is observed at much shorter distances (less than 10 A) and is associ-
ated with the need for direct overlapping of the wave functions of the fluorophore and
quencher. The efficiency of DEE quenching also decreases very rapidly with increas-
ing distance (proportional to e™").

Another common mechanism of nonradiative relaxation of an excited state is
PET [37] involving the formation of a charge-transfer complex (exciplex). An
exciplex is formed when an electron moves from a LUMO donor to a LUMO
acceptor, followed by radiative or nonradiative relaxation of the latter. An
increase in the distance between the donor and acceptor has a much
smaller effect on the efficiency of PET quenching with respect to FRET and DEE
mechanisms.

To distinguish between these mechanisms, special quantum chemical methods are
used to determine the HOMO and LUMO energies, as well as the dependence of the
quenching efficiency on the distance between the donor and acceptor. Often, the real
quenching mechanism has not been studied in detail, the PET or FRET quenching
being only postulated.

The most common analytes detected with lanthanide-containing “turn off” sensors
are listed in Table 3. Data on the mechanisms of sensory response are not always
reported, moreover, in some cases, the author’ interpretation of the mechanism may
not be entirely correct. In several cases a static quenching mechanism associated with
analyte-sensor bonds due to hydrogen bonds, stacking, and other weak interactions is
suggested. Unfortunately, in most works, a more detailed mechanism of such static
quenching has not been reported.

Analyte Mechanism Ref.

i. id-metal cations

cr* Static quenching [38]

cr ET, IFE [39, 40]

Mn* Shift of the triplet level of the ligand during the [41]

coordination of the analyte

Fe®* Static quenching [42]

Fe** IFE, ET, Static quenching [43-87]

Co** ET, IFE, Static quenching [88, 89]

Ni** IFE, LMET [90]

Ccu® IFE, LMET [63, 69, 88, 91-99]
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Analyte Mechanism Ref.

Ag* Shift of the triplet level of the ligand during the [41, 66]
coordination of the analyte

ng* IFE [100], Shift of the triplet level of the ligand during  [100-102]
the coordination of the analyte, Static quenching
[101, 102]

ii. p-metal cations

Pb* Shift of the triplet level of the ligand during the [102-104]
coordination of the analyte Static quenching [102, 103]

AP n/a, [105, 106]

ce** IFE, Static quenching [74]

U0, n/a [87]

iii. d-metal anions

MnO4~ IFE, FRET [106-108]

CrO,*, Cr,0/4~  IFE, FRET [55, 77, 94, 105, 107-112]

Clo™ Destruction of the ligand, weakening the antenna [113]
function

F~ Displacement of the ligand by the analyte [114]

HSO,~ Static quenching due to the H-bonding [115]

H,PO,~ Static quenching due to the H-bonding [115]

CN™ Static quenching due to the H-bonding. Possible [116]
destruction of the complex due to the binding of Zn**
ions by CN™

OAc™ Static quenching due to the H-bonding [116]

iv. Other organic analytes

Nitroaromatic PET and IFE [44, 46, 47, 67-71, 73,

compounds 75, 76, 85, 90, 94, 97,
99, 117-130]

Nitromethane IFE [53, 73]

PhNH, Static quenching due to the H-bonding u IFE [131]

PhCHO Static quenching due to the H-bonding [40, 50, 132-134]

Chlorobenzenes  IFE [135]

Acetone Static quenching due to the H-bonding [52, 54, 91, 99]

DMAA n/a [136]

Tryptophan n/a [59]

Tiaminphosphate ET [137, 138]

derivatives

Acetophenone n/a, but not the IFE [139]

1-hydroxypyrene Static quenching due to the H-bonding [140]

Pesticides Static quenching, IFE, FRET [141]

Sulfamethazine IFE [142]

Ornidazole, IFE&Energy transfer [66]

Ronidazole
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Analyte Mechanism Ref.
Adenosine Static quenching [115]
diphosphate
Quercetin IFE [62]
Nitrofuranose, PET IFE [143]
Nitrofurantoin
Phenylglyoxylic ~ IFE [144]
acid

Table 3.

Proposed sensory response mechanism in turn off sensors employed to detect different analytes.

It should be noted that the most common mechanism is IFE. Typical excitation
spectra of luminescent lanthanide complexes lie in the near UV region in the range
250-400 nm [4, 6, 145]. In this region, intense absorption of several types of analytes
takes place, which makes such materials nonselective, although the selectivity has not
been investigated in most of the articles.

The most efficient materials for the detection of various analytes are listed in
Table 4. Materials with high K, values (>30,000) are selected as illustrative exam-
ples, making these materials potentially promising for practical applications.

Material Media Linearity Kgy. M1 LOD Response Ref.
range time

Fe3* sensors

Tb-MOF DMF 0-100 pM 43,000 0.5puM [73]
Eu-MOF DMF  0-140uM 51,600 0.5 M [73]
Tb-MOF EtOH 0.01- 114,300 [64]
100 pM

Eu-MOF EtOH 0-10 mM 43,000 1uM 8 min [63]
Tb-MOF H,0 65,000 0.84 pM [57]
Tb-MOF H,0 0-1 mM 96,021 24 h

Eu-MOF H,0 0-1mM 75,596 24h [52]
Eu-MOF H,0 5-12 yM 119,000 0.277 pM [66]

Cu?** sensors

Nd-MOF CH;CN  0-100 yM 80,000 0.39 uyM [88]

Eu-MOF EtOH 0-10 mM 52,000 1uM 8 min [63]

Cr** sensors

Eu-MOF H,0  0-100pM 39,000 [38]

Tb-MOF H,0 0-100 pM 50,000 [38]

Co®* sensor

Nd-MOF CH;CN  0-60 pM 66,000 0.47 pM [88]
Ag" sensor
Eu-MOF H,0 10-19 uM 118,000 0.272 yM [66]
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Material Media Linearity Kgy. M1 LOD Response Ref.
range time
Pb?** sensor
Eu-MOF H,0 10-500 pM 33,014 91 M [102]
DMF 43,988 68 uM

Cr,0,°” sensors

POSS-PVIM@[Eu(dbm);] H,0 5-40 pM 42,014 0.68 uM Smin  [111]

hybrid material

[Eu-MOF H,0  0-200pM 220,000 6min  [55]

Tbh-MOF H,0 0-100 pM 41,100 5.6 ppb 5 min [112]

Tb-MOF H,0 0-3 pM 106,500 0.32 yM [77]

Eu-MOF H,0 0-1.5pM 151,000 0.10 pM [77]

CrO427 sensors

Tb-MOF H,0 0-3 uM 127,500 0.33 uM [77]

Eu-MOF H,0 0-2 yM 102,500 0.17 uM (7]

TNP sensors

La-MOF H,0 0-20 nM 2.4*109 0.22 ppb [129]

Nd-MOF H,0 0-20 nM 1*107 0.71 ppb

Pr-MOF H,0 0-20 nM 6.8*109 0.27 ppb

Eu-MOF DMAA 0-25 uM 49,000 0.34 uM [130]

Tb-MOF DMF 0-22 yM 155,000 30 nM 30 min  [71]

Tb-MOF H,0 0-40 pM 54,800 0.35 ppm [118]

Nitrobenzene sensors

Tb-MOF H,0 5-30 ppm 93,400 2.1 ppm [99]

H,0 5-30 ppm 80,300 2.2 ppm [99]

Eu-MOF DMF 0-1.6 mM 62,400 5uM [119]

PhNH, sensor

Eu(NO3);3Zn-MOF DMF 0-1puM 9,390,000 6.6 nM 30 min  [110]

PhCHO sensors

Tb(NO3)3 + Zn-MOF DMF  0-02uM 6,170,000 10 nM 30 min  [110]

Tb-MOF EtOH 0-0.5% 31,100 [133]

Tb-MOF EtOH 0-20 pM 33,500 771’ M 30 min  [134]

Yb-MOF EtOH 0-20 pM 29,900 8.64e M  30min [134]

Acetone sensor

Eu-MOF DMF  530ppm 78,900  10.1ppm [99]

Tiamine phosphates chlorides

Eu-MOF Up to Up to [137]
900,800 0.029 pM

Tb-MOF Up to Up to [138]
39,000 0.025 pM
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Material Media Linearity Kgy. M1 LOD Response Ref.
range time

Sulfamethazine sensor

Eu-MOF EtOH-  0-100 uM 45,980 0.66 uM [142]
H,0

Ornidazole sensor

Eu-MOF H,0 6-18 yM 197,000 0.183 pM [66]

Ronidazole sensor

Eu-MOF H,0 6-18 pM 212,000  0.141pM [661

Table 4.
The most sensitive “turn off” touch materials.

The detection of Fe’*, d-metal ions and also d-metal-containing anions with strong
oxidizing abilities can be performed by simpler methods with respect to the produc-
tion of the luminescent sensors. At the same time, the determination of impurities of
toxic metals (lead, mercury) in waters or foods seems to be a much more urgent task,
and there is hope that other results on the determination of such analytes will appear
soon. Nitroaromatic compounds are found in a large number of explosives and
ammunition, and proposed sensor materials often exhibit very high sensitivity to
them. At present, there are some commercial luminescent “turn off” detectors of
nitroaromatic compounds, and although trade secrets prevent disclosure of the com-
positions of specific materials, lanthanide-containing complexes seem to be promising
in this direction. As for the detection of other organic molecules, due to the prevalence
of absorption in the near UV region, the industrial production of these materials
requires increased selectivity.

Based on the analysis of literature data, we can propose the following algorithm for
establishing the sensory response mechanism for “turn off” sensors:

i. A plot of Stern-Volmer graphs at different temperatures to establish the
presence of dynamic or static quenching or their simultaneous presence. An
exclusively static quenching mechanism indicates the formation of a not-
luminescent complex, which, however, requires additional evidence.

ii. A chemical and/or phase analysis of the “sensor-analyte” system, is absolutely
necessary to verify the formation of a not-luminescent complex and the
destruction of the sensor structure.

iil. A sensory experiment in a deuterated solvent medium to determine if the
material is sensitive to water, alcohol, and other molecules with an active OH
group. The disappearance of the response unambiguously indicates that OH
quenching is the dominant mechanism.

iv. A study of the absorption spectra of the analyte and the excitation spectra of
the sensor material. An overlap suggests at least partial involvement of the
IFE mechanism. Measurements of the sensory response should be made when
the material is excited at a wavelength that does not fall within the absorption
spectrum of the sensor, for example, directly at the f-f wavelength of the Ln3*
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transition. If the response completely disappears, then only the IFE
mechanism is in place.

v. A study of the luminescence spectra of the complex and absorption spectra of
the analyte. The presence of overlap indicates the partial participation of the
IFE mechanism and the possibility of energy transfer through the FRET
mechanism.

vi. A quantum-chemical modeling study to determine the energy of orbitals,
measurement of T upon excitation through the bands of the ligand and of
metal in the absence and presence of quenchers. In this way, the presence of
energy transfer can be confirmed and the specific mechanism (PET, FRET,
DEE) can be determined.

5. Conclusions

The luminescence of lanthanide coordination compounds is an unusual and multi-
stage process that imposes numerous restrictions on the structure of both ligands and
complex compounds. Interruption of any of the intermediate stages due to the effect of
an internal filter, nonradiative deactivation of the excited states of the ligand and metal,
changes in the energy of the triplet level of the ligand, or other factors dramatically affect
the luminescence brightness. This presents a serious challenge in the development of
efficient luminescent materials for light-emitting devices, but it can be an elegant key
for the development of sensitive sensor materials for the detection of analytes of
various natures.

The main problem with turn off materials is low selectivity, since dissimilar analytes
such as nitroaromatic compounds and Fe?* cations, for example, cause exactly the
same response. Now, a new challenge for researchers is to find the way to increase the
selectivity of the response, which requires the use of modern approaches of supramo-
lecular chemistry and crystal chemical engineering.

In the following chapter, we will focus on consideration of two less common, but
more technologically advanced and promising areas in lanthanide-based luminescent
chemical sensors — turn on and ratiometric materials.
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Perspective Chapter: History
and Classification of Gold
Mineralization in Egypt

Refaey El-Wardany and Jiangang Jiao

Abstract

Gold deposits and occurrences are spread over a large number of sites which
covered by Precambrian the basement rocks in the Eastern Desert of Egypt, and the
gold exploration and mining activities had been districted since ancient times. The
ancient Egyptians extracted gold from quartz veins of various dimensions in open
pits and underground workings. Consequently, gold production in Egypt seems to
have started as early as the predynastic times (about 6000 BCE) from Pre-and Early
Dynastic times to Early Arab Period. In the modern days, Egyptian mineral resource
authority announced many big international bid-rounds for Gold Exploration and
associated minerals was launched to open the minerals sector to foreign investment in
the mining industry. Many studies have been achieved to classify the gold deposits in
Egypt based on various characteristics such as the nature, occurrences, type of host
rock, tectonic setting, metal association, fluid inclusion, and the tectonic environment
of mineralization. Gold deposit in Egypt still need more geological and mining studies
to understand the gold system types, additionally, to get answers regarding to source,
transportation, traps, and host rocks, as well as the whole challenges in mining sectors.

Keywords: gold deposit, Eastern Desert, gold exploration, classification of gold,
ancient Egyptians

1. Introduction

The Arabian-Nubian Shield (ANS) is one of the largest and best-recorded outcrops of
Neoproterozoic Juvenile rocks on the Earth (950-450 Ma), the ANS developed during the
collision between East and West Gondwana with the closure of the Mozambique Ocean
(Pacific-sized Ocean) at the north part of the East African orogen (EAO) (Figure 1a and
b). The East African Orogen is a part of the Pan-African orogenic cycle that extends from
the north by ANS to the south of the Mozambique belt. The Pan-African Orogeny was a
period of major crustal accretion and a part of the Neoproterozoic Gondwana superconti-
nent; it affected Gondwana and several regions in Laurasia [2, 5-9]. The Egyptian Nubian
Shield (ENS), the basement rocks of Egypt comprise covers 100,000 km? (about 10% of
the total area of the country), exposed mainly in the southern Sinai Peninsula, the Eastern
Desert parallel to the eastern flank of the Red Sea coast, and the Western Desert at Gabal
Oweinat. Commonly, the Eastern Desert are divided into three distinct lithotectonic
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(a) Showing the Gondwanaland supercontinent after [1], (b) Showing locations, terranes, and sutures of
Avabian—Nubian shield after [1-4].

domains as specific: Northern Eastern Desert (NED), Central Eastern Desert (CED), and
the Southern Eastern Desert (SED) (Figure 2a) [11-15]. The basement complex in the
Eastern Desert is composed of a heterogeneous rock assemblage; it can be classified into
two major units (Figure 2b). The lower tectonostratigraphic unit (infrastructural unit) of
the old continental margin comprises medium to high-grade metamorphic gneisses and
migmatites, psammitic schists (e.g., Meatiq, Migif-Hafafit, Sibai, and El-Shalul domes)
[16-19]. The upper tectonostratigraphic unit (suprastructural unit) [13, 18-21], which is
represented by ophiolites, magmatic-arc related island-arc volcanic, and volcaniclastic
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(a) Distribution of Neoproterozoic basement rocks in Egypt [10], (b) Geologic map of the Eastern Desert and Sinai [1].

intruded by Syn to late tectonic calc-alkaline and alkaline granites, metagabbro-diorite
complexes, Dokhan volcanics, and molasse sediments intruded by post tectonic granitic
intrusions and dike [10, 13, 22-28].

2. History of gold mining in Egypt

The history of gold mining in Egypt can be divided into two main times: ancient
time and modern time.

2.1 History of ancient gold mining

The production and mining activities of gold deposits have been carried out from
the Eastern Desert of Egypt since ancient times, more than 240 gold deposits and
occurrences are spread over the whole area covered by the basement rocks of the
Precambrian age.

In most mines, the ancient Egyptians extracted gold from quartz veins of various
dimensions in open pits and underground workings. Gold production in Egypt seems
to have started as early as the predynastic times (about 4000 BC) and continued in
different periods up to the sixth century when the gold mines lost their importance
[29-35]. Mond and Winkler published a preliminary report in the season 1937-1938;
they noted that the historical time of gold production was started with the accumula-
tion of the nugget gold from the grounds of some wadis in the middle of 5000 BC,
which dated by the evidence in production sites of by the “Earliest Hunters” [36].

Harrell, 1992, submitted an article about the Turin papyrus map one of the
oldest maps and the oldest map that illustrates the topography and geology of
Wadi Hammamat in the Central Eastern Desert of Egypt (Figure 3). However,
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Figure 3.
The Turin papyrus map illustrates the topography, geology and gold working at Wadi Hammamat during the
reign of Ramesses IV (11511145 B.C.) [37].

it shows gold-working settlements during the ancient time at Bir Umm Fawakhir
and “bekhen-stone” quarry regions. He noted that the map was drawn by the chief
administrative officer (“Scribe of the Tomb” Amennakhte, son of Ipuy) of the village
of Deir El-Medina during the reign of Ramesses IV (1151-1145 BC) to record the
king’s bekhen-stone quarrying expedition to Wadi Hammamat late in the third year
of his reign [37]. Generally, the gold production periods in Egypt can be classified
into eight periods: Pre-and Early Dynastic times (~3500-2700 BC), Old and Middle
Kingdom (2700-2160 and 2119-1794 BC, respectively), New Kingdom times to the
Third Intermediate Period (1550-1070 BC), Ptolemaic (Greek) times (~300-30 BC),
Kingdoms of Kushitic times (800-400 BC and to 100 AD), Roman and Byzantine
Period times (~30 BC-641 AD), Early Arab Period (~990-1350 AD), and modern
mining time. Each period includes certain techniques and equipment [26, 34-39].

2.2 Modern gold mining history

In the nineteenth century, Egyptian gold attracted increasing attention, and at the
beginning of the present century, most of the gold deposits were rediscovered and
worked. However, by the end of 1918, gold mining practically stopped [29, 40]. The
period between 1932 and 1958 represents a new stage of gold exploration in Egypt,
during which several deposits were examined and the major ones, such as Sukari,

Um Ud, Hangaliya, Um Rus, Barramiya, El Sid, Um Garaiyat, and others, were put
under exploitation. From 1902 to 1958, the amount of pure gold recovered in Egypt
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was about 7 tons [1, 40]. The last stage in the history of gold mining is the prospecting
work that was carried out at Atud deposits in 1953-1954 [41] and 1963-1964 [42]. In
1967, the gold deposits of Semna, Atalla, El Sid, Um Rus, Barramiya, Atud, Sukari,
Um Ud, Hangaliya, Kurdeman, Hamish, Um Garaiyat, and others were examined by
[43]. Gold deposits and occurrences in Egypt have been reviewed in many publica-
tions, some data on the gold deposits were presented in the reports of the Mining
Guidance, 1935-1958, reports of Mines and Quarries Department 1906-1960, reports
of the Egyptian Mining and prospecting Co., 1955-1962 and Hunting Ltd., 1967.
There are many different views concerning the stages of gold development and the
relations of gold mineralization with various magmatic complexes. In the period from
1983 to 1989 a new stage in the history of gold mining when the work was carried out
at many gold mines in the Eastern Desert by Minex Company. The Geological Survey
of Egypt played an important role in the prospecting work done by Minex Company
and gave the most accurate and complete data on many gold mines, for example, Abu
Marrawat, El Barramiya, HI Fawkhir, and Semena.

In 1990, the Pharaonic Company begins to prospect gold in Egypt depending
on modern theories and using more accurate techniques for analysis, depending
on data collected by Minex. Nowadays, Cryst International Company seeks gold in
the Eastern Desert depending on modern theories. Cryst International Company is
interested in gold associated with pyrite in many locations, especially in the Hammata
area. In 1995, many companies invested in gold exploration in Egypt (i.e., Centamin,
Aton Resources Inc. (formerly Alexander Nubia), Thani Dubai, Mica Star, SMW,
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Figure 4.

(a) Map shows the historical regions of gold in the Eastern Desert according to the earliest known ancient periods
working [40], and (b) concession of the international and Egyptian companies in 2020 (after Arab Nubian group
https://fwww.linkedin.com/company/5013242/admin/).
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Location map of gold deposits and occurrences in Eastern Desert, Egypt [44, 45].

Matz Holding, and others). Although all these exploration companies targeted
well-known occurrences of gold mineralization in the Central and Southern Eastern
Desert, only the Sukari gold mine, in the southern part of the CED, has been success-
fully developed and mined by the Centamin Company. The Sukari deposit is the only
producing mine in Egypt, and now it is operated as a shear between the Egyptian
Government and Centamin plc. It consists of a large-scale open pit and a high-grade
underground mine. The total mineral reserves were reported at 7.25 Moz and the total

1 Nuweiba 70 Wadi Mahasin 139 Um Ud 208 E-G.Um El Tuyour
El Fugani
2 Nisriyin 71 Wadi Badah al 140 Hangaliya 209 Um El Tuyour
atshani

3 Al Reigata 72 Wadi Zaraib 141 Um Huqab 210 W-G.Um El
Tuyour El Fugani

4 Dahab 73 Hamouda 142 Doweig 211 Gabal Al Adraq

5 South Gabal 74 Abu Fannani 143 Wadi Um 212 Betan-1II

Ferani Hagalic
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6 Wadi Nasb Area 75 Um Soleimat 144 Hamash 213 Betam
7 South Wadi El 76 El Sid 145 Geili 214 El Hoteib
Shalal
8 Abu Rahab 77 El Shihimiya 146 Khashab 215 Um Egat — 1
Um Hargal
9 Wadi Madsus 78 El Nur 147 North Gabal 216 Um Egat - 1II
El Khellah
10 Um Zariq -1 79 Zeidon 148 Gabal Abu 217 Egat Mine
Himimid
11 South Wadi 80 Makhyt 149 Kab El 218 Shanaiyet
Nasb Rayan
12 Um Zariq-1II 81 Shughief 150 El Qulan 219 Al Fawi -1
13 Wadi El Kid 82 Wadi Zeidon 151 Wadi El 220 Al Fawi - 11
Homer
14 Wadi Qabila 83 Hadarba 152 Shialek 221 Al Fawi - II1
15 Wadi El Samra 84 WadiUmAash 153 Abu Rahaya 222 ‘Wadi Beida
16 Wadi Um 85 Maiser 154 Kortonos 223 ‘Wadi El Abied
Toleihat
17 Gabal Dara 86 Perevalny 155 El Hudy 224 Korbiai
18 Wadi Zobeir 87 Wadi Manih 156 Wadi I Hi 225 Um Radam
Mikan
19 Um Balad 88 El Heir 157 Zergat 226 North Gabal Gerf
Naam
20 Ruh A1 Hadid 89 Tigelny (Wadi 158 Gabal 227 El Direib
El Heir) Nikeiba
21 Wadi Dara 90 Wadi El Moilh 159 Urf Abu 228 Madarai
Humar
22 Um Mongul 91 Daghbag 160 Abu Gurdi 229 Wadi Oregium
23 Wadi El Urf 92 Deghig 161 Salib El 230 El Qurun
Abied
24 Wadi Dib 93 Tila Gadalla 162 Betan — 1 231 Romeit
25 Talat A1 Zarqa 94 Fella Godalla 163 Um Eleiga 232 Groore
26 Um Tweir 95 El Hisinat 164 Ourga El 233 Abu Hireig
Rayan -1
27 El Helliev 96 El Mayia (El 165 Orgarian 234 Gabal Abu Hodied
Bakriya)
28 Abu Morrat 97 Um Salatite 166 Hutit 235 W. Meisah
29 Um Tagher 98 Um Selim 167 Um Kalib 236 Gabal Heianai —1
30 Wadi Fatira El 99 Al Barramiya 168 Ourga El 237 Heianai - 1T
Zarqa Rayan - II
31 Fatiri El Beida 100 Bokari-I 169 Wadi Khuda 238 Gabal Suruk
32 El Ghozah 101 Bokari-II 170 El Anbat 239 Soaorib (Gudir)
33 Fatiri 102 Abu Mouawad 171 Southwest 240 ‘Wadi El Qurat
Gabal Sirsir
34 Wadi El Dob 103 Kap El Abiad 172 Gabal Nazar 241 Gabal Shiab
area-I
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35 Abu Shehat 104 Tarfawi 173 Gabal Nazar 242 Gabal Hamida
area-I 1
36 El Bolh 105 Wadi Kareim 174 Gabal Nazar 243 Gabal Elba
area-111
37 Gray 106 Wadi 175 Gabal Nazar 244 Sul Hamid
Kareim-BIF area-VI
38 Safaga 107 El Dabbah 176 North Gabal 245 Qash Amir
Peter and
Paul
39 Abu Marawat 108 Hamrat 177 Southwest 246 Oseir Irab
ghannam Gabal Nazar
40 Semna 109 Sharm El Bahari 178 Gabal
Kamel
41 Massaghat El 110 Abu mureiwa 179 South Gabal
Gukh Kamel
42 Gabal Semna 111 Nusla 180 Hisayrbah
43 E 1 Eredeia 112 Um Grifate 181 Hariari
44 Bohlog 113 Atwi 182 Um Araka
45 Gidami 114 Um Ghamis 183 Um Ashirah
46 Abu Qarahish 115 Sigdit 184 Nekib
47 Wadi Gasus 116 UmRus 185 Abu Swayel
48 Wadi Abu 117 WadiMurin 186 Middle
Shigeili Wadi
Haimur
49 Wadi Queih 118 AbuDabbab 187 Haimur
50 Wadi Queih 119 UmNar 188 Wadi El Nile
51 Sagi 120 Gabal El Hadid 189 Atshan
52 Wadi Hemeiriya 121 Um Samra-I 190 Murra
53 Kap Amiri 122 Um Samra-II 191 Korsco
54 A1 Areifia 123 Abu Quraiya 192 Atshani
55 Hamama-I 124 Beizah 193 Maraheib
56 Hamama-II 125 Atud 193 194 Um Garaiyat
57 Abu Had 126 UrfElFahd 195 South
Kalabsha
58 Atalla E1 Mor 127 Abu Mireiwa 196 Fillat
59 Kap El Abse 128 Dungash West 197 Um Doma
60 Rabshi 129 Dungash East 198 Abu Fass
61 Wadi Sodmein 130 Um Dalalil 199 Eneigit —1
62 El Haramiya 131 Samut 200 Eneigit —II
63 North Wadi 132 Um Tundeba 201 Seiga—1
Atalla
64 Wadi Nabsh El 133 Sukari 202 Seiga — 11
Qadim
65 Atalla 134 Am Baut 203 Um
Shashoba
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66 A1 Fawakheir 135 Sabahia 204 Gabal
Kulyeit — 1
67 Hammamat - [ 136 El Lawi 205 Gabal
Kulyeit - II
68 Hammamat — II 137 Leweiwi (Um 206 South
Gamil) Mashbih
69 Um Had 138 Kurdman 207 Gabal
Anweib
Table 1.

Locations of gold deposits and occurrences in Eastern Desert, Egypt.

resources at 11 Moz with a lifetime of 15 years [38-41]. The gold production started
from the open pit mine in 2010 and underground started from 2011 to nowadays.
The random mining or illegal gold rushers phenomena (they are called Dahaba)
have been widely distributed along the whole Eastern Desert. Even though they
represented some advantages in gold exploration on different scales but they display
enormous harmful impacts by destroying the old mine and having a great environ-
mental impact; at the first, they used a metal detector in exploration, but now they
developed their techniques by using crushers, panning, and grinding; in addition,
they used mercury and even cyanide to extract and refractory gold. In the Southern
Eastern Desert, Shalateen Mineral Resources Company (SMRC), a governmental
company is working to control these phenomena by giving licenses to the rushers to
explore legally. In 2018, new recommendations for policies were announced by the
Egyptian government to encourage global investment in mining. In August 2019,

the law of mineral resources was modified and published in January 2020. In 2020, a
big international bid-round No (1) for gold exploration and associated minerals was
launched to open the minerals sector to foreign investment in the mining industry.
At the end of 2020, EMRA announced that 11 international and Egyptian companies
YHammash Misr, Aton Resources, Thani Dubai, SMW Gold, AKH Gold, B2Gold,
Barrick Gold, Centamin, Ebdaa Gold, Lotus Gold Corporation, Medaf, North Africa
Mining, Nubian Mining, Red Sea Resources, and Shalateen Mineral Resources) win 82
gold exploration areas in Egypt (Figure 4). More than 195 gold deposits and occur-
rences are situated in the Eastern Desert of Egypt since ancient times until modern
days (Figure 5 and Table 1).

3. Classification of the gold deposits in Egypt

Many studies classified the gold deposits in Egypt based on different characteristics
(e.g., the nature, occurrences, type of host rock, tectonic setting, metal association, and
the tectonic environment of mineralization). Hume [29] believed that the formation
of gold took place in two different stages and related the main gold mineralization to
the second stage of hydrothermal activity that accompanied the development of the
dioritic intrusion of the Metarchean age (i.e., Proterozoic) [33]. He grouped the mineral
deposits into four categories: (1) gold occurrences; (2) group occurrences of silver,
copper, zinc, molybdenum, tungsten, iron, chromium, nickel, lead, tin, platinum,
and graphite; (3) precious and semiprecious minerals; and (4) ornamental stones.
Kochine and Bassyuni [46] classified the gold mineralization depending on the mode
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of occurrences and the nature of mineralization into three distinguished types of gold
dykes, veins, and placer deposits. El Ramly et al. [47] added that most gold deposits are
confined either to the intrusive masses of granodiorites and diorites or to the schists
in the close vicinity of these masses. On the other hand, he stated that there are more
than 95 locations of different gold deposits and occurrences that are hosted by variable
rock composition including, schists, mudstone-greywacke-conglomerates, granites,
granodiorite (gabbros, metavolcanics, and dyke like felsite porphyries and trachytes,
diorites). Sabet et al. [48] identified four main epochs based on the time of mineraliza-
tion and formation of gold: Preorogenic epoch, Syn to late-orogenic epoch, Riphean-
lower Paleozoic epoch, and Mesozoic-Cenozoic epoch. Also classified the major gold
“Formations” in the Eastern Desert into: (1) gold-sulfide “Formation”, (2) gold-bearing
iron quartzite “Formation”, and (3) gold-bearing quartz veins “Formation”. Sabet and
Bordonosov [49] classified the occurrences of gold in Egypt into three types, namely,
gold-sulfide, skarn gold-ferruginous quartzite, and gold quartz veins formations. The
gold quartz vein formation was subdivided according to the metal and mineral associa-
tions into: gold-arsenic, gold-pyrite, gold-polymetal, gold-copper, gold-mercury, and
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gold-antimony types. Botros [50] classified the gold mineralization in the Eastern
Desert depending on their related tectonic environment into three main classes and
subdivided these classes depending mainly on the type of the host rock as follows: gold
hosted in the island-arc stage (such as BIF and tuffaceous metasedimentary rocks), gold
hosted in the orogenic stage (such as gold mineralization along the sheared contacts

of the ophiolitic serpentinites, associated with porphyry copper mineralization,

and auriferous quartz veins intruded gabbros and granodiorite, and the third type is
gold mineralization going with the post-orogenic stage. Botros [37], according to the
tectonic-magmatic evolution of the Nubian shield, modified his classification of gold
deposits to new threefold gold deposits. (1) Stratabound deposits are subdivided into
three main types: gold-bearing Algoma-type banded iron formation, gold-bearing
tuffaceous sediments, and gold-bearing volcanogenic massive sulfide deposits; (2) non-
stratabound deposits are divided into two main types: vein-type mineralization hosted
in a wide range of rocks and disseminated-type mineralization hosted in hydrother-
mally altered rocks (alteration zones); and (3) placer deposits are divided into modern
placers and lithified placers. Zoheir et al. [39] noted that the Eastern Desert is divided
into nine structure blocks, which are the Allaqi-Sol Hamed block, Abu Swayel block,
Um Samiuki-Abu Dahr block, Hafafit-Natash block, East Nugrus block, Mubarak-
Hamash block, Meatiq-Sibai block, Fatira-Um Anab block, and Wadi Dara-Um Monqul
bock (Figure 6). They reviewed that the gold deposits in Egypt are mainly orogenic
gold systems, but some other gold systems with some dough and limited distribution
have been studied as volcanic massive sulfide (VMS), porphyry systems, Fe-oxide-
Cu-Au (IOCG) systems, and intrusion-related system. On the other hand, they men-
tioned that the gold deposits are controlled by structure and just five that controlled the
orogenic gold occurrences are Allaqgi-Sol, Hamed block, Um Samiuki-Abu Dahr block,
East Nugrus block, Mubarak-Hamash block, and Meatig-Sibai block. El Aref et al. [51]
believed that most of the gold deposits in the Eastern Desert are related to orogenic
gold deposits and are structurally controlled. They noted that there is some evidence of
VMS system, associated high-sulfidation Au-Cu-Mo mineralization and porphyry type,
while they mentioned that there is no evidence in support of the presence of iron oxide
copper-gold (IOCG) or even intrusion-related in the Eastern Desert.

4, Conclusion

The Arabian-Nubian Shield (ANS) is one of the largest and best-recorded out-
crops of Neoproterozoic Juvenile rocks on the Earth; the basement rocks extend in
the Eastern Desert are divided into three distinct lithotectonic domains as specific:
Northern Eastern Desert (NED), the Central Eastern Desert (CED), and the Southern
Eastern Desert (SED). The basement complex in the Eastern Desert is composed of
a heterogeneous rock assemblage; it can be classified into the lower tectonostrati-
graphic unit or infrastructural and the upper tectonostratigraphic unit or suprastruc-
tural. The production and mining activities of gold deposits have been conducted in
the Eastern Desert of Egypt since ancient times; nowadays, the random mining or
illegal gold rushers phenomena (they are called Dahaba) have been widely distributed
along the whole Eastern Desert. Many studies classified the gold deposits in Egypt
based on distinctive characteristics, such as nature, occurrences, type of host rock,
tectonic setting, metal association, and the tectonic environment of mineralization.
Still, there are many challenges in the geologic exploration and mining studies of gold

in Egypt.
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Chapter 3

Concentrated Hydrochloric Acid
Leaching of Greenland
Steenstrupine to Obviate Silica Gel
Formation

Damien Krebs and Domenic Furfaro

Abstract

The Ilimaussaq complex in Greenland contains a rare earth bearing mineral called
Steenstrupine. This mineral is a complex sodium rare earth phospho-silicate which
also contains significant uranium and thorium. The mineral can be beneficiated via
froth flotation to produce a mineral concentrate ranging between 15 and 23% rare
earth oxide. Leaching of the mineral concentrate is required to dissolve the contained
values and recover them using hydrometallurgy. Steenstrupine contains high amounts
of acid soluble silica which can result in the formation of silica gel during leaching.
Laboratory scale testwork was performed to determine which leaching conditions
offer the control of silica and high extraction of values such as rare earth elements and
uranjium. A range of leach parameters where investigated to determine which are
most significant to leach performance. Optimised parameters consisting of acid
strength, residence time and nature of the operation were determined as significant.
In conclusion the operating range identified produces high rare earth extractions
while yielding a leach residue with suitable solid liquid separation performance.

This process may be applied to other rare earth bearing minerals which contain high
proportions of soluble silica.

Keywords: rare earth elements, leaching, silica gel, hydrometallurgy, steenstrupine,
hydrochloric acid leaching

1. Introduction
1.1 Project information

The Ilimaussaq complex is located within the Kommune Kujalleq, the municipality
of southern Greenland (Figure 1). It is a peralkaline intrusion which contains rocks
which are extremely enriched in sodium, iron and high fields strength elements
including rare earth elements.

Within the complex is the Kvanefjeld deposit which consists of a measured resource
(JORC 2012) of 143 million tonnes @ 1.2% REO, 303 ppm U308 and 0.24% zinc [1].

51 IntechOpen



Rare Earth Elements - Emerging Advances, Technology Utilization, and Resource Procurement

" Ipiut;
\‘e\‘uo piutag

Narsap “off“

luo % w\\u\

-9 '."V s i
cip g —""|  Kommune Kujalleq

Qassiarsuk
® # Narsarsuaq

Narsan #|galiku

Qassimiute
Qaqortoge
Eqallé%ifg:f < & Ammassvik
Alluitsup Paa
A Iasiusaq
N Nanortalik ©® # Aappilattog
L ]
0 50 100km Narsarmijit
 e—
Figure 1.

Map of Kommune Kualleq showing local population centres and project infrastructure.

Greenland Minerals Limited (GML) proposes to develop a mine and integrated min-
erals processing facility for Kvanefjeld. In addition to producing significant quantities
of REE products, the project will also produce, as by-products, small but commercially
valuable quantities of uranium, zinc concentrate and fluorspar.

The rare earth elements, in the Kvanefjeld deposit, are contained predominantly in
the mineral steenstrupine, which has the chemical formula provided below:

Na6.7cha(REE)6(Th, U)O'S(Mn1.6Fe1.3Zr0.3Ti0.1, Alo.z)(P4.3Si1.7)024)(F, OH)DHzo

It contains all 15 rare earth elements, radionuclides, phosphorous and soluble silica.
Rare earths are also found to a lesser extent in the minerals townendite, monazite and
vitusite [2].

Beneficiation of steenstrupine from the gangue minerals is possible via the froth
flotation method. Froth flotation can be used to produce a steenstrupine mineral
concentrate which typically grades 14-23% rare earth oxide [3, 4]. Gangue minerals
such as felspars, feldspathoids, agerine and amphiboles are extensively rejected and
report to the tailings stream. This paper will focus on the hydrometallurgical treat-
ment of flotation concentrates as this is the typical process for rare earth recovery. The
inventive aspect is in the definition of process variables which result in a leaching
process which produces high extractions while exhibiting good solid liquid separation
characteristics of leach residues.

1.2 Mineral leaching issues

As steenstrupine is a very rare mineral there is little research and commercial
precedent for it’s treatment [5]. It contains a high degree of acid soluble silica and non-

52



Concentrated Hydrochlovic Acid Leaching of Greenland Steenstrupine to Obviate Silica Gel...
DOT: http://dx.doi.org/10.5772 /intechopen.107012

refractory rare earth elements which makes it’s leaching characteristics unusual. His-
torical leaching tests were performed on ore samples which contained steenstrupine

[6]. This early work showed steenstrupine and some associated gangue minerals are

susceptible to silica gelling. Steenstrupine and it’s associated gangue silicate minerals
contain acid soluble silica which dissolves into solution with acid leaching [7, 8].

Other researchers have found silica issues with another alkaline rare earth mineral
Eudialyte which also contains significant soluble silica [8-10]. Silica soluble minerals
which leach under acidic conditions will release silica into solution. If not carefully
controlled, dissolved silica can precipitate rapidly forming a network structure in
solution resulting in the solution gelling and exhibiting poor solid liquid separation
[11-13].

Some leaching methods have been applied to steenstrupine which include both
sulphuric and hydrochloric acids [1, 3, 7]. In 2012 GML developed a method which
uses a two stage sulphuric acid leach to extract the values and control silica [7]. Since
2017, GML has been developing a different leaching method which utilises concen-
trated hydrochloric acid in a single stage leaching process [14]. Previous steenstrupine
hydrochloric leach tests investigated low solids loading, relatively dilute acid solution
and only batch operation [8]. This was effective in leaching rare earths from
steenstrupine however a pyrometallurgical pre-treatment was required. In addition
the leach density was moderately dilute.

This paper presents the results of investigating the leach performance at higher
solids loading and concentrated acid concentrations without a pre-treatment step. The
viability of the process is demonstrated by comparing batch leach results with those of
continuous leach results.

2. Samples utilised
2.1 Low grade flotation concentrate

The low grade flotation concentrate was generated from Kvanefjeld ore (Lujavrite)
during continuous flotation pilot plant testwork. Mineralogical examination (QEM-
SEM) identified steenstrupine, arfvedsonite, aegirine, analcime, K feldspar and pla-
gioclase as the major components of the concentrate [3]. Elemental analysis of the
concentrate used a combination of fusion inductively coupled plasma optical emission
spectroscopy (ICP-OES) and inductively coupled plasma mass spectroscopy (ICP-
MS). The chemical analysis was performed by the commercial SGS Laboratory in
Perth, Australia who are certified and ISO accredited. The accuracy of the assays is
considered very good with an accuracy of +/— 5% (Table 1).

Acid soluble silicon concentration in the concentrate was determined by diagnostic
leaching of concentrate with 70 g/L Hydrochloric acid (HCI) for 2 hours at ambient

La Ce Nd Pr Y U
2.08 3.74 1.30 0.40 0.68 0.18
Al Fe Na P Si Th
391 9.27 8.29 2.19 19.5 0.52
Table 1.

Low grade concentrate assays (% of mass).
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La Ce Nd Pr Y U

4.00 8.00 2.60 0.80 1.40 0.34

Al Fe Na P Si Th

1.5 6.00 8.50 4.00 15.0 1.00
Table 2.

High grade concentrate assays (% of mass).

temperature at 1 and 3% w/w solids. The leach liquor was recovered and filtered
through 0.45 microns before diluting 1:10 in deionised water and submitting for assay
by Inductively Coupled Plasma — Optical Emission Spectrometry (ICP-OES). The low
solids density resulted in low silicon tenors in solution which prevented silica gelling
issues. The acid soluble silicon concentration in the concentrate was determined to be
38 g of silicon per kilogramme of concentrate.

2.2 High grade flotation concentrate

Batch testwork on Kvanefjeld ore using an improved flotation process [3] gener-
ated a limited quantity of high-grade flotation concentrate which was available for
leach testwork. The concentrate elemental composition was determined using a com-
bination of sodium fusion and inductively coupled plasma. The elemental assays are
shown in Table 2.

The acid soluble silicon concentration in the concentrate was determined to be 32 g
of silicon per kilogramme of concentrate solids.

3. Leaching methods
3.1 Batch leach tests

High acidity and high temperature are known to assist with the precipitation of
silica in a solid crystalline form rather than polymerising to form silica gel [11-13].
Higher leach slurry densities offer higher acid concentrations in solution and lower
mass throughputs. Lower mass throughputs reduce construction costs for the leaching
equipment. Concentrated HCI was selected to produce a high solids density and high
acidity in the leach. The use of concentrated HCI will increase the temperature of the
leach due to the heat generated by acid dilution.

The program focused on leaching low grade concentrate under various atmo-
spheric conditions with hydrochloric acid to determine metal dissolution and the
relative filtration performance of the resultant leached slurry. The general acid leach
test procedure is shown in Figure 2. All acid doses are quoted in grams of anhydrous
HCI per gram of dry concentrate.

The concentrate was leached by manually mixing concentrate and concentrated
HCl (20-29% w/w HCI) for 15-30 minutes. Dilute HCI (10 g/L HCI) is then added to
generate a slurry which is sufficiently fluid to enable it to be poured onto a vacuum
filter. The quantity of 10 g/L HCl added to the leach slurry was varied so that the mass
of slurry and the slurry % solids to the filter was constant regardless of the acid
concentration or acid dose used in the leach stage. The diluted slurry was then vacuum
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Concentrate 10 EnlL HCI pH 1 water pH 1 water
HOleach —» Dilution —» 0™V Repulp el Drying
Filtration wash Filtration
Concentrated Solkle Assay
Hel filtrate
dilution

Solution Assay

Figure 2.
Batch laboratory work flow.

filtered and the cake form time determined. Filter cake form time was used as a proxy
for filtration rate.

The filtrate was collected and a subsample immediately diluted 1:10 with 1 M HCI,
to stabilise the sample prior to submitting for elemental analysis. The filter cake was
dispersed in D.I water which had been acidified to pH 1 (HCI) and vacuum filtered.
Once the surface moisture had disappeared from the filter cake, additional pH 1 wash
water was applied to the cake to remove entrained dissolved salts. The solids were
then dried to constant mass at 80°C and submitted for elemental analysis.

3.2 Continuous leach tests

Continuous leach tests were conducted once suitable conditions for concentrate
leaching were identified from the batch testwork program. Dry concentrate was
continuously fed (vibratory feeder) to a 5.8 L stirred baffled reactor. Concentrated
(25% w/w) HCI was continuously pumped in via a peristaltic pump to achieve the
required acid dose. The reactor temperature was maintained at 80°C using indirect
steam through titanium steam coil. A thermocouple was inserted into the slurry and
indirect steam added through a solenoid valve connected to an automatic controller.

The reactor had a nominal residence time of between 69 and 97 minutes depending
on feed flowrates. Samples were taken from the reactor overflow and prepared for
assay as previously described.

3.3 Continuous leach tests

Analysis of the solid samples was performed using a four-acid digest followed by
ICP-OES and ICP-MS finishes. The digest solutions were appropriately diluted before
being analysed. Solid samples were also analysed by sodium peroxide fusion digest,
followed by an analysis of the resulting solutions by ICP-OES and ICP-MS. Solids were
assayed using sodium fusion to ensure any refractory minerals were dissolved. Good
agreement was achieved between the four acid digest and peroxide fusion methods
and suggests that any refractory minerals present in the sample was minimal.

Elemental assays of liquors were determined by ICP-OES and ICP-MS. The liquors
were diluted 1:10 with 1 M HCI prior to submission to stabilise silicon in solution.

Free acid was determined by titration with standard NaOH using Calcium EDTA as
a complexing agent, the procedure was modified from that described in [15] and
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Figure 3.

Continuous leach set up.

required correction for phosphoric acid in the sample, based on the phosphorous assay
of the solution (Figure 3).

4, Results and discussion
4.1 Batch test results

Four tests were performed to examine the impact of acid dose on metal dissolution
and solid liquid separation of the leached slurry. In each test concentrate was mixed
with 29% w/w HCI for 30 minutes. The impact of acid dose on filtration rates is
provided in Table 3.

The metal leach extraction for the four batch tests are shown in Table 4. They
show very high extraction of rare earth elements. Gangue elements such as aluminjium
and iron are lower. This is due to the deportment of these gangue metals in the

Test Acid Dose Cake Form Terminal Free Gell Formed
(g HCl/g con) Time (sec) Acid (g/L HCI)
1 0.48 96 119 No
2 0.38 180 89 No
3 0.35 282 68 Yes
4 0.32 642 47 Yes
Table 3.

Acid dose and solid liquid separation performance.
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Test Al Fe Na P Th La Ce Nd Y §)

1 64 13 64 94 90 96 98 98 96 84

2 63 1 64 93 87 95 97 97 94 87

3 63 12 64 93 84 95 97 97 95 84

4 63 1 63 91 79 95 96 96 95 85
Table 4.

Low grade concentrate metal dissolution for batch tests.

minerals leached. Most of the iron is found in the black amphibole arfvedsonite which
appears to be refractory in the leach process. The refractory aluminium and sodium
may be present in sodic feldspar minerals which do not leach extensively under these
leach conditions.

Due to the high slurry density it was important to observe the viscosity of the
slurry mixture after the addition of concentrate and acid. For the first 1-2 minutes of
mixing the mixture would remain fluid, however after this period the free liquid
would disappear and the viscosity of the mixture increased to the consistency of damp
solids. The damp solid became hot and with continued mixing, formed a viscous paste
which progressively became more fluid with time. These observations have also been
reported when leaching eudialyte concentrates [16] with strong acid.

Figure 4 shows there is very little impact of acid dose on the dissolution of metals
except thorium over the range investigated. Under all acid doses near complete
extraction of rare earths and uranium was observed.

The cake form time (filtration rate) shows a strong correlation with acid dose. As
the acid dose increased the cake form time decreased, demonstrating an improvement
in filtration. At the higher acid doses no gel formation was observed. Both lower acid
doses resulted in gel formation indicating that lower acid conditions result in
favourable conditions for silica polymerisation. At higher acid doses and therefore
higher acid strength in solution may result in a more crystalline silica precipitate.

100 700

90 600

80 500
70

400

60 300

% Dissolution

50 200

Cake Form Time (seconds)

40 100

—g— Cake Form Time
30 0
0.30 0.35 0.40 0.45 0.50
Acid Dose (g HCl/g)

Figure 4.
Acid dose effects on dissolution and filtration.

57



Rare Earth Elements - Emerging Advances, Technology Utilization, and Resource Procurement

The reduced filtration rate and the appearance of silica gel at the lower acid
doses are all consistent with reduced rates of silica coagulation [12, 13, 17]. The rate of
silica coagulation from solution has been shown to be strongly influenced by a
number of factors including temperature, the presence of metals in solution and free
acid [17, 18]. Generally, as temperature increases the rate of silica precipitation
increases while the presence of aluminium in some systems appears to increase the
rate of silica precipitation. In these series of tests, the aluminium tenor and the
temperature were similar over the acid dose range investigated. As the terminal free
acid increased the solid liquid separation improved. The results are consistent with
improved silica coagulation at higher acid concentrations resulting in improved
filtration.

Over 99% of the acid soluble silicon had precipitated under all the test conditions.
Terminal free acid concentrations down to 47 g/L HCl are still capable of achieving
high rare earth dissolution. A stoichiometric acid balance was performed to determine
the elemental acid consumption. Most of the acid (~60%) was consumed in the
dissolution of Al, Na and Fe. A significant proportion (15-25%) of the acid added is
not consumed in the reaction and remains in solution as free HCIL. The majority of the
balance of the hydrochloric acid dose is consumed by rare earth dissolution.

4.2 Impact of addition method

Previous tests were typical batch tests where all the acid and concentrate are mixed
together at the start of a test. While this is a convenient procedure it can produce
different results to a continuous process which represents a commercial operation.
Continuous leach tests where precipitation of reactants occurs can result in signifi-
cantly more heterogeneous precipitation. Heterogeneous precipitation products can
have different particle size and morphology compared to homogeneous precipitation
products [19].

Four tests were performed to examine acid addition methods and more continuous
leach conditions. Continuous operation was simulated by dosing the reactants to the
leach in staged doses during the leach. The acid dose (0.38 g/g), acid concentration
(29% w/w HCI), average leach time (30 minutes) and temperature (ambient) were
kept constant between tests.

The additions to the reactor were as follows:

Test 9-100%, all acid and concentrate added at the start (baseline test).

Test 11-80% of the concentrate added at the start, remainder after 10 minutes.

Test 14-40% of the concentrate added at the start, remainder after 10 minutes.

Test 15 - a third of the acid and concentrate added every 5 minutes to the reactor.

Table 5 shows that the method of feed addition had little impact on metal extrac-
tion with constant acid dose. The filtration of the residues was significantly impacted
by the timing of acid addition as observed in Figure 5.

The smaller incremental additions to the reactor are more representative of a
continuous leach reactor. The results show that cake form time decreases (better
filtration) as the proportion of sample added to the reactor at the start of the test fell.
These are consistent with increases in heterogeneous precipitation and particle growth
expectations. As incremental additions are made to the reactor; silica dissolves and re-
precipitates on precipitated silica from earlier reactor additions, increasing silica pre-
cipitation particle size. Incremental feed addition to the batch reactor results in a
substantial improvement in the filtration properties of the leach slurry.
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Test Al Fe Na P Th La Ce Nd Y U CFT* (sec)

1 63 12 64 93 84 95 97 97 95 84 245
2 63 12 64 92 84 95 96 97 94 83 220
3 63 13 63 92 85 95 96 96 93 82 106
4 63 12 63 92 85 95 96 96 93 82 52

*CFT = Cake Form time in seconds.

Table 5.
Impact of acid addition method.

300
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Cake Form Time (seconds)

50

0 20 40 60 80 100 120
% Concentrate added at Start

Figure 5.
Dissolution and filtration versus acid dose.

4.3 Impact of acid concentration

Three tests were completed where the acid concentration was varied while
maintaining a constant acid dose of 0.38 g HCl /g. The leach mixture was maintained
at 55°C in a water bath. To better reproduce the conditions observed in continuous
operation the acid and concentrate were added incrementally to a stirred reactor. The
first two tests were under the same conditions except the second test used a higher
acid concentration (but same acid dose). The third test was a repeat of the first test
except a longer residence time (slower addition rate) was employed. The results of
these tests are shown in Tables 6 and 7.

All tests gave similar metal extractions except for thorium which shows a signifi-
cant drop in dissolution at the lower terminal free acid concentration (lower acid
concentration in feed).

The acid strength had the greatest impact on the physical performance of the leach,
with gel formation at the lower acid concentration which increased filtration time.
Increasing leach residence time, from 32 to 69 minutes (Test 20) overcame the silica
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Test Residence Time (min) HCI Conc. (%) Cake Form Time (sec) Terminal HCl Gel Formed

18 32 96 119 No Yes

19 32 180 89 No No

20 69 282 68 Yes No
Table 6.

Impact of acid concentration on solid liquid separation.

Test Al Fe Na P Th La Ce Nd Y U

18 63 11 62 91 78 95 96 96 97 84

19 63 11 63 92 80 96 97 97 96 83

20 63 12 62 91 88 95 95 96 96 85
Table 7.

Impact of acid concentration on metal extraction (% from concentrate).

gelling issues resulting in improved filtration rate. These observations are consistent
with the expected impact of dissolved silica precipitating as a polymerised gel.

The cake form time for test 19 is much shorter (40 seconds) than the comparable
batch test (test 2, 180 seconds). This is attributed to the elevated temperature of the
acid mixing stage in test 19 and increased heterogeneous silica precipitation when the
acid and concentrate are added incrementally to the reactor.

4.4 High grade concentrate test results

Leach tests with high grade concentrate were completed to confirm the
general relationships between the various process factors examined in this paper.
The concentrate and acid were mixed using the simple batch contact and the
incremental addition procedure. The acid mixing stage was maintained at 65°C
with the acid added as 25% w/w HCI. Tests were conducted to identify the impact
of acid dose, acid concentration and addition method on metal dissolution and
filtration rate.

Metal dissolution at the lower acid dose was significantly lower regardless of
addition method. The lower grade concentrate gave significantly higher metal disso-
lution at the 0.38 g HCl/g dose, this is attributed to the refractory nature of the gangue
minerals in the low-grade concentrate which do not consume significant quantities of
acid. Gangue minerals such as feldspar and arfvedsonite are only significantly present
in the lower grade concentrate.

At the lower acid dose Table 8 reveals the incremental addition method resulted in
significantly better filtration which is consistent with results for the low grade con-
centrate.

At the higher acid dose, rare earths, uranium and thorium recovery increased
while aluminium, iron and sodium dissolution were unchanged (Table 9). Filtration
was significantly better at the higher acid dose while the method of acid addition had
no discernible impact on filtration rate. The results are consistent with the higher rate
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Acid Addition Type Acid Dose (g HCl/g) Cake Form Time (sec) Terminal HCI (g/L)

Batch 0.38 280 40

Batch 0.53 59 83

Incremental 0.37 75 40

Incremental 0.53 57 84
Table 8.

Impact of acid strength on the solid liquid sepavation of leached high grade concentrate.

Addition type Acid dose (g/g) Elemental extraction in %

Al Fe Na P Th La Ce Nd Y U

Batch 0.38 62 17 78 65 11 81 76 73 89 85

Batch 0.53 60 15 76 89 75 94 94 94 96 88

Incremental 0.37 61 15 78 67 20 81 77 74 90 83

Incremental 0.53 61 16 78 89 71 94 95 94 98 89
Table 9.

High grade concentrate metal extraction (% dissolved from concentrate solids).

of silica coagulation at the higher terminal free acid (higher acid dose) giving better
filtration rates.

Metal recovery remains unchanged between tests except for thorium which shows
a slight drop when a lower acid concentration was used and is attributed to the lower
terminal free acid.

4.5 Continuous leach results

Dry low grade concentrate and 25% w/w HCl were continuously added to a stirred
reactor maintained at 80°C. Flowrates were controlled to maintain the target acid dose
and nominal residence time. The test was undertaken to determine metal dissolution
and observe the viscosity of the slurry in the leach reactor.

The first continuous test targeted a nominal residence time of 97 minutes at an acid
dose of 0.46 g HCl/g concentrate. The second continuous test decreased the nominal
residence time to 69 minutes at an acid dose of 0.39 g HCl/g concentrate. The test
results of the continuous tests and the comparable batch test are presented in
Table 10.

Table 11 shows the metal leach extraction was similar between the continuous and
batch leach tests. The filtration rates recorded in Table 10 were consistently better for
the continuous tests at similar acid dose. The continuous leach test observed a signif-
icantly lower leach viscosity compared to the batch tests. While the slurry from the
batch tests had a toothpaste consistency the slurry from the continuous test was more
fluid and was able to freely overflow the reactor.

In batch tests the acid/concentrate mixture initially formed a damp solid which is
difficult to agitate effectively. The damp solid did not flow but as mixing continued it
became more fluid achieving a consistency similar to toothpaste. If high viscosity is
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Test type Residence time (min) Acid dose (g HCl/g) Cake form time (sec)
Continuous 97 0.46 52
Continuous 69 0.39 91
Batch 30 0.47 96
Batch 30 0.38 180

Table 10.

Comparison of continuous and batch leach methods impacts on solid liquid separation.

Test type Acid dose (g/g) Elemental extraction in %

Al Fe Na P Th La Ce Nd Y 8)

Continuous 0.46 61 12 62 91 89 94 97 98 98 89

Continuous 0.39 60 13 65 92 81 94 96 96 97 86

Batch 0.47 64 13 64 94 90 96 98 98 96 84

Batch 0.38 63 11 64 93 87 95 97 97 94 87
Table 11.

Comparison of metal extractions from batch and continuous leach conditions.

observed in the continuous operation it will result in more expensive and specialised
leaching equipment. The low viscosity slurry observed in the continuous tests will
allow for the use of standard Continuously Stirred Tank Reactors (CSTRs) which are
low cost, low risk and industry standard (Figures 6 and 7).

Figure 6.
Viscous leach conditions from batch test.
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Figure 7.
Fluid leach conditions from a continuous test.

5. Conclusion

Leaching of steenstrupine concentrate was successfully achieved from both low
grade (10% REO) and high grade (21% REO) concentrates. Leaching tests show
increasing acid concentrations in solution improved the solid liquid separation and
yielded high rare earth extractions. Incremental addition of leach feed to the reactor
had little impact on metal dissolution but improved leach residue solid liquid separa-
tion significantly. The optimum acid dose was in the range of 0.39 to 0.53 t anhydrous
HC/t of dry concentrate. Acid doses lower than 0.35 t anhydrous HCl/t dry concen-
trate result in poor filterability despite excellent leach extraction.

Filtration characteristics also improved when leaching was performed in a contin-
uous reactor as opposed to a batch reactor. Increasing residence time in the leach also
improved filtration characteristics at constant acid dose. Under the same acid regime
the batch process gave a very viscous slurry while the continuous system gave a free
flowing slurry.

High acid strength, longer residence time and continuous operation improve are
the most important factors to produce a leach slurry which is suitable for solid liquid
separation.

Further research could be performed to examine the impact of temperature on the
solid liquid separation efficiency.
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Chapter 4

Luminescent Materials with
Turn-on and Ratiometric Sensory
Response Based on Coordination
Compounds of Lanthanides

Claudio Pettinari, Andrei Drozdov and Yuriy Belousov

Abstract

Luminescent lanthanide complexes serve as a unique set of tools for creating
sensory materials. The most significant types of sensory response in such materials are
the turn-on/off response, when the analyte causes an increase or decrease in the
emission intensity, respectively, as well as the ratiometric response, which manifests
itself as a change in the ratio of luminescence intensities at different wavelengths. In
this paper, we consider two of the most technologically advanced types of luminescent
sensor materials based on lanthanide compounds—*“turn on” and ratiometric sensors.
The production of such materials is not only of importance per their possible applica-
tion but is especially interesting from a fundamental point of view, since their design
requires the implementation of non-trivial solutions.

Keywords: lanthanides, coordination compounds, luminescence, sensors, sensory
response mechanism, turn-on sensors, ratiometric sensors

1. Introduction

The lanthanide (Ln) family, due to the features of the electron shell, forms a large
number of complexes with a set of luminescent properties that is unique among all
non-radioactive elements of the Periodic Table. The lanthanide compounds combine
effective luminescence in the UV, visible, or near-IR ranges with narrow spectral lines
and constant wavelengths. In addition, in the case of lanthanides, it is especially
convenient to drive and control luminescence, which opens the way to the creation of
new emerging technologies in a chemical sensorics. In the accompanying paper, we
have described the principle of luminescence materials with turn-off sensory
response, and here we complete our work by proponing both “turn on” and
“ratiometric” sensors. This manuscript also concentrates on the role of elements of the
Lanthanide Series in this emerging technology.
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2. “Turn on” sensors

There are few publications on “turn on” materials with respect to “turn off”
sensors, due to several factors: the rarity of processes accompanied by an increase in
luminescence requires a rational design of materials, and at the same time, impurities
in analytes can cause quenching processes that level the effect of luminescence
enhancement. However, examples of materials with such a response have been
growing in recent years, and the described mechanisms can serve as an inspiration for
new researchers.

Like quenching, luminescence enhancement can be described by the Stern-Volmer
equations, but the definition of the constants is given only in a small number of
papers.

The most common “turn on” response mechanisms are:

a. The analyte acts as an antenna, its coordination leads to an increase in the
luminescence of lanthanide (Direct Analyte Antenna Function, DAAF).

b. An analyte (anionic or neutral) does not directly act as an antenna, but displaces
quencher molecules (usually H,O) from the lanthanide coordination sphere
(solvent-quencher displacement, SQD).

c. The analyte, without destroying the molecular structure of the complex, forms
or destroys weak bonds (usually hydrogen), reducing the effectiveness of
vibrational quenching control (VQC).

d. The analyte leads to partial destruction of the material, removing the quenching
fragment not directly bound to the Ln>" ion (quenching fragment removal,

QFR).

e. The analyte suppresses luminescence quenching by PET, FRET, or DEE
mechanisms (energy transfer quenching control, ETQC).

f. The analyte affects the electronic structure of the sensor by changing the
position of the triplet level (triplet level control, TLC), the effectiveness of
sensitization (sensitization control, SC), changing the absorption and excitation
spectra (excitation wavelength control, EWC).

An analysis of the literature shows that the SQD strategy (Figure 1) is the most
often implemented. In this case, the organic solvent molecules or other ligands that do
not have their own absorption in the same excitation region of the complex displace
water molecules from the coordination sphere of lanthanide. Quenching of Ln?*-
centered luminescence through interactions with OH, CH, and NH bonds is caused by
the dissipation of the energy of the Ln’* excited state into high-energy stretching
vibrations of several neighboring molecules [1, 2]. The efficiency of vibrational
quenching on these bonds depends on the energy of the excited state Ln** and the
number of vibrational modes of the X-H bond that cover this energy (Figure 2).

For europium ions the required number of OH bonds vibration modes (4) is less
than for terbium ions (5), which determines a much more efficient quenching of the
luminescence of Eu®*. In the transition to O-D bonds, the number of modes for both
ions increases (6 and 5, respectively). As a result, the observed lifetime of Eu** () is
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shorter than that of Tb** (,q), and when the medium is replaced by D,0, the difference
is noticeably leveled (see Part 1, Table 1). Even greater is the effect of vibrations of
these bonds on the emission of IR-emitting ions. The difference in 7, of various REE
ions in protic and deuterated water allows to estimate the number of water molecules
in the near coordination sphere of lanthanide according to empirical formulas

— 1 1 : .
qr, =k x (mzo o b) , where ¢qy,, is the number of water molecules in the

coordination sphere of lanthanide, ;0 and tpyo are the observed lifetimes of excited
REE states in water and D,0. k and b parameters are given in Table 1. This makes it
possible to evaluate the difference in sensitivity for materials based on ions with lower
slope values (Nd3*, Eu®*, and Yb>*) and larger ones (Tb**, Sm>*, and Dy3+). Most of
the papers are devoted specifically to europium derivatives, which is not accidental.
Neodymium compounds have been studied as sensor materials with less SQD
response, but appear to be very promising [7].

An interesting example of this type of sensor is presented in [8], which shows the
selectivity of the response with respect to methanol against the background of ethanol
and propanol-1. The effect is due to the lock-and-key matching of the channel diameters
in the MOF sensor structure with the sizes of the indicated alcohol molecules.
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Figure 2.
Nonradiative deactivation of excited states of terbium and europium by multiphonon relaxation on O-H and O-D
bonds.

Ln>* Slope (k) Intercept (b) Ref.
Eu 111 0.31 [3, 4]
Eu 1.05 0.44 [5]
Tb 5.0 0.06 [3]
Tb 4.03 0.87 [5]
Sm 2.54 0.37 [5]
Dy 211 0.60 5]
Nd 0.358 1.97 [6]
Yb 1.0 0.20 [3]
Table 1.

Slope (k) and intercept (b) in the Ln>* hydration number formulae.

The QFR mechanism (Figure 3) has been often implemented using not-
luminescent copper-lanthanide heterometallic complexes capable of “donating” cop-
per ions under the action of various analytes, especially those containing sulfur [9-12]
and nitrogen [12-14] donor atoms with a high affinity for copper ions. This approach
makes it possible to achieve greater selectivity with respect to background ions not
strongly interacting with Cu®* ions. In other cases, an analyte with strong oxidizing
(ClO7, [15]) or reductive (ascorbic acid, [16]) power removes the quencher fragment.
Other analytes having the same redox properties are expected to show a similar effect.
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The quencher fragment vemoving mechanism (QFR).

The interaction of some analytes with the sensor material leads to a change in the
electronic structure, which increases the efficiency of sensitization of lanthanide ions.
The detailed mechanism of such enhancement is difficult to determine, but a sup-
pression of the non-radiative relaxation of the singlet and triplet states of the ligands
[17], an increase in the energy transfer constant from the ligand to the metal, and a
change in the position of the triplet level [18], which affects the efficiency of the
reverse transfer, can also make a contribution. These sensor materials showed a
response with respect to s- and p-metal cations, as they generally contain a crown-
containing fragment [17] or suitable coordination sites determining the material
selectivity. The response to gases has been studied much less frequently than the
response to analytes in solution; a paper [18] describing the turn-on sensor for NO, is
of particular interest, two luminescent Eu and Tb complexes being investigated: the
Tb complex shows that a reversible sorption of NO, leads to a “turn on” response,
while for europium, a “turn off” response is observed. The interaction between the
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Jabtoriski diagram featuring the ground singlet (S°), first excited singlet (S*), and lowest triplet (T") states of the
ligand together with the velevant atomic levels of Gd®*,Tb>*, and Eu’*. Values for the energy levels are given in
cm™ . Represented with a permission from Ref. [18].

sensor with the analyte leads to an increase in the energy of the triplet level by
~260 cm ', which is favorable for energy transfer to a higher resonance level of
terbium, but reduces the efficiency for the low-lying level of europium (Figure 4).

A sensor material with a positive luminescent response to Cu”* ions has been
recently described [19]. Upon addition of up to 4 equivalents of 3d-metal salts
(especially Cu®*) an intense band appears in the excitation spectrum associated with
intraligand energy transfer. The appearance of this band makes the luminescence
excitation more efficient when using the corresponding wavelength, which leads to a
more than twofold increase in the quantum yield of Eu**. This work is a unique
example of a turn-on sensor for a d-metal cation.

Finally, the direct antenna function of the analyte (Figure 5) can take place if the
analyte contains a suitable conjugate system [20, 21]. A not-high selectivity has been
showed by such sensors, but the use of a well-defined excitation wavelength,
coinciding with the absorption of the analyte, can increase it (Table 2).

To determine the correct mechanism of the observed “turn on” response, we propose
the following algorithm, which is also relevant for the rational design of such materials:

i. A chemical analysis of the “analyte + sensory material” system to answer the
question “whether a new chemical compound is formed” during their
interaction.
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Direct antenna analyte function mechanism (DAAF).

ii. A study in the case of a positive reply on the elimination of molecules or
quenching ions (water, transition metals cations, etc.) occurs. In the case of a
positive response, a mechanism such as SQD, QFR, and DAAF can be
assumed. The usually observed increase in the 7, of lanthanide ion is evident
in favor of such an assumption. In the case of vibrational quenching, one
should keep in mind the significant temperature and isotope sensitivity of the
phonon relaxation efficiency, so measurements of 7., in a deuterated solvent
and/or upon cooling are the crucial experiment to confirm the SQD
mechanism.

iii. An IR study, in the case of a preserved molecular structure of the sensor to
verify the breaking or formation of weak bonds (hydrogen, etc.), which could
support a VQC mechanism.

iv. A study confirming that a new ligand (usually an analyte) is coordinated to
the sensor and is capable to perform an antenna function. The DAAF
mechanism is, in fact, confirmed by the combination of analyte absorption
and sensor excitation spectra in the presence and absence of the analyte, as
well as measurements of T, of Ln®*.

v. A measure of the energy of the triplet level from the phosphorescence spectra
of the Gd** complex in the presence of a chemical interaction between the
sensor and the analyte. The change in the energy of the triplet level indicates
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the implementation of a relatively rare TLC mechanism. Similarly, the
appearance of a new intense band in the excitation spectrum makes it possible
to implement the EWC mechanism.

vi. A combined analysis of both absorption and excitation spectra of the sensor
material, which can be used to prove the ETQC mechanism. For a more
accurate determination of the latter, a calculation of the energy of the orbitals
is required.

3. “Ratiometric” sensors

The third important sensor type is the “ratiometric” one. In materials showing
these properties, the signal is estimated as the ratio between luminescence values at
two different wavelengths, either affecting the effect of Ln>* ions or affecting both the
Ln’* and the organic ligand.

Al(max)
| s

_ 171 _ j-l(vm'n)
pry I2 - Jﬂz(mux)

Az(min )

Sensory Resonse (S)
Id2

where A 3(min/max) -are the initial and final coordinates of the bands in the
spectrum involved in the integration.

“Ratiometric” sensors do not have the disadvantage to determine the presence of
internal standards as in the case of “turn off” and “turn on” sensors. An unusual
uniqueness of ratiometric sensory visibility materials is the naked eye color change of
luminescent properties when they are in presence of an analyte.

The possible response mechanisms are similar to the “turn off” and “turn on”
signals considered above. In addition, if two different Ln>* ions are simultaneously
present in a compound (Ln-Ln’ sensors), energy transfer between them is possible,
the efficiency of which depends on the Ln-Ln distances and other factors [41]; the
analyte can affect the transfer efficiency constant. This type of response is defined as
Metal-to-Metal Energy Transfer (MMET).

Ratiometric materials generally use the Eu**/Tb>* bimetallic pair, since these ions
have the most efficient luminescence. Other lanthanide-based systems were used
only in a small number of cases, for example, Ce>*/Tb3* [42], Dy3+/Eu3+ [43], and
Eu®*/Yb" [44] systems. To achieve greater accuracy, as a rule, it is better to employ
the most intense lines in the emission spectra, for example, those corresponding to the
europium °Dy-"F, (~612 nm) and terbium °D4-’Fs (~544 nm) transitions, also if this
is not entirely correct, because the europium transition °D-'F, is partially
superimposed on the low-intensity transition of terbium °D,-"Fs (~620 nm). The
sensor response can be calculated using the europium >Dy-7F4 (~700 nm) transition,
which in many cases is also very intense and does not overlap with any terbium line,
but lies in the region of reduced sensitivity of common photomultipliers [45]. The
usual molar fractions ratio of lanthanides with a predominance of terbium ions is
caused by the transfer of energy between lanthanide ions.

O, in the triplet state can act as a luminescence quencher [46, 47]. The emission of
Tb** ions is quenched by O, molecules more efficiently than by Eu** due to the
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smaller difference in the energies of >T level of O, and the excited state of
corresponding Ln>* ions. This principle is the basis for a sensor for gaseous oxygen,
which is a mechanical mixture of terbium and europium complexes immobilized on a
quartz surface [48].

The possibility to determine, using “ratiometric sensors”, small H,O impurities
against the background of organic solvents (for which Karl Fischer titration is usually
used), which requires the use of toxic reagents and “capricious” equipment, is of great
interest. In addition, “ratiometric” sensors can detect the mixture of light water in and
D,0, which is impossible with Fischer titration and requires expensive mass spec-
trometers or precision IR spectrometers [49, 50]. Such materials are based on MOF
structures containing intra-sphere water molecules. The sensor material is activated
by heat treatment in vacuum, after which the obtained anhydrous powder is dispersed
in the medium of the investigated solvent. This approach is not accidental: polymeric
MOFs are insoluble in most organic solvents, which makes them easy to regenerate
and reuse. OH quenching is the basis for the detection of methanol in ethanol and in
the form of vapors in air [51], and a similar principle can be extended to CH oscilla-
tions in an elegant DMSO impurity sensor in deuterated DMSO-d¢ [44]. Substitution
of an OH group [45] or a water molecule [52] in the coordination sphere of lanthanide
with F~ ions also suppresses Eu** quenching more effectively than Tb**, which was
used in the development of fluoride-sensitive sensors.

Mixed-metal MOFs with a statistical distribution of Ln** ions are commonly used
as material for “ratiometric” sensors. However, Tscelykh et al proposed in [53] to use
solutions of pentafluorobenzoates or even Ln** chlorides, since the sensitivity of the
sensor is directly dependent on the number of water molecules in the environment of
Eu**. The disadvantages of this approach include the complexity of material regener-
ation and contamination of the analyzed media, which makes flow analysis impossible
and increases its cost.

Moisture sensors are closely related to pH sensor materials. “Ratiometric” pH sen-
sors based on carboxylate MOFs have been also considered [54-56]. In the first two
cases, as the pH increases, the color of the luminescence changes from green to red; the
relative intensity of Eu** emission increases. This is explained by the strong pH depen-
dence of the excitation transfer rate constant from Tb>* to Eu>*, which was confirmed
by measurements of T.ps in monometallic and bimetallic complexes [55] (in the analysis
of kinetic data, certain caution is required due to the non-monoexponential nature of
the Eu** decay curve in the presence of luminescence sensitization by Ln ions [41, 50]).
It has been described [56] that as the pH increases, the luminescence color, on the
contrary, changes from red to green, that is, the relative intensity of Tb>* luminescence
increases. It was shown by the DFT method that the energy of the >T* triplet level
increases from ~24.400 to ~26.400 cm ™" upon transition from the protonated to the
deprotonated form of the ligand. The resonant level of europium is much lower than
both of these values, so the sensitization of europium luminescence (17.200 cm 1Y) does
not change its efficiency (tops(Eu) also changes slightly with pH). The resonant level of
terbium (20.500 cm ") lies higher, and an increase in the triplet level energy weakens
the back transfer of excitation from Tb** to the ligand. This leads to a significant
increase in T,ps(Tb) and in the intensity of Tb** emission.

The MMET mechanism can be further confirmed by measuring the response in a
bimetallic complex and in a mechanical mixture of complexes of two REEs. The
decrease or disappearance of the response in the second case indicates the partial or
complete participation of the MMET mechanism. A similar approach was used [57]
where the MMET mechanism is related to the response to hydrosulfide anions.
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Interestingly, the other two analyzed analytes (THF and Ag" cations) exhibit different
response mechanisms.

The highly selective sensor for a potassium ions, as in the case of the “turn-on”
material described above [13], contains diaza-18-crown-6 in the structure, which
makes it selective to the tested s-metal cations [58]. It has been shown that the capture
of the potassium ion by the crown fragment leads to an increase in the triplet level
energy from ~22.400 cm ™' to ~23.400 cm ™. This effect enhances the emission of
Eu’* to a greater extent than that of Tb**. In addition, it was found that the efficiency
of energy transfer from Tb** to a Eu®* increases with increasing K* concentration,
which leads to an increase in the contribution of europium bands in the spectrum.

For Ln-Ln’ “ratiometric” sensors, in contrast to the “turn off” and “turn on” mate-
rials considered above, the response to conjugated organic analytes has been poorly
studied. The sensory response of Eu-Tb bimetallic BTC-MOF film to a number of drugs
[59] has been also investigated. The nature of the emission of this material changes
significantly in the presence of a number of compounds, in particular, in the presence of
coumarin and caffeine. The nature of the response to caffeine is not discussed, and for
coumarin, an increase in k"5 is assumed, which is confirmed by kinetic measure-
ments, but the corresponding quantum chemical studies are not provided.

In the presence of only one lanthanide luminescent center, the “ratiometric”
response can still be realized if the ligand is fluorescent or phosphorescent (Ln-L
sensors). This is possible if the antenna sensitization efficiency is low, which can be
caused by too large or too small energy gap between >*T* and the REE resonant level,
as well as by a large metal-ligand distance. Possible mechanisms for the occurrence of
this type of sensory response include binding of the lanthanide ion caused by decom-
position of the parent complex, which weakens the efficiency of antenna sensitization
(lanthanide ion ejection, LIE), and direct antenna function of the analyte.

The detection of Hg”* ions was possible by using a composite material containing a
luminescent terbium coordination polymer impregnated with a coumarin solution
[60]. The response is selective to Hg** ions with respect to a wide range of s-, p-, and
d-metal ions and is associated with the displacement of Tb** ions from the adenosine
monophosphate environment, leading to a decrease in the Tb** luminescence inten-
sity and to a weakening of its sensitization by coumarin. The driving force behind the
displacement reaction of the lanthanide ion into a complex with a lower luminescence
intensity can be not only the strength of the “cationic analyte-ligand” bond, but also
the formation of a stable “analyte-lanthanide cation” complex. A similar strategy was
implemented for phosphate ions [61] and for alkaline phosphatase [62]. In some cases,
the response occurs when the ligand is destroyed, for example, in sensors for the
determination of HCIO [63] or formaldehyde [64]. The vulnerability of these two
strategies is the impossibility of a sensor regeneration.

Radiative relaxation by the PET or FRET process can also lead to a response if the
analyte has the appropriate LUMO energy. This approach was implemented in a
sensor material for the detection of nitrofuranose and furazolidone against the back-
ground of other antibiotics in a dysprosium-containing sensor [65]. Trinitrophenol
(TNP) similarly blocks the sensitization of terbium luminescence in specifically
designed Tb-MOF via PET and FRET mechanisms [66].

As found for Ln-L sensors, the response manifests itself as a drop in the relative
efficiency of lanthanide luminescence. The opposite is also possible if the ligand
displaces quencher molecules (SQD) and exhibits antenna properties itself (DAAF).
An example of this approach is in a study [67-69] describing the response to
dipicolinic acid, an important biological marker associated with antrax disease.
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Bisphenol-A, an important industrial reagent in the production of plastics, can act
as an effective antenna ligand for europium cations. This underlies the importance of
the production of a highly sensitive sensor material based on a composite of carbon
quantum dots and europium 5’-adenosine monophosphate [70].

Finally, a response can also be caused by an internal filter effect (IFE). This effect
can be the main mechanism, as in the sensor for tetracyclines [71], or manifest itself
simultaneously with quenching through ET mechanisms in sensors for Fe** [72] or for
the aforementioned nitrofuranose and furazolidone (Table 3) [65].

As in the previous cases, the key stages in studying the mechanism of the
“ratiometric” sensory response are the chemical analysis of the reaction product
between the sensor and analyte; comparison of the excitation and emission spectra of
the sensor and the absorption of the analyte; kinetic studies of excited state lifetimes
and quantum chemical modeling. In general, the“ratiometric” response mechanisms
usually coincide with those for“turn off” and“turn on” systems. An exception is the
mechanism associated with changing the MMET constant (k*"%r). This mechanism
must be reliably established by kinetic measurements, as well as by studying the
response in a mechanical mixture of complexes of two lanthanides.

4, Conclusions

The classification of sensory response mechanisms reported in this review,
although perhaps not complete, allows us to successfully classify most of the cited
works and make appropriate generalizations, moving from a descriptive style to a
debatable one.

The reported examples show the significant progress in the field of lanthanide-
based luminescent sensors achieved in recent years. A wide variety of analytes can be
qualitatively or quantitatively determined using suitable lanthanide compounds,
which requires rational system design. “Turn off” sensors can have a niche application
in the analysis of nitroaromatic compounds, while more popular “Turn on” and
“ratiometric” materials can be produced using fairly simple strategies: different
quenching efficiency of various REE ions by bond vibrations, binding and removal of
a quenching fragment by a suitable analyte (e.g., binding Cu®* ions with sulfur-
containing ligands), etc.

Progress has touched not only the field of materials design, but also a reliable
determination of the sensory response mechanism, which requires several spectro-
scopic and kinetic measurements, and in some cases quantum chemical calculations of
orbital energies. The number of papers containing these studies has been increasing in
recent years, and we hope that just such a systematic approach will become the
standard in the future works.
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Abstract

Bismuth is one of the most difficult impurities to remove in mining concentrates
and low concentrations generate problems in silver and copper refineries. Therefore,
financial penalties are established when concentrations exceed 0.05%. Some
researchers had used arsenic to remove bismuth with results of up to 52% of extrac-
tion. Unfortunately, this mechanism is not yet fully understood. The objective of this
research was to obtain the solubility parameters of amorphous mineral compounds,
including bismuth-based compounds, through computational simulation using
molecular dynamics. The composition of the mineral sample was determined by X-ray
diffraction and the crystalline species were obtained and modeled using Materials
Studio software. The nanostructures were optimized by an energy minimization
methodology using the Broyden-Fletcher-Goldfarb-Shanno algorithm and were vali-
dated using the figure of merit equation and density. Simulations were performed
using the Universal Force Field at constant pressure and temperature. The results of
the minerals identified in the sample were compared with arsenic trioxide, indicating
miscibility between As,03 and Bi,05, possible miscibility with 10 other minerals, and
immiscibility with the rest. The results indicate that As,03 can be successfully used for
the removal of Bi,O3 without a negative effect on the recovery of other minerals of
higher commercial value.

Keywords: molecular dynamics, solubility parameter, miscibility, amorphous mineral
compounds, bismuth, arsenic trioxide
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1. Introduction

In many metals’ extraction processes, the ore extracted from the mines usually
undergoes a particle reduction or purification process, where high amounts of amor-
phous phases can be generated [1]. The presence of impurities (non-desired com-
pounds) affects properties, such as electrical conductivity and ductility [2]. Bismuth
(Bi), a very difficult element to remove from copper minerals, is practically insoluble
in such minerals because of its melting point of 271°C, compared to 1083°C for copper,
and tends to localize at the edges of copper crystals, causing rod cracking and poor
drawability [3]. Regularly, high commercial value metals with bismuth concentrations
higher than those established by the buyer result in penalties, thus decreasing the final
price, so the elimination of such impurities in the extraction processes has become a
key problem faced mainly by mining companies [4]. A negative setback is the lack of
detailed research on its removal.

Previously Xiao et al. [1] developed a method using arsenic trioxide to form a
complex that precipitates and which can be later removed. Xiao and Zheng found that
As(III) ion as As,O; played a significant role in the removal of antimony (Sb) and Bi
impurities from copper electrolytes [1, 5, 6]. When As(III) is added to the electrolyte,
the removal rate of antimony and bismuth increases significantly [5, 7], reaching up to
52% of extraction effectiveness. However, despite being an effective method, this
mechanism is not yet fully understood, so it is desirable to further evaluate it and a key
consideration is to know the miscibility between the compounds of interest.

One technique that allows a detailed and profound understanding of this mecha-
nism is by using a computational simulation by molecular dynamics (MD), where a
molecular structure and its behavior can be represented and analyzed over time, by
considering intramolecular and intermolecular forces, such as van der Waals forces,
electrostatic forces, covalent and non-covalent bonds, among others. From the simu-
lation, different physicochemical properties of the system can be calculated, such as
the solubility parameter of the substance, which, according to the principle of simi-
larity, if two substances have similar values it indicates that they are miscible, hence it
could predict whether two substances are miscible or not [8, 9].

Therefore, in this research, a computational simulation by molecular dynamics was
used through Materials Studio 8.0 software to obtain the solubility parameters of
simulated amorphous cells of arsenic trioxide (As,0O3) and different minerals that
compose a sample of mining concentrate, among them bismuth oxide (Bi,03), thus
indicating the miscibility and affinity between them for the formation of bismuth-
arsenic complexes.

2. Materials and methods

The mineral sample was obtained from a local mine located in the Sierra Madre
Occidental region of Durango, Mexico, and it was grinded and sieved using a
200 mesh.

2.1 X-ray diffraction

X-ray diffraction (XRD) of the powdered mineral sample was carried out on a Mini
Flex 300 equipment in a 26 angular range between 5° and 90° at a step size of 0.02°.
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The obtained diffraction pattern was refined using the Rietveld method and the
crystalline composition was determined. The crystal structures were also obtained
from the open database of crystallography (COD) [10-14].

2.2 Molecular dynamics simulation

BIOVA Materials Studio software version 8.0 (Accelrys, San Diego, CA) was used
to perform the molecular dynamics simulations. The crystals were created using the
latency data previously obtained from the XRD technique, from which the
amorphous cells were obtained with the amorphous cell module; 10 cubic boxes were
created, containing 100 repetitions of each of the molecules at 298 K. Geometric
optimization was performed using the FORCITE module using the Universal Force
Field (UFF) and the Quasi-Newton Broyden-Fletcher-Goldfarb-Shanno (BFGS) algo-
rithm using the sum of atoms method for nonderivative van der Waals and electro-
static interactions, which were truncated using a group distance less than half the box
length. The Andersen thermostat and barostat were used to maintain temperature and
pressure, respectively. The box with the lowest energy was used to perform dynamics
using constant number of molecules, constant pressure, and constant temperature
(NPT) of 1 atm and 298 K, respectively, and for a time of 200 ps with a time step of
1fs. Finally, the cohesive energy densities and the solubility parameters were
obtained.

3. Results

The XRD results are shown in Figure 1, where silicon oxide or quartz (Si,0)
predominates since the sample was not previously processed. Silver and gold, among
others, were also found. Bismuth was detected as an element of interest, since it is
considered an impurity and is the object of study of the research, due to the economic
interests of the mining industry.

The Mini Flex 300 comes equipped with a program and a crystal database that
provides crystallographic data, such as lattice parameters, crystal type, and space

Mineral Sample
|——1.5i02

2. Ag-Au

3. Au

4, AgaS

5. AgFeSz
—— 6. BigCuOy
——7.Big03
———8. BizS3
|=——5. CuzCO3(OH)2
—— 10, Cuz$§
|——11. CuFeSa
(——12.CuS
——13.Fe
—— 14. Fe1.x)S
——15. Feg03

|——16. a-Fe3*0(OH)
17. y-Fe>* O(OH)
d_._i.._ - ——18. FeSy

1 1 - 1 f I |——19.Pbs

Intensity (u.a.)

20 (degrees)

Figure 1.
Diffractogram of the mineral sample and its crystalline composition.
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Name Formula Space group  Crystal type Lattice parameters
a(d) bA) cd) ) 1
Silver Ag 225: Fm-3m Cubic 4.09 4.09 4.09 90.00 90.00
Argentite Ag,S 229: Im-3m Cubic 488 488 4.88 90.00 90.00
Lenaite AgFeS, 122:1-42d Tetragonal 594 594 10.17 90.00 90.00
Gold Au 194: P63/mmc Cubic 235 235 4.00 90.00 120.00
Kusachiita Bi,CuO, 130: P4/ncc Tetragonal 856 856 579 90.00 90.00
Bismite Bi;O; 14: P21/c Monoclinic 585 817 751 11258 90.00
Bismuthine Bi,S3 62: Pnma Orthorhombic 11.04 4.25 10.33 90.00 90.00
Malachite Cu,(CO;)(OH),  14: P121 Monoclinic  9.41 10.85 2.92 9590 90.00
Chalcocite Cu,S 194: P63/mmc  Monoclinic 357 357 629 90.00 120.00
Chalcopyrite CuFeS, 122:1-42d Tetragonal 528 528 10.41 90.00 90.00
Covellite CuS 194: P63/mmc  Hexagonal  4.00 4.00 16.00 90.00 120.00
Iron Fe 225: Fm-3m Cubic 2.83 283 283 90.00 90.00
Pyrrhotite Feu-x)S 147: P-3 Monoclinic 614 6.14 57.40 90.00 120.00
Hematite Fe,03 167: R-3c Hexagonal 5.02 502 1378 90.00 120.00
Goethite Fe**O(OH) 62: Pbnm Orthorhombic 4.50 9.80 290 90.00 90.00
Marcasite FeS, 58: Pnnm Orthorhombic 4.52 543 3.38 90.00 90.00
Galena PbS 225: Fm-3m Cubic 620 620 6.20 90.00 90.00
Quartz SiO, 154: P3221 Hexagonal 491 491 540 90.00 120.00
Lepidocrocite Y-FeO(OH) 63: Cmcm Orthorhombic 3.13 12.37 3.98 90.00 90.00
Table 1.

Crystallographic data of the mining sample.

group, among others (Table 1). Subsequently, the composition of each mineral in the
sample was determined, as shown in Figure 2.

These data obtained from XRD were supplied to the Materials Studio 8.0 program
for the creation of the i silico crystals (Figure 3).

Initially, the crystal structures detected were obtained from the open
crystallography database (COD) (Figure 3) [10-14]. Subsequently, all the created
crystals were modeled in an amorphous form by eliminating the crystal parameters
and keeping the positions of the atoms; thus, the amorphous cell was created
(Figure 4). The molecular dynamics technique was used to model the molecular
structure of minerals and their behavior was analyzed as a function of time, consider-
ing the intramolecular forces known as force fields. The accuracy of a properly bal-
anced molecular simulation is determined by the ability of the parameters and
equations describing the atomic interactions (force fields) to reproduce reality [15].
The force field used was the Universal Force Field (UFF), which has complete cover-
age of the periodic table and is relatively accurate in predicting geometries and con-
formational energy differences of metal complexes and is expressed by Eq. (1)

(16, 17].

Epe =ER +Eg+ Ep + E, + Eyaw + Eal (1)
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Figure 2.
Qualitative analysis of the mining sample (weight percentage of the crystalline components).
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Figure 3.
Crystals created by simulation in Materials Studio.

where Eg = bond-stretching energy, Ey = valence angle bending energy, E4 =
dihedral torsion energy, E,, = inversion energy, E,;y = van der Waals interaction
energy, and E,; = electrostatic energy.

The chosen force field was developed to be used with all the elements of the
periodic table to obtain appropriate parameters. In this force field, the first three
terms parameterize the short-range bound interactions, the fourth is the energy
required to transform a molecule from one spatial form to another, while the last two
terms parameterize the unbound inter and intramolecular interactions [16].

Normally the initial structures that are created in the simulators have much higher
energies than a real structure would have, for this reason, algorithms are used to
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Figure 4.

Creation of the amorphous cell from (1) AgFeS, crystal, (2) AgFeS, molecular structure without lattice
parameters, (3) AgFeS2 unit amovphous cell, (4) amorphous cell with 100 units of AgFeS, repetitions, (5)
AgFeS, unit amorphous cell with 100 units of AgFeS, repetitions, and (6) AgFeS, unit amorphous cell with 100
units of AgFeS, repetitions.

calculate the positions and forces, to minimize them and make them more realistic.
The minimum points on the potential energy surface corresponding to the steady
states of the system were then analyzed and a geometric optimization using the Quasi-
Newton method with the Broyden-Fletcher-Goldfarb-Shanno algorithm (BFGS) was
performed to achieve the crystal relaxation and improve its stability and efficiency
[18]. BFGS accumulates information about the Hessian matrix and the shape of the
enthalpy surface around the minimum [19].

Figure 5 shows (a) the amorphous cell of arsenic trioxide in its initial form where
the total energy is above 12 million kcal/mol, and, in image (b), the same cell after

a)

INITIAL CELL OPTIMIZED CELL
Epor= 12455199.734 kcal/mol E = 6707.595 kcal/mol

Figure 5.
Energy-minimized structuve of As,O; at (a) its initial configuration at 298 K, and (b) the end of the geometry
optimization.
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optimization at 298 K where the energy is 6707.6 kcal/mol, indicating that it is a
structure closer to its minimum energy state, and, therefore, more stable and likely to
be found in reality.

The rationality of the simulation system was verified by comparing the simulated
density with the experimental reference density from the Mining Handbook
published by the Mineralogical Society of America [20], as shown in Table 2, since
density is one of the most basic physical properties. Gupta mentions that close agree-
ment between simulated and experimental density values means effective optimiza-
tion of intermolecular interactions and hence accurate prediction [21]. All density
values remained within the correct ranges, except for Kusachiite and Argentite, which
showed a discrepancy of 1.16 and 1.67%, respectively.

The density calculated in the simulation is obtained using Eq. (2) [22].

P = @
“e T VegeNy
Name Formula Density g/cm®
Simulated Experimental
Silver Ag 10.50 10.1-11.1
Argentite Ag,S 7.08 7.2-7.4
Lenaite AgFeS, 4.60 4.6
Claudetite As;05 4.17 3.9-4.2
Arsenolite As;05 3.87 3.86-3.88
Gold Au 18.40 16-19.3
Kusachiita Bi,CuO, 8.60 8.5
Bismite Bi,05 9.37 8.5-9.5
Bismuthine Bi,S;3 6.81 6.8-7.2
Malachite Cu,(CO3)(OH), 4.00 3.6-4
Chalcocite Cu,S 5.74 5.5-5.8
Chalcopyrite CuFeS, 4.19 4.1-4.3
Covellite CuS 4.63 4.6-4.8
Iron Fe 7.87 7.3-7.9
Pyrrhotite Fe.xS 4.62 4.6-47
Hematite Fe,05 5.30 5.2-5.3
Goethite Fe>*O(OH) 4.27 33-43
Marcasite FeS, 4.88 4.8-49
Galena PbS 7.37 7.2-7.6
Quartz SiO, 2.65 2.6-2.7
Lepidocrocite Y-FeO(OH) 4.00 4
Table 2.

Comparison of simulated and experimental densities.
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Name Formula FoM
Arsenolite As,03 0.94
Bismite Bi, 03 0.91
Bismuthine Bi,S; 0.91
Galena PbS 0.85
Lenaite AgFeS, 0.98
Quartz SiO, 0.89
Chalcopyrite CuFeS, 0.98
Covellite CuS 0.92
Gold Au 0.98
Kusachiita Bi,CuO, 0.96
Marcasite FeS, 0.98
Hematite Fe,03 0.97
Lepidocrocite Y-FeO(OH) 0.95
Goethite Fe>*O(OH) 0.96
Iron Fe 0.99
Table 3.

Comparison of results of simulated and experimental XRD patterns.

where P, = calculated density, N,, = number of atoms per cell, M = atomic mass,
V. = volume of the cell, and N4 = Avogadro’s number = 6.022 140 857(74) x 10 1/mol.

For validation, the experimental and simulated XRD patterns were used, and,
using Eq. (3), which corresponds to the figure of merit (FoM) [23], the similarity
between them was evaluated using the total number of coincident peaks, as well as the
intensities and values at their highest peaks (Table 3).

FoM y,+(wg*FoMy + w;=FoM; + w,;,+FoM,;)
Wo + Wi + Wy

FoM = 3)

where FoM,, is the contribution due to the associated database peak intensities and
its percentage, FoM, coming from 20 is the difference between the experimental
database peaks, FoM| is the difference between the experimental database peak
intensities, FoM,, is the contribution due to the associated experimental peak intensi-
ties and its percentage, and wy, wy, and w,,;, are weighting factors.

The patterns of the simulated crystals coincided consistently with the real ones in
the database, those values greater than 0.8 are considered acceptable for identifica-
tion. The patterns of As,O3 and Bi,O; are shown in Figure 6.

Hildebrand [24] introduced the concept of solubility parameter (&), defined as
the square root of the cohesive energy density (CED) (Eq. (3)), which is the energy
required to break intermolecular bonds per unit volume. Those compounds with
similar solubility parameters are miscible in most proportions, while values with a
greater difference are considered immiscible. Greenhalgh et al. [25] and Forster et al.
[26] mention that those values with differences less than 2 would be miscible, values
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Figure 6.

Comparison of simulated XRD pattern with the experimental one for (a) As,O; and (b) Bi, 0.

Name Formula O Hildebrand (|8 Arsenolite—OMineral|) Miscibility with As,03
Arsenolite As,03 22.65 — —
Bismite Bi,03 24.33 1.68 Miscible
Marcasite FeS, 20.49 2.15 Possibly miscible
Quartz SiO, 24.91 2.26 Possibly miscible
Bismuthine Bi,S; 25.86 321 Possibly miscible
Galena PbS 27.64 4.99 Possibly miscible
Malachite Cu,(CO3)(0OH), 17.23 5.42 Possibly miscible
Lenaite AgFeS, 16.96 5.69 Possibly miscible
Kusachiita Bi,CuO, 16.42 6.23 Possibly miscible
Argentite Ag,S 16.21 6.44 Possibly miscible
Covellite CusS 15.90 6.75 Possibly miscible
Pyrrhotite Fe1.x)S 15.60 7.05 Possibly miscible
Chalcopyrite CuFeS, 15.53 7.12 Immiscible
Lepidocrocite Y-FeO(OH) 14.78 7.87 Immiscible
Goethite Fe**O(OH) 14.78 7.87 Immiscible
Chalcocite Cu,S 12.82 9.83 Immiscible
Hematite Fe,03 12.55 10.09 Immiscible
Silver Ag 10.31 12.34 Immiscible
Gold Au 10.00 12.65 Immiscible
Iron Fe 6.95 15.70 Immiscible
Table 4.

Solubility parameters in MPa®> from the simulation of amorphous mineral cells compared to As,O;.

between 2 and 7 would possibly be miscible and, on the other hand, values greater
than 7 would be immiscible. The solubility parameter is calculated by Eq. (4) [27].
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where E,,, is cohesive energy and V is the molar volume of the substance.

Table 4 shows the difference in crystal parameters concerning arsenic trioxide,
obtaining values of 24.33 (J/em?)° and 22.65 (J/cm?®) %> for Bi,O5 and As,0s, respec-
tively. On the other hand, minerals such as iron, gold, and silver obtained higher
differences with values below 11.00 (J/cm?)°-.

4, Conclusions

The composition of the mineral sample from the Avino mine consisted of 19
identified crystals, with three of them containing bismuth in the form of B;O3, Bi,Ss,
and Bi,CuO: representing 2% of the total composition of the sample, while also
contributing to 1.65% of bismuth weight, exceeding the allowable limit of 0.05% for
bismuth by far. The structures of the simulated minerals were effectively corrobo-
rated to match the real structures by comparing the diffraction patterns obtaining
similarities higher than 9. The solubility parameters indicate an affinity in the misci-
bility between As,;03 and Bi,03, possible miscibility with 10 other minerals, and an
immiscibility with the rest of the minerals in which gold, silver, and copper stand out.
The results indicate that As,O3 can be used for the removal of Bi,O3 at ambient
pressure and temperature conditions without having a negative effect on the recovery
of other minerals of higher commercial value. The mining industry could benefit from
the results obtained from this research since the economic penalties because of the
presence of bismuth in concentrates might be reduced by using arsenic trioxide. The
molecular simulation could serve as a resourceful tool in metal recovery processing by
avoiding time investment and the use of reagents.
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Chapter 6

Rare Earth Elements in
New Advanced Engineering
Applications

Monika Duchna and Iwona Cieslik

Abstract

From an engineering approach, rare earth elements (REE) have the extra potential to
modify modern engineering in an extraordinary way. Their peculiar optical, mechanical,
electronic, and magnetic properties have been used for years and even open up wider
possibilities for using rare earth elements. With advances in all fields of engineering,
itis predictable that the rare earth elements will play a crucial role. The use of the rare
earth elements permits many new advances, including digital and magnetic technolo-
gies operating at reduced energy consumption, higher efficiency, miniaturization,
speed, and durability. The REEs are particularly crucial components in clean energy
applications, which is especially important in the fight against global warming. For these
reasons, the rare earth elements will become essential components in the technological
revolution in the second quarter of the twenty-first century.

Keywords: REE engineering, permanent magnets, clean energy, phosphors,
bioimaging

1. Introduction

Rare earth elements (REE) are extremely important components in high technol-
ogy, which is why they are sometimes referred to as “vitamins” of the modern econ-
omy or industry [1, 2]. With the development of high technology, the demand for rare
earth elements increases year on year. It is especially visible in the case of searching
for clean energy sources or in the development of various types of electronic devices.
Rare earth elements are important components in advanced technologies such as
smartphones, computers, TVs, LEDs, hard drives, or elements used for the produc-
tion of clean energy, such as magnets in wind turbines. Therefore, an increase in REE
production is observed worldwide (Figure 1). In 2021, the extraction of rare earth
elements in the world reached 280,000 tons, which was a significant increase com-
pared to 2018, when 110,000 tons less were extracted. China is the largest producer
of REE [3]. In 2021, they have produced 168,000 tones of these elements, while the
United States came second in this ranking with a much lower production of 43,000
tones [4].
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In the natural environment, REEs do not occur as single native metals, such as gold
or silver, they occur together in many ores or minerals as secondary or major constitu-
ents [1]. The most economically viable methods of extracting these elements from the

ores, as well as separating them from the rest of the components, are being sought.

The separation of REEs is difficult and costly due to the similar chemical properties of
these elements. In addition to searching for new, more economical methods of their
separation, the issue of their reuse - recycling is also very important. Each of the rare

earth elements has unique chemical, optical, mechanical, electronic, or magnetic
properties and can therefore be used in advanced engineering applications such as

permanent magnets, luminescent materials, metallurgy, batteries, catalysts, ceramics,

pigments, phosphors, nuclear industry, medicine, and nanotechnology.

The growing importance of these elements in the development of new technologies
has made them sought-after raw materials worldwide. It is very important to maintain

a proper supply chain for highly developed economies that want to participate in the
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development of highly advanced technologies. The distribution of the use of these ele-
ments in the world, in particular, advanced applications in 2020 is presented in Figure 2.

2. Applications of REE

Rare earth elements are applied in many different fields (Figure 2). They are used
in mature industries such as catalysts, glass production, and metallurgy. However,
they play an increasingly important role in the applications of high technology,
which include batteries, ceramics, and permanent magnets. In the case of mature
markets, elements such as lanthanum and cerium are most often used, in contrast to
high-technologies, where dysprosium, neodymium, and praseodymium are used [7].
Permanent magnets production is the largest and most important end use of REE,
accounting for over 29% of the total consumption of these elements in 2020 [5]. The
main uses of rare earth elements are presented in Table 1. Above mentioned applica-
tions, there are still areas that use rare earth elements in new ways, such as nanotech-
nology, which can be employed e.g. in medicine. This chapter focuses primarily on
the advanced applications of these elements in nanotechnologies as well as in the most
important application in the world today, which are permanent magnets.

REE Symbol Applications
Scandium Sc High-strength Al-Sc alloys, electron beam tubes
Yttrium Y Phosphors for fluorescent lighting and liquid

crystal displays (LCDs), capacitors, radars, lasers,
superconductors, glasses

Lanthanum La Battery alloys, phosphors, glasses, ceramics, car catalysts,
lasers, pigments, accumulators

Cerium Ce Catalysts, phosphors, ceramics, glasses, pigments

Praseodymium Pr Permanent magnets, photographic filters, ceramics, glasses,
pigments

Neodymium Nd Permanent magnets, catalysts, lasers, pigment for glass and
ceramic

Promethium Pm Miniature nuclear batteries, phosphors

Samarium Sm Permanent magnets, reactor control rods

Europium Eu Fluorescent lighting and LCDs

Terbium Tb Lighting and displays phosphors, permanent magnets

Dysprosium Dy Permanent magnets, lasers, lighting, nuclear industry

Holmium Ho Magnets, lasers, nuclear industry

Erbium Er Lasers, optical fibers, glass colorant, the nuclear industry

Ytterbium Yb Solar panels, fiber optics, lasers, metallurgy, nuclear
medicine

Lutetium Lu X-ray phosphors

Thulium Tm Magnets, electron beam tubes

Gadolinium Gd Nuclear fuel bundles, medical imaging, electronics

Table 1.

Applications of REEs (after Refs. [7-10]).
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3. Permanent magnets

Rare earth metals are key elements of permanent magnets, which are used as
components in clean energy applications such as wind turbines or motors in electric
vehicles. Permanent magnets convert electrical energy into mechanical energy
(motors) or inversely (generators) by generating a magnetic field [11, 12]. In recent
years, the development of wind energy technology has been observed, which is related
to the desire to increase the percentage share of renewable energy sources in energy
production in the world and, thus reduce carbon dioxide emissions. Figure 3 shows
the periodic table of elements with highlighted rare earth metals used for permanent
magnets. As can be seen from the figure, among rare earth metals, lanthanides are
used to produce permanent magnets. These elements are characterized by good
magnetic properties. The properties of lanthanides are greatly influenced by the f
orbital, which is also a factor that distinguishes them from transition metals. This
orbital is located in the atomic core and therefore does not participate in chemical
bonding. Since there are 7 orbitals of the 4f type, the number of unpaired electrons
can be as high as 7. This results in the formation of large magnetic moments in lan-
thanide compounds [14]. Lanthanides are paramagnetic except for La** (4f°5d°6s°),
Ce** (4f°5d°65s°), Lu** (4f*5d%6s%) and Yb** (4f45d°65°), they are diamagnetic — they
have no unpaired electrons [15]. Examples of electron configurations of paramagnetic
lanthanides are presented in Figure 4.

Magnets containing rare earth metals were discovered in the 1960s in the United
States. They were based on samarium and the transition metal cobalt (SmCo). The
first type of this kind of magnet was SmCo5 which had properties suitable for perma-
nent magnets including large uniaxial magnetocrystalline anisotropy, comparatively
high saturation magnetization, high Curie temperature, and maximum energy

2
L™ 18
&
1

Figure 3.
Location of rare earth metals on the periodic table, elements used in permanent magnets are marked in red [13].
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Figure 4.
Electron configuration on orbital diagrams for rare earth elements neodymium and samarium [16].

product [(BH) .,] with the value of 160 kJ/m? [17]. Next, to obtain higher magne-
tizations, a compound with a stoichiometry of Sm,Co;; was designed. Nevertheless,
despite obtaining a higher saturation magnetization and Curie temperature compared
to SmCo5, the field anisotropy in the case of SmsCo;; was smaller [17]. The major
disadvantage of these magnets was the relatively high cost of Sm and Co, which
resulted that in the 1980s, researchers in Japan and the United States designed a

new type of magnet containing the rare earth metal neodymium as well as iron and
boron (Nd,Fe;4B) [2, 17]. It was cheaper and at the same time stronger compared to
the SmCo magnet. The development of permanent magnets in the world is shown in
Figure 5.

Rare earth magnets are distinguished by excellent magnetic properties determined
by high induction and coercive force. They are much more powerful per unit mass and
volume than other types of magnets [19]. This is related primarily to the high magne-
tocrystalline anisotropy. The resistance of the crystal lattice to a change in the direc-
tion of magnetization gives these materials a very high magnetic coercivity (resistance
to demagnetization), which may be attributed to a strong demagnetizing field in the
finished magnet than does not reduce the magnetization of the material [2].

The development of permanent magnet technology has been achieved through
the use of alloys containing rare earth elements such as Nd, Sm, Gd, and Pr. The
introduction of additives in the form of these elements made it possible to produce
magnets characterized by a lower mass, smaller dimensions, and high strength at
the same time [20]. As a consequence, it made it possible to significantly reduce the
size of various types of electronic devices and their components. Compared to other
permanent magnets, rare earth magnets can significantly reduce the size and weight
of generators used for the production of clean energy in wind turbines. Such magnets
can increase efficiency above 20%, which is also very important from an economic
point of view [8].
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Development of permanent magnets [18].

Rare earth magnets are employed in applications that require a high magnetic
field in difficult operating conditions such as high temperature and high demagne-
tization forces. In SmCo magnets, samarium is the dominant rare earth metal and
cobalt is the primary transition metal, often used with iron, zircon, and copper.
The quantity of rare earth elements in such magnets ranges from 25 to 35% by
weight. Samarium cobalt magnets are used at high temperatures [2]. However,
some disadvantages, include their brittleness which limited the size of the magnet
and thus seriously restricts the possibility of their use in certain applications, e.g.
in car motors [8]. Another rare earth element, gadolinium, is used to achieve a
near-zero change in the residual induction over a wide temperature range. The
difference between the SmCo and GdCo magnets is that with increasing tempera-
ture, the residual induction decreases in the first case and increases in the second,
although from a significantly lower initial value. The combination of SmCo and
GdCo allows to obtain magnets with high stability. Magnets based on samarium
and cobalt have been used, among others e.g. in generators, actuators, or medical
devices [2].

NdFeB magnets (also known as Neo or NIB magnets) [21] are now largely replacing
SmCo magnets [22]. NdFeB magnets are more powerful than those of SmCo, and offer
the strongest magnetic flux density, therefore are widely used in clean energy technolo-
gies such as wind turbines and electric vehicle motors [23]. The neodymium content in
these materials is about one-third. The typical chemical composition of NIB magnets is
26.7% Nd, 72.3% Fe and 1.0% B. Although the content of Nd and Fe elements may dif-
fer somewhat in commercially used magnets [21]. Frequently other rare earth element
praseodymium (Pr) replaced neodymium in these compounds [2, 24]. This is related,
among others to the reduction of their production costs.

Previously mentioned use of such magnets are wind turbine generators. Wind
turbines require the use of generators with greater power, therefore magnets such
as NdFeB are widely used in this type of application. Thus it is possible to substitute
the mechanical gears in wind turbines with permanent magnet generators. The
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advantages of using permanent magnets in wind turbine generators are a reduction in
the total weight of the turbine as well as a reduction in the number of moving parts,
which results in an increase in the efficiency and reliability of these turbines. The
benefits of using permanent magnet generators are especially important for offshore
installations, where reliability is a priority. Which is associated with the high cost of
repair and maintenance of such turbines [8]. The magnet in a large wind turbine con-
tains as much as 260 kg (or more) of neodymium [25]. Due to their properties, these
magnets have also found application in other technologies used to produce renewable
energy under the ocean floor and by waves [8].

In addition to wind turbines, where magnets play a key role, they also dominate
the market for the production of motors for electric cars. In this case, the size and
weight of these components are also important, and they must be adapted to the
previously designed engine parameters [8, 22]. As a consequence of the high magnetic
strength of NdFeB magnets, they can produce a lot of energy in relation to their
weight and size. This makes them ideal for applications that need a high energy-to-
weight ratio, such as electric vehicle motors.

It is possible to introduce small amounts of additional ingredients in the form of
heavy rare earth metals or other metals, which may improve the properties of the
Neo magnets. A very important addition is dysprosium, which increases intrinsic
coercivity and resistance to demagnetization of these magnets and in consequence
enables the use of them at higher temperatures [22, 26]. The addition of dysprosium
is usually from 2 to 5% [2, 8]. As mentioned before NdFeB magnets are requested
for applications of small or large motors and generators. Small motors are used e.g.
in power disc drivers in computers, while large in electric vehicles. In electric car
motors, up to 200 g of neodymium and 30 g of dysprosium are used whereas wind
turbine generators can contain 1 ton of neodymium per megawatt of electrical power
generated [23, 27].

Another common application of this type of magnets is electronics as well as
in lasers and telecommunications, there are 12 times stronger than standard iron
magnets [28].

4. Using optical properties in new technologies

The optical properties of lanthanides are still number one in rare earth (RE) ions
applications since the late nineteenth century. In 1964 two scientists discovered possi-
bilities for this elements group so-called red phosphors. The red phosphors were used
mainly in the TV screens production process. That technology used a mixture of two
metal elements from the sub-shell “d” group of the periodic table as europium and
yttrium ions. As a result, it became possible to obtain a TV color [29]. These excellent
optical properties of RE are still used in several of new technologies such as modern
lighting displays, photodynamic therapy, and biodetection. These technologies give
an opportunity to develop numerous industry sectors.

The reason of the great array optical properties is an unusual electronic structure
on the sub-shell “d.” This characteristic electronic structure is related to the existence
of an important phenomenon called luminescence. That phenomena depend on three
mechanisms of electron transfer: 4f-4f or 5d-4f and charge transfer (CT).

Moreover in the CT mechanism, the easily oxidizing or reducing ions like Ce®",
Pr**, Tb**, and Eu, Tm, YD entail depending the transitions intensity broad bands
produces from the symmetry of the surroundings of the RE ion.
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RE ions due to base on their 4f-4f or 5d-4f energy transfer and thus the emission
of powerful light sources in a wide range [29]. The 5d-4f energy transfer largely
depends on the ligands surrounding the RE ions. Hence it becomes more reactive
unluckily. However, the 4f-4f transitions are the most commonly used in the range
of visible light the lifetime of the luminescence range from tens of microseconds to
single milliseconds. In addition, there is the shielding effect of the filled 5s* and 5p°
shells which contributes to the environment protection. Thus external factors have no
influence on them. This makes them much better candidates suited to applications in
the field of optics than organic compounds.

In the last years, a large development of nanotechnology in optics is observed.
Among the interesting new materials, there are also nanomaterials containing
RE ions. Those modern nanomaterials are called witching others: fluorescent
nanoparticles, quantum dots, or nanocolloidal metallic nanoparticles. The nano-
luminophores and nanoplatforms demonstrated desirable properties and were
devised functionally in the last years [30]. The most commonly used RE elements
in nanotechnology are: Eu**, Tb**, and co-doped phosphors Yb**-Tm**, Yb**-Er*", or
Yb**-Ho’* The emission of RE ions covers the entire range from UV (Gd’*) by visible
light (Tb**, Tm*, Sm*",) to the NIR range (Yb*, Er*, Pr'* Nd**). However, two RE
ions: La®>* and Lu®* are unable to give 4f-4f transfer and do not emit light. A lifetime
of emission light depends on the size of the crystallites. It was noted that the light
emission in phosphors is growing with the reduction increasing of the phosphors
crystalline [31]. This could apply e.g. nanomarkers doped with RE. These nanoma-
terials can actively influence on the cells. The environment of cells can be heating
locally and formation of free-radicals at once. That phenomena have a significant
role in photodynamic therapy (PDT) and hyperthermia. The most important is
using NIR range light to excite the phosphors which allows to less invasive and deep
penetrations of cancer cells.

Currently, however, trials are underway to extend the therapeutic indications
for extracorporeal analysis as screening test genetic diseases, detection of infections
caused by different microorganisms, and the presence of impurities of bacteria in
water and food products [32]. Therefore, nanophosphors becoming increasingly
fashionable in various ranges of applications. Their unique physical and chemical
properties allow for quick and easy applications in a new range of applications notably
in medicine range.

Nevertheless, one of the most developed directions is biological applications such
as biodetection and bioimaging [33]. The extraordinary spectroscopic properties of
RE as stable luminescence, up-conversion ability, and a narrow band of light emission
resulted in an increased interest in them. Recent decades have seen the development
of research and an increased interest in RE in nanoform in various biological applica-
tions. A pie chart Figure 6 shows all characteristic biological application RE ions
which are the most popular in the last years.

Among the widespread type of biodetection and bioimaging are phosphorus
markers. These makers give opportunities for a wide range of applications in medicine
as drags transfers, photodynamic therapy, in vivo imaging of biochemical reactions
in real-time, cancer therapy, or imaging DNA mutations. From a medical viewpoint,
these opportunities give wide and new perspectives.

The use of RE in multiplexing also plays an important role. The multiplexing
with RE being capable to for the analysis of multiple analytes in one sample.
This possibility allows to apply RE in genetic tests or new studies on cancer
drugs.
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BIOLOGICAL APPLICATIONS OF RE
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Figure 6.
New way of biological applications of RE elements. *PET, positron emission tomography; *PDT, photodynamic
therapy.

Interesting results are silica-based or polymeric-based hybrid phosphors. The silica
in SiO form and polymeric in PEG form plays a role of ligands. The matrix where RE
ions are embedded can be various. The type of matrix usually used in phosphors for
biological applications were shown in Table 2. As can be observed, all of these list
medical applications are based on phosphors or nanophosphors.

Diagnostics and photodynamic therapy in the use of lanthanides are one of the
most modern methods of imaging and cancer therapy of PDT. The PDT method is
based on the up-convergence mechanism. This process generally depends on the
absorption of successive photons (Figure 7). For example, the f-NaYF4 matrix doped
with E’* and Yb*" is characterized by about 10° times greater efficiency than organic
compounds, e.g. rhodamine 6G [39].

Matrics RE ions Ligands Applications
NaYF, Yb-Tm, —_ In vivo imaging
Yb-Ho
Yb-Ho-Ce
NaYF, Yb*, Er* NaYF,/SiO2 Photodynamic therapy
Y,0; Er* PEG Cancer cells detection
NaYF, Nd* — Hiperthermic
LaF, ce*, Tb* PSS, PAH Glucose marking
NaYF, Yb*, ErY, BE citric/ oleic Magnetic resonance
Gd*, acid Emission tomography
Gd,0;, Eu DNA Detection of DNA mutations
Fe30,
LaF; Yb*, Ert SiOo Transportation of drugs
Table 2.

A selected list of the luminescence materials with the most popular RE ions used in biological experiments [34-38].
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Figure 7.

Scheme of PDT mechanism based on nanoluminophores doped with RE-the matrix with nanoparticles
doped RE ions is excited by infraved light NIR and the cove is emitting visible light VIS. The VIS light exciting
photosensitizers molecules and generate reactive oxygen form *O,. The cancer cells undergo apoptosis [30].

On the other hand, biological imaging is one of the most important applications
of RE elements in a science experiments, various electronic devices, and medicine.
NaYF4:Er*, Tm**, Ho** nanocrystallite was used for cancer cells imaging [40]. The
up-conversion mechanism of RE ions in special matrix was also used. The deep
penetration excitation infrared light of cells and absence of photobleaching problem
of nanoparticles especially. In this case doping of several RE ions of matrix NaYbF4
gives the opportunity to obtain wavelength ranges with different colors.

However, biological or medical applications are not the only ones where RE phos-
phors are used. The up-conversion is using also to various sensors production with
nanoluminophores doped with RE ions as pH sensors, oxygen sensors, ammonia sen-
sors, or carbon dioxide sensors [41-43]. The most frequently the ytterbium, thulium,
or europium ions are used for this purpose. The first designed oxygen sensors NIR
light excited was NaYF4:Yb*, Tm>*.

Silicate phosphor KBaScSi207:Ce’* (KBSS:Ce’*) can emit cyan light with an
emission peak at 509 nm under n-UV light excitation (300-400 nm). Those optical
properties indicate that KBSS:Ce’* phosphor is favorable in LED and field emission
display applications [44].

5. Conclusions

Due to the unique magnetic, luminescent, chemical, and physical properties of
rare earth elements, are essential ingredients for many high-technology applications,
and there still will be observed demand for them in the future. Especially since their
significant use is related to the production of clean energy, which nowadays is a very
important issue. The development of wind energy will continue to drive demand
for REE used in wind turbine generators. Converting combustion engine cars w to
electric vehicles will also increase the need for magnets and rare earth batteries. Of
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course, the search is ongoing and materials that could replace or reduce the amount of
REE in individual applications are considered. However, due to their superior proper-
ties, we are currently unable to replace them in some usage because it would involve a
deterioration of the quality and efficiency of the components in which they are used.

There are still applications where the potential of rare earth elements has not been
fully exploited and we will certainly observe their further development.
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Chapter7

An Overview of Radon Emanation
Measurement System for South
African Communities

Moses Radebe and Manny Mathuthu

Abstract

The aim of the study is to evaluate radon emanation levels in South African commu-
nities and to implement possible strategies to reduce radon levels in order to minimize
potential health hazards. The major contributing factor to high levels of radon is the his-
tory of mining. To precisely measure emanation levels of radon indoors and outdoors,
calibrated radon detectors are necessary. In this study, areas of high radon emanation
levels are spotted, and based on the radon emission point or entry points in buildings,
applicable and possible mitigation strategies are discussed for implementation.

Keywords: radon emanation, mitigation strategies, calibration techniques,
radon chamber, NORM

1. Introduction

Radon is the most contributing source of ionizing radiation to human beings,
in the atmosphere. It is a colorless, invisible, undetectable gas to human senses that
causes lung cancer especially in areas where it is abundant. Areas of high levels of
radon include underground uranium mines and locations close to mine tailings of
which its buildings are non-ventilated. Lubin et al. [1] state that about 40% of deaths
in mine workers are linked to the radon emanation in underground mines, in United
States, radon is the second most contributing source to deaths due to lung cancer [2].
The International Commission on Radiological Protection recommends that the radon
concentration level in dwellings should not exceed 300 Bq/m’ [3]. In South Africa,
radon from areas of possible high radon emanation is a concern due to the history
of mining, disposal of uranium tailing, use of mine waste for building materials [4].
Areas of high radon emanation include:

* Large Tailing Storage Facilities in Gauteng Province. Mine Tailings mismanagement
run off to the public.

* Granite hill in Saldanha Bay area and houses built on granite bedrock in Paarl,
Western Cape.

* Houses built by uranium ore stockpiles in Karoo, Western Cape.
121 IntechOpen
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Mitigation strategies to reduce radon to acceptable levels to the public and mine
workers are of necessity for implementation. Strategies such as reducing radon
levels in underground mines by ventilation systems, reducing radon emanation in
tailing dams by pouring 2 m of clay and topsoil to trap radon, and identifying radon
entry points for sealing in houses or mines. To evaluate the effectiveness of the
mitigation system to reduce radon to ensure safe public health, a properly calibrated
radon detection device is necessary to ensure accurate exposure levels of radon in
workplaces and houses [5]. With a calibrated radon detector, results of measurement
before and after application of a mitigation system will absolutely indicate the rate
of reduction of radon emanation. Therefore, buildings can be fixed if high radon
emanations are detected, shortening the statistics of lung cancer deaths due to exces-
sive exposure to radon.

The most common method of calibrating the radon detectors is exposing them to a
steady flow of radon concentration from a standard radon source in an airtight radon
chamber, under controlled environmental parameters [6]. A facility to calibrate radon
detectors in a designed radon chamber at the Centre of Applied Radiation Science and
Technology is in development phase.

In the following subsections, radon radiological properties, its transport behavior
in the environment, and mitigation system will be introduced.

1.1 Radon radiological properties

**Rn is a noble radioactive isotope of atomic number 86, and it originates from the
decay chain of **® U as one of its decay product, **Ra transforms into *’Rn by alpha
particle emission as seen in Figure 1.

Radon alpha particles travel a distance of 4-7 cm with an energy of 5.5 MeV. Alpha
particles’ energy from radon daughter nuclei is more than that of radon, the parent.
Polonium (**Po) with half-life of 3.05 minutes has energy of 6.0 MeV, while polo-
nium (***Po) has 7.7 MeV. Hence, radon daughter nuclei are dangerous and pose health
risk in an enclosed space such as offices and houses.

1.2 Transport of radon in the environment

Radon is found in rocks and soils, and its abundance in the environments depends
on moisture, porosity, and the activity of uranium and radium in soils and rocks. The
concentration of radon in soil differs due to the concentration of its parent radionu-
clide and the ability of the soil to emanate radon.

Factors that affect the mobility of radon in the soil include porosity, moisture
content of soil, and permeability. Hosoda [8] found that the moisture content of
soil in the range of 0-8% in a rectangular volume of 2840 cm’ increases radon
emanation but, moisture content that is above 8% decreases radon emanation.
Permeability of soil such as gravel and sand allows the transport of radon gas
from several depths in the ground as seen in Figure 2. Impermeable soil such
as clay and silt has low porosity, and therefore, the transport of radon is small.
Decreased levels of radon in clays are due to the amount of water content in
them, but in the dry clays with cracks, radon migration is more in non-cracked
clay [10, 11].

Rocks with varying degrees of radium activity content are the source of radon in
groundwater. The measure of *’Rn activity differs from surface water of lakes or riv-
ers, as radon in underground water is not mobile as in the surface of the surface of the
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Figure 1.
The emission of vadon from radium in underground rocks or soil to water [7].

High
Permeability

Low
Permeability

Figure 2.
Permeability of soil from underground to surface soil [9].

earth. Methods of obtaining water from underneath the earth in wells or boreholes
disperse high levels of radon to the atmosphere [12]. Figure 3 illustrates the disper-

sion of radon from rocks to water.
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<

Mosr of the radon is trapped in
the mineral grain. Small
percentages of radon escapes
to the pore space an water,
When the water becomes
dry,radon can move to the nest
pore or mineral grain

Figure 3.
Migration of radon in underground radium rocks to water [7].

1.3 Mitigation systems

Radon mitigation system is a practical approach to minimize high levels of radon
emanation in identified areas through determining radon entry points and the nature
of the foundation of buildings. In mines, to deal with radon entry points, radon seal-
ants and bulkheads are used to block or control radon emanation from rocks, while
in dusty atmospheres of the mine dust, controls such as air filters are of use [13] . In
communities closer to radon-prone areas, natural ventilation system is important
followed by radon suction system to drive radon away from the house or building.

1.4 Aim

This work presents an overview on radon emanation measurements and the pos-
sibility of applying mitigation system to reduce the public exposure to radon, which
will in turn improve the public health and allow for better land use.

2. Radon measurement

Radon is measured by a wide range of techniques developed over years and
improved in sensitivity, portability, and performance parameters [14]. The radon
measurement technique mostly depends on the concentration of radon-222 and the
characteristics used to classify them as follows:

* whether the technique measures radon-222 and radon progeny
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* detection of radioactive decay mode—whether alpha, beta, or gamma
* time resolution

An alpha particle detected can be used to measure radon-222 decay products by
using scintillation counters. Conversely, in the measurement of radon-222, gamma
rays emitted from radon-222 daughters can be used to determine or measure radon-
222, for example, bismuth-214 and lead-214 [15].

Time resolution sampling analysis and measurement are classified into three
techniques, namely grab sampling, continuous technique, and integrating technique.
Integrating technique utilizes passive detectors to measure the integrated radon-

222 concentration annually or monthly mostly in buildings. Continuous technique
provides the simultaneous act of sampling and determination of radon-222 in samples
of soil or water in minutes, hours, and days with a device such as scintillation radon
monitors and smart radon duo. Grab sampling technique includes the collection of
samples of groundwater air samples, in a short time whereby devices such as RAD7
are used to measure radon-222 in samples collected. Awhida [16] states that radon
measurement technique differs to the point that one technique cannot meet the
requirement such as radon survey type, environmental parameter measurement, and
cost of the apparatus.

2.1 Determination of radon-222 by its progeny

Baskaran [17] states that the decay of 222Rn leads to the formation of numerous
radon-222 progenies before *°Pb:

22Rn (3.82) > *®Po(3.10 min) — **Pb(26.8 min) — **Bi(19.7 min) —

“*Po(40.2 min) — *°Pb(22.3 yr) — *°Bi(5.0d) — *'°Po (138.4d).

All the progenies of ’Rn are metals, and the longest-lived progeny is *"*Pb.
Polonium (Pb) and bismuth (Bi) are particle reactive and attach to atmospheric
aerosol particles. “’Rn concentration can be determined from the activity concentra-
tion of its progenies. Using Geiger Muller counter, *’Rn activity concentration can
be determined from the alpha particles of progenies such as ***Po (6.002 MeV), ***Po
(7687 MeV) or 214Bi (Bpay = 3.272 MeV), and **Pb (Bpay = 1.022 MeV) beta decay
particles.

2.1.1**Rn determination by solid-surface barrier detector

One of the ways of determining **’Rn activity it is through alpha spectrometry by
counting alpha emitting progenies of *’Rn.

A known quantity of radon air is drawn by two filters in a cylindrical system,
whereby one filter keeps the radon progeny and particular matter, the other filter
receives radon. On the second filter, ingrowth of radon takes place, the second filter
faces the surface barrier detector, and therefore, alpha spectra are produced.

In a simple method, positively charged progenies are collected onto a metal surface
that is placed inside chamber’s negative potential. For example, the positively charged
218Po particles gathered on a metal surface are counted by a surface barrier detector.

The advantage of using a surface-barrier detector is high resolution, low back-
ground, ability to distinguish the signals of *’Rn progenies and **’Rn due to the fact
that they have varying alpha energies [17].
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Type Size Accommodation capacity Cost
Accumulation Normally small in Accommodates limited Cost less to build
size (0.2-1.3 number of radon detectors
Flow-Through, Walk in Normally big in size Accommodates a lot of radon Expensive to build
chamber detectors
Table 1.

Radon chamber.

2.1.2 >Ry determination using beta counter

Assuming that there is secular equilibrium between ***Rn and its progeny, the beta
particles of **Pb and "*Bi on a filter can be used for determining the radon concentra-
tion by measuring their beta activity. Beta counter such as Geiger Muller counter is
used to count the radon progeny on filter paper. Also, plastic scintillators installed on
photomultipliers tubes can be used to determine activity.

2.1.3 Direct progeny monitoring technique

One of the ways to measure a time integrated radon progeny for determination
of radon is with direct radon progeny sensor, which is made up of solid-state nuclear
track detector fitted with absorber of sufficient thickness. The direct radon progeny
absorber comprises aluminized Mylar and cellulose nitrate appropriate thickness of
37 cm, whereby 7.67 MeV alpha particles emitted from **Po are detected [18].

2.1.4 Radon chamber

A radon chamber is a container that houses a radon atmosphere for calibration
of radon detectors and conduction of studies in the field of radon metrology. It
consists of tools for relative humidity, pressure, and temperature, which must be ata
constant range for calibration of radon detectors. Table 1 summarizes the type, size,
and accommodation capacity of radon chambers; furthermore, the radon generating
source must be traceable to an international or national standard.

3. Studies of indoor radon emanation levels in South Africa and possible
mitigation system

Over the years, mining activities and mine dumps without proper regulation or
disposal have led to the rise in background activity due to the presence of naturally
occurring radioactive materials (NORM). Naturally occurring radioactive materials
are in varying activities in soil, rocks, and underground water. In mining activi-
ties, when NORMs are processed, their activity becomes increased and is known
as TENORM. NORMs contain radionuclides from the decay of uranium-238, tho-
rium-232, and potassium-40, which result in the formation of radium and radon,
posing a health hazard to exposed workers or nearby communities.

Many of the gold mines in South Africa process NORMs, and there is lot of mine
waste, of which some is closer to communities in the Gauteng province [19]. There are
abandoned mines of which some communities or instance Tudor-shaft houses build
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on top of mine tailings. An intervention of government and regulatory body in terms
of regulating mines especially waste and dust control is necessary for the lessening of
health threat by radioactive materials from contaminated sites. Maximizing distance
between the mine and communities and restricting access to abandoned mine dumps
or tailing dams help in preventing NORMs from reaching dwellings.

3.1 Radon emanation mitigation system

Radon mitigation system is a set of steps designed with a goal to achieve the
reduction of radon in buildings in order to minimize the risk of lung cancer as seen
in Figure 4. USEPA [2] recommends that radon levels of 148 Bq/m3 (4 pc/l) or above
in buildings must be reduced by radon mitigation system, also radon levels between
74 Bq/m® (2 pc/1) and 148 Bq/m? (4 pc/l) are to be considered for radon reduction, as
no level of radon is safe.

For the application of radon mitigation systems on houses, how the house is
constructed in terms of its foundation, as seen in Figure 5, determines the mitigation
system. There are mainly three types of house foundation, namely:

* slab on grade (concrete poured at ground level),

¢ basement and

* crawlspace (a shallow unfinished space under the first floor)

t The radon fan is located in an
unconditioned place like and attic,
o | garage, or outside the home.

Radon vented outside o 4 &

!

and vents it outside,

o -
I..
o The U-tube manometer is a
o device that visually indicates if the
o 5 radon fan is working.
Radon fan in attic 9
(or outside the home) &
B
‘-' The radon mitigation system tag
f O3 borererrl is attached to every radon system
..‘ b with the installer name, phone
- - B number, install date and license.
PVC Pipe —_| N -
. g
4 ..' .,-' . The active notification monitor
BN v alarms if the radon fan is not
. .t 4 working properly.
8 5
) .t -—
- (L
Seal cracksin |3
.
basement floor | |-
and walls The suction pit is a pit dug below
the basement floor where the
aes radon pipe pulls radon directly
beneath the home’s foundation

Figure 4.
Radon mitigation process [20].

127



Rare Earth Elements - Emerging Advances, Technology Utilization, and Resource Procurement

Crawl space

Slab Foundation

Basement

Figure 5.
Foundation types [21].

USEPA [2] recommends radon reduction methods that prevent radon from
entering the house rather than a method that deals with radon when it has entered
the house. A Radon Specialist runs diagnostic test to check possible pathways where
radon emanates by shooting chemical smoke into cracks, holes, or drains and observ-
ing possible emission points. Then mitigation methods are followed.

3.1.1 Basement or a slab-on-grade foundation

For house foundations that are basement or a slab-on-grade foundation type, a
radon mitigation system applicable is commonly one of four types of soil suction:
active or passive sub-slab suction, drain-tile suction, block-wall suction, or sump-
hole suction [2]. The sub-slab suction also known as sub-slab depressurization is a
commonly used system whereby holes are drilled on the foundation of the house
to beneath the foundation (to crushed rocks or soil), for insertion of suction pipes.
Number of suction pipes installed depends on how radon air can be extracted from
beneath the house concrete or slab with the use of the radon vent fan connected to
the suction pipes to the air outside. Drain tiles or perforated pipes are commonly used
in some homes for directing water away from the foundation. Therefore, suction on
these pipes or tiles can effectively reduce radon levels.

Block wall suction is a radon mitigation system that is good for houses with basement
where their walls are made of hollow blocks. The block wall suction system consists of a
fan and ductwork, radon air is drawn from the hollow blocks of the basement and vented
outside through exhaust fan. The block wall suction system is advantageous over other
mitigation system as it prevents radon from reentering the building [22].

3.1.2 Crawlspace

Sub-membrane suction system is a mitigation system ideal for houses without
basement. A high-density polyethylene plastic sheet is used as a radon reduction
barrier by covering the exposed dirt or soil on the floor and also the walls as seen in
Figure 6. Then, suction pipes are installed through the plastic sheet to depressurize
the soil and draw the radon gas outside the house through installed radon fan and
suction pipe [23].
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Figure 6.
Example of sub-membrane suction system [23].

Other types of radon mitigation systems applicable to any house foundations
include sealing, natural ventilation, house or room pressurization [2].

The sealing of cracks and openings method to is the primary part of most radon
mitigation systems. Identification of areas where there is radon entry is mostly not
easily detectable as cracks happen overtime. Sealing of cracks or voids minimizes the
flow of radon into the house.

House or room pressurization system keeps radon air trapped in the basement by
the blowing of the air into the basement. The limitations of the technique affecting its
effectiveness are the house construction, appliances in the house or house occupants’
lifestyle.

Natural ventilation happens in all houses. Ventilation for radon reduction can be
improved by opening doors, windows, and vents on lower floors. When windows
and doors are closed, radon concentration returns to its previous value in about
12 hours [2].

3.2 High indoor radon levels in South Africa and applicable radon mitigation
system

3.2.1 Gauteng Province

In South Africa, there are studies of indoor radon measurements, some of which
indicate levels of radon higher than 148 Bq/m® recommended by EPA [24]. In a study
done by Radebe [25] for the design of radon chamber, alphaguards that were cali-
brated measured radon levels above 1000 Bq/m?® from Tudor shaft soil samples.

Tudor shaft, an informal settlement in Krugersdorp, is known to be affected by
gold mine shaft, and tailing dam is one of the areas of note that radon mitigation
methods must be implemented. The inhabitants of Tudor shaft built their shacks on
top of mine dump with radioactive uranium soil as seen in Figure 7. Vegetables are
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a

Figure 7.
(a) Example of shack interior for Tudor shaft. (b) Children playing on soil that has potentially higher levels of
radiation. (c) Shacks built on soil that potentially have higher levels of radiation [26, 27].

grown on top of soil potentially carry high levels of radioactivity and environment
due to polluted air from mine tailings. The community is at risk of radioactive health
risk arising from mine dumps. Typical entry points in shacks in Tudor shaft comprise
cracks on the floor or ground, holes on mats used to cover the soil, and gaps found on
the edges of the interior of the shack between the mat and the shack or poles. It is also
noted that when doors and windows are closed, radon accumulates and returns to an
average value, while during the day, it reduces indoors.

A radon mitigation system applicable to Tudor-shaft inhabitants for shacks can
be a passive sub-slab depressurization system. A passive sub-slab system relies on
stack effect, which is a term that defines radon reduction by the reliance on air pres-
sure differentials to extract radon from underneath the foundation to the outdoor
air via vent pipes. Mats or floor covers must be checked to any opening and removed
for the installation of a high-density polyethylene plastic to retain the radon gas.
Then the radon vent pipe can be installed for moving the radon retained by the plas-
tic to the outdoor air as seen in Figure 8. Furthermore, when a floor cover or mat is
placed on top of the high-density polyethylene plastic, openings or voids must be
sealed with caulk or epoxy sealant. Passive sub-slab system together with sealing
and natural ventilation application can reduce the radon in informal settlement
such as Tudor shaft especially for shacks without electricity means. The government
has done a good job in relocating some families affected by mine dumps.

A best solution would be to relocate the community to a better place. A temporary
solution would be to apply radon mitigation methods to minimize the risk of lung
cancer, also community awareness about reducing emanation of radon via natural
ventilation and sealing of openings or cracks is important.
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Passive radon systems rely
on what's referred to as a
“stack effect”. The stack
effect relies on air pressure
differentials to move air

and radon gas through the
pipe from the basement to
the exhaust vent.

Figure 8.
Passive sub-slab system [28].

3.2.2 Western cape

Houses in Paarl, Western Cape province, with a type of crawlspace foundation
used for storage by occupants recorded radon levels off up to 800 Bq/m® as seen in
Figure 9 [30]. Also houses with wooden floor recorded higher radon levels than
concrete floor. At the foothill off Paarl Mountain, higher levels of radon levels were
found and some of the houses are nearby the foothill. An active sub-slab depressur-
ization system and sub-membrane suction system for crawl space can be applied for
houses at Paarl.

Furthermore, methods of foundation crack repair and staples are essential for the
reduction of radon in houses, although mitigation systems are the best. Foundation
crack repair inhibits the entrance of radon indoors. By utilization of products such as
concrete staples or epoxy, which works like a glue, and holes or cracks that are in the
concrete or wooden foundation are repaired and reinforced [31], which thus stops the
primary entrance of radon in houses.

The houses with walls having stability problems tend to lean or bow; therefore,
carbon staples can be used to repair and reinforce the cracked or bowed wall to
achieve radon emanation reduction. Epoxy, which comprises epoxy resin and hard-
ener, is essential for closing the cracks in foundation where there is radon entry [31] .

Figure 9.
Radon in Paarl crawlspace type of a foundation [29].
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4, Conclusion and recommendation

There are areas of high levels of radon emanation in South Africa. and there
are mitigation techniques to be applied. Therefore, there is a need of trained radon
mitigation specialist to precisely reduce radon in radon-prone areas to lower levels.
This will prevent rates of lung cancer from going high and thus support good public
health. In addition, radon calibration facilities play a major role in determining accu-
rate measurement of radon by radon detectors. Implementation of radon awareness
campaigns that cover topics of radon mitigation is necessary with collaboration with
the national regulatory body to affected communities.
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Chapter 8

Evaluation of Rare Earth Element
Mine Sites for Environmental
Impact

Michael T. Aide

Abstract

Rare earth elements are critical elements in the modern economy. Mining of rare
earth elements has significantly intensified in the last several decades and studies of
the environmental impact are in their infancy. In trace amounts, rare earth elements
may support plant growth and development. At greater concentrations, rare earth
elements are increasingly recognized as having a degree of mammalian toxicity;
however, the mammalian toxicity potential may not be as acute as that for some heavy
metals. The toxicity of rare earth elements requires detailed research to showcase
toxicity thresholds for a wide range of ecosystem health. This study reveals case
studies demonstrating that investigators rely on pollution indices, which do indicate
that mining and ore processing possess environmental challenges. Further research
has been identified to evaluate pollution indices for rare earth elements, especially
concentrating on their biological availability.

Keywords: rare earth elements, pollution indices, mine contamination, human health
impacts, environmental impact

1. Introduction

The rare earth elements (REE) are the 14 elements comprising the lanthanide
series: cerium (Ce), praseodymium (Pr), neodymium (Nd), promethium (Pm),
samarium (Sm), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy),
holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb), and lutetium (Lu)

[1]. Lanthanum (La) is associated with rare earth elements because of its periodic
table position. Frequently, scandium (Sc) and yttrium (Y) are grouped with the
lanthanides given their similar chemical reactivity. The lanthanide series are elements
characterized as having one or more electrons in the 4f electronic orbitals for their
ground state configuration [1, 2]. Promethium is absent in the environment because
promethium-145 (**Pm) decays via electron capture into neodymium-145 (**Nd),
with a half-life of 17.7 years.

The typically trivalent rare earth elements have considerable ionic bonding
character [1]. Cerium may have a valency of +3 or + 4, whereas europium may have
avalency of +2 or + 3 [1]. The rare earth elements show a decrease in their ionic radii
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on progression from La to Lu, the so-called “lanthanide contraction”. The “lanthanide
contraction” supports greater chemical affinity for hydrolysis and chelate/complex
stability with an increase in atomic number [1]. The LREE are the light rare earth
elements, comprising of the elements from La to Eu, and the HREE are the heavy rare
earth elements, comprising of the elements from Gd to Lu.

Rare earth element concentrations in soils, sediments, and other earth materials
are dependent on their mineral assemblages, with rare earth element concentrations
typically ranging from 0.1 to 100 mg kg™". Scandium concentrations across the earth’s
crust are in the range from 16 to 30 mg Sc kg™, with mafic and argillaceous materials
showing greater scandium concentrations. Typical soil scandium concentrations are
from 0.8 to 28 mg Sc kg ™. Yttrium concentrations average from 20 to 30 mg Y kg™
across crustal materials, where yttrium concentrations in soil range from 7 to 200 mg
Y kg'1 [3]. The Oddon-Harkins rule states that an element with an even atomic num-
ber has a greater concentration than the next element in the periodic table. The rare
earth elements typically follow the Oddon-Harkin rule. The Post-Archean Australian
Average Shale (PAAS), North American Shale Composite (NASC), and Upper
Continental Crust (UCC) reflect the Oddon-Harkin rule (Table1).

Kabata-Pendias [3] has compiled many studies observing REE abundances in
mafic and felsic igneous rocks, sedimentary rocks (argillaceous, sandstones, and
calcareous), and soils. Kabata-Pendias also compiled reference data on terrestrial
plant species. Commonly occurring REE-bearing minerals include: (i) fluorite (Ce),
(ii) allanite (Ce), (iii) sphene (REE), (iv) zircon (HREE), (v) apatite (LREE), (vi)
monazite (Ce and La), (vii) xenotime (REE), (viii) rhabdophane (Ce and REE), and

Element PAAS NASC K-P ucCcC
mg/kg
La 38.2 32 26.1 31
Ce 796 73 48.7 63
Pr 8.83 79 76 71
Nd 339 33 19.5 27
Sm 5.55 57 4.8 47
Eu 1.08 1.24 1.2 1.0
Gd 4.66 5.2 6.0 4.0
Tb 0.774 0.85 0.7 0.7
Dy 4.68 5.8 37 39
Ho 0.991 1.04 11 0.83
Er 2.85 34 16 23
Tm 0.405 0.5 0.5 0.3
Yb 2.82 31 21 2.0
Lu 0.433 0.48 0.3 31

PAAS is Post-Archean Australian Average Shale, NASC is North American Shale Composite, and UCC is the upper
continental crust. PAAS and NASC veported in McLennan [4, 5], K-P reported in Kabata-Pendias [3], and UCC
reported in Rudnick and Gao [6].

Table 1.
REE abundances for various parent materials.
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(ix) bastnaesite (REE) [4]. Mineral and soil assemblies typically show greater LREE
concentrations than HREE; however, the LREE/HREE ratio may vary with zircon
abundances. In a review, Van Gosen et al. [7] noted that many of the significant rare
earth element deposits occur in carbonatites (carbonate igneous rocks). Peralkaline
igneous systems, magmatic-magnetite-hematite bodies, and mafic gneiss-bearing
xenotime-monazite deposits are also important sources for rare earth element
extraction.

Van Gosen et al. [7], U.S. geological survey [8], Ramos et al. [9], Kim and Jariwala
[10], and Van Veen and Melton [11] review the rare earth element available sup-
ply and known resources, concentrating on nations having substantial reserves:
Australia, China, India, Malaysia, Russia, and the United States. China and Brazil
have significant rare earth element ore extractions.

2. Rare earth elements and the modern economy

Rare earth elements are critical to scientific and industrial advancement, rang-
ing from energy to information technologies. Some rare earth elements have unique
applications, such as gadolinium as contrast agent essential for magnetic resonance
imaging (Table 2). Other important rare earth element uses include (i) permanent
magnets (neodymium-iron-boron), (ii) cell phones, (iii) electric motors for electric
cars, (iv) steel making, and (v) phosphors (yttrium, cerium, lanthanum, europium,
and terbium) Van Gosen et al. [7]. Additional applications may utilize an array of rare
earth elements, such as yttrium, europium, dysprosium, and holmium, in the manu-
facture of lasers (Table 2) [7, 10].

3. Rare earth elements and their influence on living organisms, including
human health

Kabata-Pendias [3] documented rare earth element influences on plant physiol-
ogy, noting several studies, reporting that the REE stimulates seed germination,
root growth, nutrient uptake, biological nitrogen fixation, chlorophyll synthesis,
and photosynthesis. Kabata-Pendias was careful to note that further research is
required for conformation and whether the rare earth elements are considered plant
essential elements. The influence of rare earth elements, because of their produc-
tion, processing, and usage on mammalian health, including human health, has not
been widely investigated [12]. Of the elements comprising the lanthanide series and
their influence on human health, the elements Ce, La, Gd, and Nd have received the
most scrutiny [13]. Compounding rare earth element research is that many chemicals
involved in rare earth element mining, recovery, primary and secondary processing,
and recycling are involved; thus, it is difficult to isolate the influence of rare earth
elements on human health.

Industry and occupational health research are limited because ore extraction and
refining are localized in only a few nations [12, 13]. Bioaccumulation of rare earth
elements appears to be restricted near mine and ore processing sites. There is growing
evidence of the adverse effect of gadolinium (Gd) on skin conditions and nephrogenic
systemic fibrosis because of Gd’s use as an element in contrast agents used in magnetic
resonance imaging [13]. Short-term exposure animal studies suggest rare earth ele-
ment toxicity involves the liver, lungs, blood, and nervous systems. The global use of
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Element Usage

Scandium Aluminum alloys, aerospace components

Yttrium Lasers, computer displays, microwave filters

Lanthanum Oil refining, hybrid-car batteries

Cerium Oil refining, catalytic converters, and lens production
Praseodymium Aircraft engines, carbon arc lights

Neodymium Computer hard drives, cell phones, and high-power magnets
Promethium Portable X-ray machines, nuclear batteries

Samarium High power magnets

Europium Lasers, computer displays, and optical electronics
Gadolinium Magnetic resonance imaging contrast agents

Terbium Solid-state electronics, sonar systems

Dysprosium Lasers, high-power magnets, and nuclear reactor control rods
Holmium Lasers, high-power magnets

Erbium Fiber optics, nuclear reactor control rods

Thulium X-ray machines, superconductors

Ytterbium Portable X-ray machines, lasers

Lutetium LED lightbulbs

Source: Van Gosen et al. [7], Kim and Jariwala [10].

Table 2.
Rare earth element usage in modern industries and technologies.

cerium oxide nanoparticles as a catalytic additive in diesel fuel may be an air and soil
pollutant. Conversely, rare earth elements may confer beneficial antioxidant activity.
In an extensive review, Rim [12] noted that the rare earth elements high redox poten-
tial supported oxidative stress, which may enhance diabetes, atherosclerosis, inflam-
matory conditions, high blood pressure, neurodegenerative diseases, and cancer. Rim
[12] further noted that selective chemicals used for rare earth element ore extraction,
processing, and manufacturing may contribute to the environmental impact. The
combined toxicities of the rare earth elements may influence soil pH and influence
the human toxic response.

Many soil studies have been conducted to determine if soil rare earth element
concentrations may have sufficient soil variability to influence environmental
responses. In Brazil, Landim et al. [14] established soil rare earth element qual-
ity references and assessed their spatial distributions. The mean background
concentrations in soils followed the abundance of the earth’s upper crust:
Ce>La>Nd>Pr>Sm>Dy>Gd>Er>Yb>Eu>Tb > Lu. In the Piaui state in
Brazil, the ) REEs across the mesoregions were (i) southeast (263 mg kg’l), (ii)
north and central-north (90 mg kg’l), and (iii) southwest (40 mg kg’l) [14].

The effects of rare earth elements on aquatic biota are largely unknown [15, 16].
Gonzalez et al. [15] researched the sensitivity of aquatic organisms to REEs.
Lanthanide series toxicity increased with atomic number for Aliivibrio fischeri and
Pseudokirchneriella subcapitata, whereas the lanthanide series sensitivity of Daphnia
magna, Hetevocypris incongruens, Brachionus calyciflorus, and Hydra attenuata were
effectively equal across atomic number [15]. Comparison of environmental risk
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indexes indicated that lanthanide concentrations immediately downstream of waste-
water treatment plants are most problematic. Malhotra et al. [16] reviewed previous
studies to understand the bioavailability, accumulation, interaction, and toxicity
criteria of rare earth elements with aquatic organisms. Previous studies demonstrated
that rare earth elements frequently provide a stimulatory influence at low dosage,
whereas adverse influences are observed at higher dosages.

In Canada, the exposure-response relationships of three native plant species
(Asclepias syriaca, Desmodium canadense, and Panicum virgatum) and two commonly
used crop species (Raphanus sativus, and Solanum lycopersicum L.) to lanthanum,
yttrium, and cerium were evaluated [17]. Germination was influenced by Ce at lower
pH values. All species showed growth inhibition with Ce addition. Growth inhibition
was evident for A. syriaca and D. canadense with rare earth element addition [17].

Li, et al. [18] assessed the toxicity of lanthanum, after 3 to 4 weeks of exposure,
to five representative soil invertebrates. Toxicity was related to (i) total lanthanum,
(ii) 0.01 M CaCly-extractable lanthanum, and (iii) porewater lanthanum concen-
trations. Reduced growth of Isopod (Porcellio scaber) showed the most sensitive
response. Reproduction issues involving earthworms (Eisenia andrei), enchytraeids
(Enchytraeus crypticus), springtails (Folsomia candida), and oribatid mites (Oppia
nitens) were observed at various elevated soil La concentrations. This study suggested
that La may affect soil ecosystems at La concentrations slightly above natural back-
ground levels (6.6-50 mg Lakg™).

In China, Zhou et al. [19] performed experiments involving dry grass landfilling,
chicken manure broadcasting, and plant cultivation to reclaim a rare earth element
mine. After 2 years of restoration, soil organic matter, available potassium, available
phosphorus, and acid phosphatase activity were improved. Soil physical properties
(bulk density, water holding capacity, pH, and electrical conductivity), nutrient
availabilities, and enzyme activities after 5 years were either similar or less impacted
than soil not impacted by rare earth mining activities.

4. Commonly used pollution indices

Pollution indices are calculated estimates of the degree of soil and sediment con-
tamination, usually associated with heavy metals. Pollution indices are also employed
to (i) assess soil quality and health, (ii) predict ecosystem sustainability, and (iii)
discriminate between natural processes and anthropogenic processes to explain heavy
metal distributions in soil profiles [20, 21]. Many of the pollution indices rely upon a
proper selection of a geochemical background (GeoBase) [20, 21]. The geochemical
background, if properly selected, will permit an estimation of the intensity of the
heavy metal or rare earth element pollution.

The geochemical background (GeoBase) for an element estimates the natural
variations in concentration in the surficial environment [22] or is a “measure that is
used to differentiate between the concentration of the natural compound and the
concentrations with an anthropogenic influence in a given environmental sample”
[23]. Kowalska et al. [21] assessed 18 pollution indices and estimated their strength
and weaknesses. Diwa [24], Elvira [25], Lawrence et al. [26], Barbieri et al. [27],
Ghrefat et al. [28], and Gargouri et al. [29] provided additional information on inter-
preting the environmental impact of pollution indices values. In the Czech Republic,
Weissmannovd et al. [30] chronicled the potential ecological risk and human health
risk assessment in soils influenced by coal mining and metal processing.
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Indices

Description

Geoaccumulation index (Igeo)

Igeo = log;[HMconc/ (1.5 x GeoBase) ], where HMconc is the
concentration and GeoBase is the geochemical reference concentration.

Single pollution index (PI)

PI = HMconc/GeoBase

Enrichment factor (EF)

EF = [HMconc/LV]/GeoBase/LV], where LV (low variability reference) is
the element concentration considered as not supplied or depleted.

Contamination factor (CF)

CF = sample mean concentration relative to preindustrial concentration.

Biogeochemical index (BGCI)

BGCI = soil metal concentration of O horizon relative to A horizon.

Sum of contamination (PIsum)

Plsum = Y’ PI, where each PI is PI = HMconc/GeoBase.

Nemerow pollution index
(PInem)

PInem = {[(1/n) Y PI)* + PImax’]/n}*?, where n number of metals

sampled and PImax is the maximum PI value.

Pollution load index (PLI)

PLI = {[] PI}"'" (the harmonic mean of the PI’s

Average single pollution index

Plaverage = (1/n) Y PL

The vector modulus of pollution

Plvector = {(1/n) Y PI%}%5.

Multi-element contamination

MEC = {} (HMconc}/n.

Degree of contamination

Cdeg = Y CF (multiple elements)

Potential ecological risk factor

Eir = Ti x HMconc/GeoBase, where Ti is a factor of a particular heavy
metal’s toxic reaction.

Hazard quotient (HQ)

HQ = element concentration/element concentration where no

environmental effect was observed.

Table 3.
Frequently employed pollution indices.

Frequently, employed pollution indices are briefly described in Table 3 and more
fully described below.

The geoaccumulation index (Igeo) is determined from the elemental concentra-
tion and the GeoBase. The GeoBase is the concentration value of the element selected
from a geochemical reference background, and it is critical to select an appropriate
geochemical background, with various research investigations using PAAS, NASC, UCC,
or local baselines perceived as preindustrial or non-impacted. The Igeo value and the
corresponding pollution level is (i) less than or equal to 0 is not impacted, (ii) O to 1is at
most moderately impacted, (iii) 1 to 2 is moderately impacted, (iv) 2 to 3 is moderate to
highly impacted, (v) 3 to 4 is highly impacted, (vi) 4 to 5 is high to very highly impacted,
and (vii) 6 is very highly impacted. The single pollution index evaluates the degree of
heavy metal or rare earth element accumulation in soil or sediment relative to a reference
GeoBase. The single pollution index estimates the total amount of an element’s accumu-
lation and does not indicate the bioavailability of the heavy metals. The single pollution
index (PI) allows the comparison of sites or different soils over time. The enrichment
factor (EF) estimates the heavy metal’s anthropogenic impact and is determined as
EF = [HMconc/LV] of sample/GeoBase/LV] of background, where LV (low variability
reference) is the selected element concentration considered as not supplied or depleted.
Typically, Fe, Al, Ca, Ti, Sc, and Mn have been used as the reference element. If the EF
value ranges from 0.5 to 1.5, the likelihood of anthropogenic activity is low. The selection
of the GeoBase that reduces the metal variability is critical for assessment. If the EF value
and the enrichment level are: (i) less than 1, there is no likelihood of element enrichment
(impact), (ii) 1 to 3 is minor enrichment, (iii) 3 to 5 is moderate enrichment, (iv) 5 to 10
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is moderately severe enrichment, (v) 10 to 25 is severe enrichment, (vi) 25 to 50 is very
severe enrichment, and (vii) more than 50 is extremely severe enrichment.

The contamination factor (CF) estimates the preindustrial increase of heavy met-
als or rare earth elements in soil and sediment. CF is estimated as the mean of more
than five samples for a particular heavy metal or rare earth element relative to the
heavy metal concentration from preindustrial samples. The selection and evaluation
of the quality of the preindustrial reference samples may be difficult. Appropriate
ratings are: (i) less than 1 is low contamination (impact), (ii) 1 to 3 is moderate
contamination, (iii) 3 to 6 is considerable contamination, and (iv) greater than 6 is
considered high contamination [25]. The biogeochemical index (BGCI) is estimated
as aratio of the heavy metal or rare earth element concentration in the soil’s O horizon
to that element’s concentration in the soil’s A horizon. If the BGCI has values greater
than 1, then there exists an increased heavy metal or rare earth element adsorption in
the O horizon. The BGCI is well suited for forest soils; however, the biogeochemical
index lacks consideration of the heavy metal biological availability.

The sum of contamination (PIsum) involves a suite of heavy metals or rare earth
elements and is simply the sum of the individual PI values for the sampled heavy
metals. The calculation of the PIsum must contain all of the relevant heavy metals.
The selection of the geochemical database must be appropriate to the site assess-
ment, typically employing local and preindustrial sampling. Similar to the BGCI, the
Pisum does not consider heavy metal biological availability. The Nemerow pollution
index (PInem) is defined as PInem = {[(l/n)Z:PI)2 + PImax’]/n}°®, where n is the
number of heavy metals sampled, and PImax is the maximum PI value for all of the
heavy metals. The usage of the appropriate geochemical database, baseline values, or
threshold levels must be ascertained. The Nemerow pollution index directly reflects
the soil or sediment environmental pollution and highlights the heavy metal having
the greatest environmental presence or intensity of pollution.

The pollution load index (PLI) is calculated as {J] PI}"'" and is simply the har-
monic mean of the PIs for the analyzed heavy metals or rare earth elements. The
pollution load index does not consider heavy metal biological availability and is based
on the reliability of the PI values. The average single pollution index (Plaverage) is
estimated as the average of the individual PI values. The average single pollution
index does not consider heavy metal or rare earth element biological availability and
is based on the reliability of the PI values. Appropriate ratings are: (i) less than 1.5
is very low contamination, (ii) 1.5 to 2 is low contamination, (iii) 2 to 4 is moderate
contamination, (iv) 4 to 8 is high contamination, (v) 8 to 16 is considered very high
contamination, and (vi) 16 or greater is considered extreme contamination [25]. The
vector modulus of pollution index (Plvector) is estimated {(1/n) Y PI*}°°. The vector
modulus of pollution index does not consider heavy metal or rare earth element
biological availability and is based on the reliability of the PI values.

The multi-element contamination index (MEC) is estimated as
MEC = {) (HMconc of element i/tolerable level for element i) }/n. The multi-element
contamination index does not require an assessment of the variation in natural pro-
cesses. The degree of contamination (Cdeg) is estimated as Cdeg = ) ,CF. The degree
of contamination does not require an assessment of the variation in natural processes.

The potential ecological risk factor (Eir) is estimated as Eir from an estimate of the
element’s toxicity (Ti factor) and associated PI value, where the Ti has values of 1 for
zinc (Zn), 2 for chromium (Cr), 5 for Nickel (Ni), Copper (Cu) and lead (Pb), 10 for
arsenic (As), and 30 for cadmium (Cd). Ti values for the rare earth elements are not
yet determined. The potential ecological hazard index (RI) is estimated as IR = ) Eir.
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If the Eir risk values are: (i) less than 40, which implies low ecological risk, (ii) 40

to 80 implies moderate ecological risk, (iii) 80 to 160 implies appreciable ecological
risk, (iv) 160 to 320 implies high ecological risk, and (v) more than 320 implies series
ecological risk. If the IR risk values are: (i) less than 150, which implies low ecological
risk, (ii) 150 to 300 implies moderate ecological risk, (iii) 300 to 600 implies high
ecological risk, and (iv) more than 600 implies series ecological risk [24]. The hazard
quotient (HQ) of a rare earth element is estimated as the rare earth element con-
centration relative to the rare earth element concentration, where no environmental
effect was observed.

5. Case studies of rare earth elements environmental impact because of
mining, processing, and utilization

Rare earth element mines differ from other mines, that is, rare earth element ores
are not highly concentrated, and the quantity of tailings is frequently substantial
compared to the quantity of rare earth elements recovered. Krasavtseva et al. [31]
investigated heavy metals and rare earth elements at mine sites in the Kola Subarctic
(Russia). Noting that finely dispersed materials from mine tailings exhibited from
1.5 to 3 times the heavy metal and rare earth element concentrations, they calculated
pollution assessments using the (i) geoaccumulation index, (ii) enrichment factor,
(iii) potential ecological risk factor, and the (iv) potential environmental hazard
index. Increased mobilized heavy metal and rare earth elements were observed for
mine tailing leachates. The heavy metal and rare earth element leachate concentra-
tions were increased with (i) reduced pH levels, (ii) elevated organic carbon levels,
and (iii) increased temperatures.

In China, Bai et al. [32] investigated six rare earth element mines for their envi-
ronmental impact and conducted a cross-sectional comparison. Accurate resource
and environmental carrying capacity (RECC) assessments are critical for ensuring
that rare earth element exploration and extraction activities are appropriate and
conducted with achieving multiple interests. The RECC assesses the ability of an
ecosystem to resist external disturbances and maintain its original ecosystem services.
The RECC considers multiple factors, including human activities, climate change,
and energy structure and consumption. Except for the Bayan mine in inner Mongolia,
the support index (evaluation of policies, inputs, and technologies to mitigate envi-
ronmental impact) was greater than the pressure index (omission of policies, inputs,
and technologies to mitigate environmental impact), implying limited environmental
impact. The ratio of financial investment in pollution control was an important factor
limiting environmental sustainability.

Wang and Liang [33] observed geochemical rare earth element fractionation
involving the light and heavy rare earth elements in tailings of the Baotou mine in
China. Using the NASC and PAAS values for normalization, the light rare earth
elements showed greater normalized patterns. A map of the rare earth element
PAAS normalized concentrations exhibited reduced concentrations at an increasing
distance from the mine site. The total rare earth element concentrations (X REE) of
surface samples varied from 156 to 57,000 mg kg, with a mean of 4700 mg kg™". The
enrichment factors for all of the rare earth elements displayed values suggesting very
high to extremely high enrichment in the east, southeast, and south directions from
the mine site, whereas enrichment factors in the northwest direction were indica-
tive of only significant impact. In Baotou, China, Zhou et al. [34] investigated rare
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earth element concentrations in dust samples and subsequently expressed data using
enrichment factors. The enrichment factors, when normalized to the local loess, indi-
cated rare earth element contamination; that is, the igeo index indicated contamina-
tion and the HQ did not indicate contamination. In India, Humsa and Srivastava [35]
investigated industrial waste from a titanium dioxide pigment industry. Soil resources
in the impacted area demonstrated increased heavy metal (Fe, Cr, V, Ni, Cu, Zn, and
Pb) concentrations, as well as increased concentrations of Sm, Tb, and Dy.

In Australia, Nkrumah et al. [36] investigated the rare earth element biogeochemi-
cal behavior in natural ecosystems to estimate their soil abundances. In addition
to a slight HREE enrichment, key rare earth element concentrations were (i) Ce
(2550 mg kg™, (ii) La (645 mg kg ™), (iii) Gd (25 mg kg™), and Lu (1.5 mg kg ™).
Plant uptake showed variation among species, with broadleaf plants typically having
greater rare earth element accumulation than greases. In Brazil, Cunha et al. [37]
observed uranium-phosphate deposits and estimated the spatial rare earth element
soil distribution. The soil rare earth element concentrations were closely correlated
with the soil uranium and phosphate concentrations. In China, Zhao et al. [38]
evaluated mine tailings from sites with and without phytoremediation. The Nd and
Y hazard quotients (HQ ) were determined, with the concentration baselines for Nd
and Y established at which 10% soil root length inhibition was observed. The HQs for
wheat (Triticum aestivum) and mung bean (Vigna radiata) were less than 1; however,
the geo-accumulation index was variably distributed as (i) uncontaminated (Igeo
<0), (ii) uncontaminated to moderately contaminated (0 < Igeo <1), (iii) moderately
contaminated (1 < Igeo <2), and (iv) moderately to strongly contaminated (2 < Igeo
<3). Wang and Liang [39] assessed the environmental impact of rare earth elements
in soils surrounding the Bayan Obo Mine. The Bayan Obo deposit is estimated to
contain more than 100 million Mt. of rare earth reserves containing monazite and
bastnaesite ores. The sum of the rare earth element concentrations in surface soil
horizons varied from 150 to 18,900 mg kg™". The distribution patterns of the indi-
vidual rare earth elements were like those of the Bayan Obo ores.

MacDonald et al. [40] reviewed the development of pollution indices for fresh-
water ecosystems, noting that further research is warranted to guarantee accurate
predictive environmental outcomes. Chamber [41] discussed “technologically
enhanced naturally occurring radioactive material,” noting that monazite mining will
produce waste material having **Th. **Th will alpha decay slowly to ***Ra, which will
more rapidly decay by beta emission to **Ac (half-life of 5.75 years). Where the activ-
ity is substantial, appropriate actions to protect the environment and personnel are
warranted. Aide and Aide [42] discussed the use of rare earth elements in identifying
and assessing soil lithologic discontinuities. Aide and Aide also demonstrated that
Fe-Mn masses (pedogenic nodules) in selected alluvial soils preferentially accumu-
lated Ce and revealed a positive Ce anomaly, suggesting that alternating conditions of
oxidation-reduction were important for glaebule (Fe-Mn nodules) synthesis and Ce
incorporation.

6. Observation of rare earth element soil distributions in missouri

6.1 Study area

Summers are hot and humid with a mean July temperature of 26°C and winter
temperatures are mild with a mean January temperature of 2°C. The mean annual
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precipitation of 1.19 m is seasonally distributed, with greater rainfall in spring.
Vegetation is either a mixed hardwood forest or land that has been cleared of vegeta-
tion, land-graded, and employed in row-crop agriculture.

6.2 Soils

The alred series (loamy-skeletal over clayey, siliceous, semiactive, mesic Typic
Paleudalfs) consists of very deep, well-drained soils formed in cherty hillslope
sediments and the underlying clayey residuum. The Alred has an A-E-Bt-2Bt horizon
sequence. The rueter series (loamy-skeletal, siliceous, active, mesic Typic Paleudalfs)
consists of very deep, somewhat excessively drained soils formed in colluvium and
residuum from cherty limestone. The Rueter has an A-E-Bt-2Bt horizon sequence. The
Menfro series (Fine-silty, mixed, superactive, and mesic Typic Hapludalfs) consists of
very deep, well-drained soils formed in thick loess deposits on uplands. The Menfro
has an A-E-BE-Bt-C horizon sequence. The Kaintuck soil series in Missouri (coarse-
loamy, siliceous, superactive, nonacid, mesic Typic Udifluvents) are very deep and
well-drained floodplain soils formed from loamy alluvium and have an Ap-C horizon
sequence.

6.3 Protocols

An aqua regia digestion was employed to obtain a near-total estimation of
elemental abundance associated with all but the most recalcitrant soil chemical
environments. Aqua regia does not appreciably degrade quartz, albite, orthoclase,
anatase, barite, monazite, sphene, chromite, ilmenite, rutile, and cassiterite; however,
anorthite and phyllosilicates are partially digested. Homogenized samples (0.75 g)
were equilibrated with 0.01 liter of aqua regia (3 mole nitric acid: 1 mole hydrochloric
acid) in a 35°C incubator for 24 hours. Samples were shaken, centrifuged, and filtered
(0.45 pm), with a known aliquot volume analyzed using inductively coupled plasma
mass spectrometry (ICP-MS). Aide and Fasnacht [43] reviewed the application of the
aqua regia digestion protocol.

7. Missouri rare earth element investigations

The Alred and Rueter soil profiles were completely characterized, with the rare
earth element suite determined with aqua regia digestion. The ochric (A and E
horizons) and illuvial (Bt and 2Bt) soil horizons were identified and compared to
their rare earth element concentrations. For clarity, eluvial soil horizons occur where
strong leaching of clay minerals, oxides, and organic material is observed, whereas
illuvial soil horizons contain materials that have been transported downwards either
in solution or suspension and subsequently deposited. The illuvial horizons, with
their greater clay contents, show greater rare earth element abundances (Table 4).
Paired t-test comparing ochric and illuvial rare earth element concentrations are
significant (0.016 for Alred and 0.020 for Rueter).

The multiple pedons for the Menfro and Kaintuck soil series were characterized
for rare earth element concentrations for each soil horizon in their respective soil pro-
files (Table 5). The Menfro soil is an Alfisol with ochric silt loam texture transitioning
to a silty clay loam texture in the agrillic horizon. The Kaintuck soil series is an entisol
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Alred Rueter
Element Ochric Iluvial Ochric Illuvial
mg kg

La 16.9 346 1.2 6.2
Ce 419 85.2 10.1 297
Pr 37 83 0.5 2.0
Nd 13.7 333 21 9.1
Sm 24 6.5 04 23
Eu 0.3 13 0.1 0.5
Gd 2.0 6.4 0.3 24
Tb 0.2 0.9 0.1 04
Dy 12 57 02 25
Ho 0.2 1.2 01 0.5
Er 0.5 33 0.2 15
Tm 0 0.5 0 0.2
Yb 04 3.0 0.2 15
Lu 0 04 0 0.2

Table 4.
The rave earth element distribution of the Alved and Rueter series.

Menfro series Kaintuck series

Element Mean (mg kg'l) CV (%) Mean (mg kg'l) CV (%)
La 25.8 136 172 6.0
Ce 439 12.6 43.7 31
Pr 6.2 155 4.6 4.9
Nd 23.2 174 194 49
Sm 4.4 20.3 3.2 9.0
Eu 0.8 237 0.6 <1
Gd 35 225 29 53
Tb 04 264 04 14.4
Dy 21 27.0 23 6.5
Ho 04 27.2 04 <1
Er 0.9 30.9 1.2 71
Tm 0.1 28.3 0.1 <1
Yb 0.8 32.0 09 5.6
Lu 0.1 136 0.1 <1

Table 5.
The mean rave earth element concentrations and coefficient of variations.
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with sandy loam soil textures througthout the soil profiles. The Menfro soil profiles
have greater rare earth element concentrations, a feature attributed to their greater
clay contents. The coefficient of variation for the rare earth element concentrations

is greater for the Menfro soil pedon, a feature attributed to the discrete clay differ-
ences in the ochric and agrillic horisons when compared to the rather uniform texture
distribution in the Kaintuck pedons.

The Wilbur soil series (coarse-silty, mixed, superactive, mesic Fluvaquentic
Eutrudepts) consists of very deep, moderately well-drained soils formed in silty
alluvium. The four pedons are located across a 40 ha production field and were evalu-
ated for morphology, routine physical and chemical characteristics, and rare earth
element concentrations across all pedon horizons. Yttrium was included in the rare
earth element analysis. As expected, the rare earth element distribution clearly is in
accordance with the Oddon-Harkin rule (Table 6).

The Wilbur pedons are distant from industry and mining, thus these pedons may
be considered pristine. The rare earth element distribution is very uniform within
and across pedons, features reflecting the pedon’s as belonging to the Inceptisol order
and having little soil texture variation. The rare earth elements may be used in the
GeoBase for the following pollution indices: (i) geoaccumulation index, (ii) single
pollution index, (iii) The enrichment factor, (iv) the contamination factor, (v) the
sum of contamination, (vi) the pollution load index, (vii) the average single pollution
index, (viii) the vector modulus pollution index, (ix) the degree of contamination,
and (x) the hazard quotient. If an estimate of the factor of the rare earth element’s
toxic reaction becomes available, then (i) the potential ecological risk factor and
(ii) the potential ecological hazard indexes can be calculated.

Element Mean Coefficient variation
mg kg Percent

Y 121 21

La 273 7

Ce 57.3 7

Pr 6.9 8

Nd 259 9
Sm 4.7 10
Eu 0.9 15
Gd 41 14
Tb 0.5 18
Dy 27 17
Ho 0.5 21

Er 13 19
Tm 0.2 28
Yb 1.0 19
Lu 0.1 34

Total of 32 observations of four pedons.

Table 6.
Mean and coefficient variation for the Wilbur soil series.
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8. Prospectus concerning research needs

New rare earth element mines are in various states of development across the
United States and in many other nations. Given that rare earth element mines and ore
processing operations span a range of locations, the climate, and physical settings will
vary. The environmental impact assessment must include (i) mine conditions, (ii)
ore geochemistry, (iii) local geology and hydrology, and (iv) physiographic settings
and geomorphology. Mine and processing sites may disturb or accentuate (i) surface
water because of drilling fluids, acid, and neutral mine discharge water, and influence
aquatic organisms, (ii) groundwater impacts because of mine pit lakes, evapora-
tion ponds, (iii) air pathways involving fugitive dust, aerosols and chemical vapors,
radioactivity, and (iv) tailing storage facilities [44]. The environmental assessment
must consider (i) current and future construction workers/employees (ingestion and
inhalation), (ii) traditional tribal lifeways, and (iii) on-site and off-site residents.
The documentation of potential health effects requires a greater research emphasis.
Pulmonary toxicity of inhaled rare earth elements, and expanded investigations,
involving integrated risk information systems and provisional peer-reviewed toxicity
values are necessary [44].

Pollution indices need to be verified for the rare earth elements. Additionally,
substantial research in assessing the biological availability of the rare earth elements
in ecosystems is warranted as the total rare earth element concentrations may not
accurately describe the environmental risk.
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