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Preface

The rare earths (REs), also called lanthanides, which means “To lie hidden,” include elements
from lanthanum (La) (Z = 57) through lutetium (Z = 71). These elements have physical and
chemical properties that allow them to be used in different scientific and technical applications.

Some physical characteristics of the REs have been associated with their atomic electric con-
figuration that allows hybridization of the 6s, 5d, and 4f orbitals. For instance, the hybridiza-
tion of these orbitals is higher in cerium, which has the lowest melting point (1065 K) of all
RE elements. Additionally, hybridization determines the metallic radii that influence density
and hardness. In the case of the REs europium stands out because it has the lowest density
in the series at 5.24 g/cm?® and the largest metallic radius in the series at 208.4 pm.

Moreover, the resistivity of the REs has a value of 29-134 u()-cm, which is higher than in metal-
lic elements such as aluminum, which have resistivity values of 2.655 pQ-cm. The magnetic
properties of the REs can be explained by the presence of electrons in the f orbital not unpaired.

The chemical properties of lanthanides are explained by 4f orbitals, which are usually filled.
These orbitals are depicted as: £, f.% {2 f,,., £.,°.7) fi’s,) and %, 2, which in quantum
mechanics is called the "cubic set” or general set. The 4f orbitals penetrate the core and are
isolated, and thus they do not participate in chemical bonding. This explains why crystal

field effects are small and why they do not form 7t bonds.

Because of these physical and chemical characteristics of the rare earth elements (REEs),
many technologies develop devices with low weight, reduced emissions, and minor energy
consumption, and obtain greater efficiency, performance, miniaturization, speed, durability,
and thermal stability. All these advantages have aroused scientific interest in themes that
comprise exploitation and the recovery of REEs. Therefore, the two first chapters of this
book are dedicated to recovery of the REs by means of two methods. The first one is acid
leaching as a hydrometallurgical method to obtain the REEs from waste containing them;
the effective application of the acidleaching process is discussed through the leaching be-
havior of REs in acidic solution and the synthesis method —REs during acid leaching for
recovery from waste. The second method to recover REs from wastes and ores uses two ap-
proaches that involve biogenic phosphate. The first uses an enzyme that biomineralizes RE
phosphates into crystals in the extracellular polymeric matrix (EPM). The enzyme is also lo-
calized in the EPM to provide a continuous phosphate feed, which results in extensive bio-
mineralization. The bacteria can be immobilized in a column, which allows continuous
metal removal, even at high flow rates. The second approach for RE recovery uses hydrox-
yapatite to capture RE* which is localized at the grain boundaries of the small biocrystal-
lites and then substituted by Ca **. Thereafter, RE is recovered magnetically.
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The next two chapters deal with spectroscopy of the REEs, specifically Chapter 3, which
presents and reviews the results of studying spectra, autoionization resonance characteris-
tics of ytterbium and thulium. Computing spectra, autoionization resonance parameters is
carried out within the relativistic many-body perturbation theory (PT) and generalized rela-
tivistic energy approach. Additionally, the chapter presents a brief review of the theoretical
and experimental works on spectroscopy of certain lanthanide atoms. These results are of
great interest to the development of atomic spectroscopy with different applications, such as
in plasma chemistry, astrophysics, laser physics, and quantum electronics, and Chapter 4
shows the results obtained in determining the concentration of cerium, La, and praseodymi-
um employing inductively coupled plasma optical emission spectroscopy. The optical spec-
troscopy method is selective, sensitive, and applicable for REE determination in
environmental samples with complicated matrix effects.

Chapter 5 describes the sintering of the following RE complex: Eu(Glu)
(Im)5(C104), 3HCIO, 6H,0O,Nd(Gly),Cl; 3H,0 and Eu(Glu)(Im)s(ClO ,); 3HCIO, 6H,0 from
amino acids. The thermodynamic property studies on these complexes were performed via
low-temperature heat capacity, standard molar enthalpy of formation was determined by
isoperibol solution reaction calorimetry phase transition, and thermodynamic functions
were determined by adiabatic calorimetry. For the third complex, microcalorimetry was
used to investigate the interaction between the complex and Escherichia coli.

Finally, Chapter 6 explains that La when incorporated as dopant in the crystallographic lattice
of ferroelectric films changes their structural, electrical, and optical properties significantly.
The changes can be measured since, for instance, barium strontium titanate (BST) films doped
with La can change the material electric properties from insulator to semiconductor.

Dr. Jose Edgar Alfonso Orjuela,
Materials Science and Surfaces Group,
Physics Department,

Universidad Nacional de Colombia,
Colombia
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Chapter 1

Biotechnology Processes for Scalable, Selective Rare

Earth Element Recovery

Lynne E. Macaskie, Sayo Moriyama,

Iryna Mikheenko, Sarah Singh and Angela J. Murray

Additional information is available at the end of the chapter
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Abstract

Biorecovery of rare earth elements (REE) from wastes and ores is achieved by bacteria
using biogenic phosphates. One approach uses an enzyme that biomineralises REE phos-
phate crystals into the extracellular polymeric matrix (EPM). The enzyme, co-localised in
the EPM, provides a continuous phosphate feed into biomineralisation. The bacteria can
be immobilised in a column, allowing continuous metal removal. Metals biocrystallise at
different rates. By choosing suitable conditions and column flow rates selective recovery
of REE against uranium and thorium can potentially overcome a bottleneck in recovery
of REE from mine tailings and ore leachates co-contaminated with these radionuclides.
Another approach to REE recovery first lays down calcium phosphate as hydroxyapatite
(Bio-HA) using the enzymatic process. Bio-HA then captures REE, loading REE of up to
84% of the HA-mass. REE® first localises at the grain boundaries of the small bio-crys-
tallites and then substitutes for Ca* stoichiometrically within the HA. After REE capture
the bio-HA/REE hybrid can be separated magnetically. A wider concept: using a “prim-
ing’ deposit of one mineral to facilitate the capture of REEs, has been shown, potentially
providing a basis for selective REE recovery which would provide advantages over the >
100 steps currently used in commercial REE refining.

Keywords: bacteria, hydroxyapatite, immobilised biofilm, rare earth recovery, rare
earth selectivity

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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1. Introduction

Rare earth elements (REE), listed as “critical materials’ by the EU, are essential for modern
electronics and for meeting global commitments to ‘green’ technologies, e.g. renewable energy
(i.e. wind, solar) and energy efficient vehicles [1]. World REE production has approximately
doubled in the last decade; consumption was forecast to reach 210,000 T in 2016 but >95% of
global REE supply is from China, causing major geopolitical (e.g. soaring prices, restricted
export quotas) and environmental issues. Demand for some REE will outstrip supply, leading
to economic concerns about security of supply and an urgent requirement to find alternative
sources. REE-bearing environments are ubiquitous but are considered too low-grade to be
economically extracted or they may contain toxic and/or radioactive elements, complicating
REE processing; more than 100 steps are used in current REE purifications.

Currently, hydrometallurgy processes are used to dissolve, separate and purify REE from ores
[1]. A widely used method, saponification, produces more than 20 million tonnes of wastewater
annually; the scale of the environmental contamination in China has led to substantial remedi-
ation bills ($0.25 billion per year) and a warning from the Chinese Ministry of Environmental
Protection for REE producers to clean up emissions or face being closed down [2]. Ore extrac-
tion has moved towards bio-mining (i.e. bio-leaching/bio-beneficiation), a potentially more
economical, environmental friendly approach [3], but it is often overlooked by industry due
to longer extraction times, difficulty in controlling microbial reactions and unsuitable ores/
materials. Microorganisms are well known to take up REEs [4-9] and can also control the envi-
ronmental form, mobility and transport of metals [10]. Hence, harnessing biotechnological
methods for REE extraction/recovery could lead to more economically viable, environmental
friendly processes. For example while inorganic acids can selectively leach REE from clay
materials [11], organic acids (such as produced by microbes) were shown to selectively extract
REE from phosphate-minerals (apatite/monazite) [12] and soils [13]. Ligands with carboxyl
functional groups (similar to the active groups of organic acids as found on microbial cell
surfaces and in extracellular polymeric materials) have been shown to be efficient, reusable,
selective leaching/extracting agents [14], which could overcome issues associated with the use
of toxic additives and the generation of large waste streams [1]. Reactive minerals (often made
biogenically) have remarkable morphologies and/or improved functionality for metal removal
[15], for example nano-structured MnOx has 400 times higher uptake than commercial mate-
rial for the removal of contaminants [16, 17], Hydroxyapatite (HA) made in the presence of
organic materials can take up Cu(Il) to a ten-fold higher extent than its ‘chemical’ counterpart
[18] and biogenic HA can take up Sr** from saline solution where its chemical counterpart can-
not [19]. Alternatively, bacteria can simply synthesise REE phosphate enzymatically to metal
loadings of several-fold higher mass than the biomass itself [20, 21]. The neo-mineral is nano-
form (14 nm crystallites) [21, 22] which has implications for onward facile processing; with a
much larger surface area than large mineral crystals it would be easier to generate a leachate
under benign conditions for easier metal recovery from a resulting concentrate.

The purpose of this review is to highlight developments towards a biotechnological approach
to REE recovery from solution and to indicate where future opportunities (and difficulties)
may lie in a bio-refinery concept towards cleaner, more efficient REE recovery and processing.
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The examples described centre upon the use of biogenic REE phosphates, some of which have
particular applications, e.g. as catalysts in the manufacture of butadiene rubber (Nd) [23] and
as optically active materials (Eu) [24, 25]. The concept of ‘one-pot bio-refining’ of new mate-
rial from waste brings new opportunities for application of combinatorial chemistry and syn-
thetic biology which cannot be achieved by chemistry alone and key bottlenecks to progress
in novel REE recovery and processing are highlighted.

2. Biotechnology for recovery of rare earth elements from solution

It is well known that microbial cells have a strong affinity for REEs [4-9]. As well as by sim-
ple biosorption bacterial systems can accumulate metals as heavy bio-mineral deposits, e.g.
see Macaskie et al. [26]. Metallic ions (e.g. UO,*, La*) can be converted into metal phosphate
minerals (HUO,PO,, LaPO,) enzymatically. Using a well-documented paradigm system [26] a
Serratia sp. (strain N14; formerly designated as a Citrobacter sp.) can, especially under carbon-
restriction, up-regulate an acid phosphatase. The corresponding phoN gene, under control of
the phoP/phoQ regulon, is up-regulated in response to various cell stresses. The phosphatase
is ‘trafficked” to and through the cell surface layers (periplasmic space and outer membrane)
and locates in the extracellular polymeric matrix (EPM) [27] which comprises heavily hydrated
polysaccharide chains and some lipids derived from cell membrane material [27]. The EPM
tethers and supports the phosphatase (Figure 1A) and, when supplied with a suitable organic
phosphate molecule, the enzyme liberates inorganic phosphate to precipitate with metal ions.
This forms nucleation sites. Hence, the EPM scaffolds the growing metal phosphate bio-mineral
(Figure 1B) that grows with addition of further metal and phosphatase substrate. In the case
of a biofilm (Figure 1C), heavy mineral deposits eventually coat the cells and hence the biofilm
(Figure 1D). Importantly, the bacteria do not need to be alive as the enzyme is essentially immo-
bilised; the need for metabolism ceases when the enzyme is made and exported into the EPM.
The phosphatase activity is stable and hence heavy mineral deposits are obtained (Figure 1D).
Bacteria readily grow as biofilms on surfaces, such as reticulated polyurethane foam (Figure 1E
and F) ‘tethering’ the bio-mineral (Figure 1G) against the flow within flow-through columns
(Figure 2). This approach to metal recovery was initially developed for removal of radionu-
clides from solution where lanthanides such as La** and Eu*" form a ‘surrogate’ for trivalent
transuranic elements [20, 28, 29]. Effective, continuous metal removal was reported using La*
using cells entrapped in a gel [20]. La is not a highly valuable REE and hence development of
REE bio-recovery technology has more recently focused on the removal of Nd*" and Eu?*.

Early work used a gel-immobilisation system with bacteria grown in batch culture as free cells
and then immobilised [20]. Shredded gel was placed into a glass column for use as a continuous
filter. Later studies using biofilm-immobilised cells (Figures 1G and 2) used columns comprising
eight biofilm-coated polyurethane reticulated foam discs stacked in a glass column [21] with solu-
tion pumped upwards (flow rates as required). The solution comprised rare earth ions (REE*),
glycerol 2-phosphate (5 mM; phosphate donor to yield inorganic phosphate for the growing
mineral) and citrate buffer (2 mM) to the required pH. Citrate provides a known amount of metal
chelation. This is important to compare the recovery of different metals in an identical solution
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Figure 1. Phosphatase location within the extracellular polymeric material (A) and metal phosphate deposition in EPM
(B) by Serratia sp. cells. (C and F): Biofilm on reticulated foam discs. (E): foam disc before biofilm colonisation. (D and
G): Deposition of NdPO, after flowing a solution of 1 mM Nd** and 5 mM glycerol 2- phosphate through a column (seen
end-on in G). Blue arrow: Disc as shown in Figure 2.
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Figure 2. Experiment setup for REE recovery. Column activity is expressed as the flow rate-activity relationship, i.e. that
flow rate giving 50% removal of metal under the set conditions. Flow rate-activity (FA, ) value for Nd** and Eu** removal
by columns was 273 mL/h [21] (see text).

matrix. For example, in the case of U(VI) (and especially Th(IV)) metal hydrolysis occurs exten-
sively with non-chelated metal. This (i.e. loss of OH™ from the solution) promotes a fall in the
solution pH as well as formation of metal hydroxide colloids; to forestall hydrolysis and ensure
that the experiments were comparable the citrate (as citrate buffer) maintained the required pH.

A working column can be defined in terms of its flow rate activity relationship. A very useful
parameter is the FA | , value which is defined as the flow rate that maintains 50% of the metal
removed from the solution. The activity of a column is accurately described as a plug flow
reactor and it can be quantified via an integrated form of the Michaelis-Menten equation.
This describes the immobilised enzyme component with, in addition, an “inefficiency’ factor
which is a lumped parameter describing the additional combined effects of the dissociation
of the metal from its citrate complex and metal removal from solution into the precipitate;
the latter can be viewed as the propensity of the metal to form a phosphate deposit [30].
However, the actual times taken to attain the multiple equilibria need not be known; they are
dynamic in the flow-through system. Some relevant data are reported in non-flow-through
systems [31]. The result observed for column activity is the net outcome as a measure of
metal removed under a particular condition. In some cases competing reactions may occur.
For example, the phosphatase showed transphosphorylation activity (i.e. to regenerate sub-
strate) as shown by using *'P nuclear magnetic resonance (NMR) spectroscopy [32]. It was
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found by trial and error that columns optimally require a substrate to metal ratio of more
than 2:1. The predictive model was proved in an example of uranium removal, firstly from
test solution [30] and then from acidic wastewater from a uranium mine which also con-
tained excess sulphate ion [33]. Importantly, the degree of interference by other components
of the flow, such as excess sulphate (or nitrate), can be overcome simply by slowing the flow
rate by an amount which can be predicted in a given system [34, 35] to maintain the metal
removal at a high level. The effect of the solution pH can be established in a similar way [36].
From this modelling the size of the column required for a particular application can be pro-
jected assuming that the major solution components and the pH are known. It should also
be borne in mind that, while the activity of different cell preparations differs by within only
a few percent, the phosphatase enzyme loses activity while in storage (half-life is 3 months
[21]) which needs to be factored-in at the design stage. In practice, a column series would
be optimal with fresh columns inserted as required. The phosphatase enzyme is resistant to
common inhibitors [37] but has a marked sensitivity to fluoride which is a common com-
ponent of REE minerals (e.g. bastnésite, synchysite) and the recently discovered mineral
parisite [38].

Polyacrylamide gel-immobilised free cells (pre-grown in carbon-sufficient batch culture)
and biofilm (from carbon-restricted culture) were compared with respect to the removal of
REE?* from solution. The phosphatase activity is 10-fold less for free cells grown batch-wise
than for biofilm cells (250 and 2500 nmol product/min/mg protein). The FA, , value for REE*
removal was 3.9 and 45.6 mL/h/mg cells, respectively, i.e. an underperformance of ~15% by

the gel-immobilised cells which suggests some diffusional constraint within the gel.

3. The need for selective REE recovery against Th(IV) and U(VI) and
potential development of the bio-recovery method to metal mixtures

A barrier to exploitation of historic uranium mine tailings (and indeed bottlenecks in pri-
mary refining of REE from many minerals) is their widespread occurrence with U and/or
Th. For example, at the Elliott Lake site in Ontario, Canada, emphasis has diversified from
primary U production to embrace also the untapped REE resource. In 2014, Pele Mountain
Resources expanded its business model to include the sustainable development of a low-
cost, early-to-market, rare earth processing centre at Elliot Lake (designated as the Eco Ridge
Mine Rare Earth and Uranium Project: ‘Eco Ridge’); however, this is capital-cost intensive
while the price of rare earths has fallen. Hence, an initial monazite processing strategy
was adopted (since 2015) for project development at Eco Ridge as the proposed site for
Canada's first centre for processing both rare earths and uranium as a low cost alternative to
mine development, pending development of sustainable rare earth production and supply
chains [39]. Recent market conditions (e.g. a decline in rare earth prices) do not support the
development of new hard-rock mining projects per se but REE separation is required for the
future recovery of REE materials from wastes; hence, establishing rare earth production and
separation in countries with primary resources of REE is a first step to supply chain setup.



Biotechnology Processes for Scalable, Selective Rare Earth Element Recovery 9
http://dx.doi.org/10.5772/intechopen.68429

The Eco Ridge site will start rare earth production by processing imported monazite (REE
phosphates), where the high rare earth grades would justify REE production from relatively
low ore tonnages. Such an initial “processing-only’ setup would reduce capital outlay and
time-to-market as compared to the development of new mine processing operations since
the monazite processing facility would then underpin scalable REE production from local
resources. Metallurgical techniques for processing monazite are well established (although
monazites are fairly resistant to dissolution), and an economic model envisages moving on
from monazite to mine tailings.

The foregoing illustrates that ‘cleaner’ methods to separate REE and U (e.g. in mine
wastes) and REE and Th (e.g. from monazite) are needed since current processing meth-
ods require multiple hydrometallurgical steps with high consumption of acids and alka-
lis. It should also be noted that while ‘geological’ monazite is highly crystalline and
hence requires strong acid for dissolution, biogenically recovered monazite comprises
nano-crystals of ~14 nm [21] offering a large surface area as compared to native mineral
crystals. To re-manufacture monazite biogenically from solution may appear counter-
intuitive but the biogenic material would require less onward processing than the pri-
mary resource and biological intervention could also offer the potential to separate REE
from U and Th.

Initial tests [40] used polyacrylamide gel-immobilised cells, taking into account that both U
and Th form tight complexes with citrate (which is needed to prevent the formation of colloi-
dal metal hydroxide deposits). Natural ligands in real systems that fulfil this function would
include various organic ligands arising from microbial activities in addition to geopolymers
like humic and fulvic acids. Mixed Th(IV)/La(Ill) and U(VI)/La(Ill) solutions were passed
through columns (25 mL volume) by the method of Tolley et al. [20] at rapid flow rates.
Assuming that the time required for the metal-citrate dissociation equilibrium to re-establish
following metal removal from the flow into the mineral phase is longer than the flow residence
time, it was predicted (according to the relative solubility products, for example this being ~7
orders of magnitude less for the uranium mineral autonite as compared to monazite [9]) that
La(III) would be removed effectively while Th(IV) and U(VI) may not. For example, at a flow
rate of 198 mL/h (LnF = 5.28 mL/h), the cleavage of the glycerol 2-phosphate substrate was
33%, to give an available phosphate concentration of 1.7 mM. In the metal mixtures, the total
metal was 1 mM (0.5 mM of each metal; the metals are described in molar terms to account
for the differences in their mass and provide equal concentrations). Figure 3A shows that
while 100% of La* was removed from the mixture, the removal of Th was ~20%. In contrast,
in another series of tests a higher flow rate was required to ‘prevent’ U removal (Figure 3B),
with only a narrow ‘window’ of flow rates under which 100% of La* was removed but little
uranyl ion.

This narrow flow rate ‘window’ must be established each time since each waste would contain
different components in different proportions and wastes also vary with respect to pH. Hence,
while rejection of Th(IV) by the column, and hence metal separation, is feasible using column
retention time alone (Figure 3A), a better selectivity of REE(III) against U(VI) is required in
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Figure 3. Flow rate-activity relationships for removal of (A) a mixture (0.5 mM of each) of La(Ill)/Th(IV) and (B) 1ImM,
separately, La(III)/U(VI) using polyacrylamide gel-immobilised cells in two series of experiments [35]. Closed and filled
symbols represent metal only (1 mM) or metal in the mixture (0.5 mM of each). Good separation of La (@, O) and Th
(M O) is shown in (A). (B) shows a narrow flow rate ‘window” at which La®* removal (O) was maintained while UO,*
removal () was less than 10% (boxed). The concentration of glycerol 2-phosphate was 5 mM (5:1 excess over metal).
FA, is flow rate giving 50% removal of metal from the flow (arrowed).

order to expand the ‘window’ of flow rates (Figure 3B) between which the former but not the
latter is removed. In this respect, an additional complexing agent for UO,* could retard its
capture within the flow residence time in the column, thereby shifting the flow rate-activity
relationship for U(VI) to the left, while leaving the REE* removal profile unchanged.

4. Biotechnology progress towards selective recovery of REE: the use of
biofilm-immobilised cells

The early work used bacteria immobilised in polyacrylamide gel (PAG) [20, 40]. However,
gel-systems have insufficient mechanical strength for large scale processes. The Serratia cells
readily form a biofilm on solid matrices (above) which was used in the removal of 2*$UQ_*
from a real nuclear waste [41] as well as Nd*" (Figure 1G). Hence, the possible application to
selective metal recovery was examined.

Initial comparisons were made using 1 and 5 mM glycerol 2-phosphate (G2P). Figure 4 shows
that, in contrast to gel-immobilised cells, a biofilm-column gave less metal separation e.g. at a
removal of UO,* of 9.4% (at LnF = 4.96 mL/h) the corresponding removal of Nd* was 54.2%
(at LnF =4.95 mL/h). This could be attributed to the removal of a selective permeability barrier
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of two independent biofilm preparations) in separate columns with 5 mM glycerol 2-phosphate (filled symbols and from
a mixture containing 0.5 mM of each metal (open symbols). The boxed area is the region of flow rate that confers some
selectivity (c.f. Figure 3) as indicated by single metal tests.

in the gel that retarded UO,* more than REE*, to a better permeability of uranyl ion through
the natural permeability barrier of the extracellular polymeric materials that characterise a
biofilm, or to a combination of both factors.

Removal of Nd** and UO* in competition with each other is also shown in Figure 4. The
presence of excess liberated inorganic phosphate was comparable in all cases (not shown) but
the mixed metal test shows no selectivity. This was confirmed using 1 mM G2P, i.e. making
less free phosphate available (in order to ‘starve’ UO,* of the phosphate it needs to precipitate
effectively) did not selectively retard UO,* removal.

Comparing Figure 4 with Figure 3B, this study with single metals indicates that biofilm-cells
are less effective than gel-immobilised cells in terms of the potential for metal separation. At the
FA , value for Nd* (LnF =5.15 mL/h) the removal of UO,* was >20% (Figure 4) whereas using
gel-immobilised cells the corresponding removal of La** was ~100% (Figure 3B). However,
inspection of unpublished data of Tolley [40] (c.f. Figure 4) revealed that the removal of La*
by PAG-immobilised cells was depressed to the same level as UO,* in the mixture although
La* removal from a single metal solution was >90% at the same flow rate. Hence, clearly the
depression of REE removal in the presence of UO,* (Figure 4) is not attributable to the choice
of cell immobilisation method (and hence not attributable to the extracellular polymer pro-

duced by biofilm cells). These results show similarities with earlier data of Ohnuki et al. [42].
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Here, while Ce(III) was removed onto cells of Pseudomonas fluorescens in the presence of citrate
comparably to Pr(Ill) at acidic pH, at pH 6 and above Ce(Ill) removal was reduced by ~40-
fold as compared to La(Ill) concomitantly with an oxidation of Ce(Ill) to Ce(IV) observed by
XANES spectroscopy. A similar study [42] examining the uptake of Eu(Ill), Th(IV) and Pu(IV)
in the presence of desferrioxamine B (DFO) as a complexing ligand showed that, at pH 6, the
removal of Eu(IIl) was ~6-fold greater than for Th(IV) while the removal of Pu(IV) was ~100-
fold less than for Th(IV). Analysis of the oxidation state of Pu was not attempted but it seems
possible that partial oxidation of Pu(IV) to Pu(VI) may has occurred in an analogous way
to that of Ce(IIl). In both the Ce(II)/(IV) and Pu(IV)/(VI) tests removal of the mixed valence
species was drastically reduced as compared to a single valence species alone. However, this
study [42] did not use a mixed metal challenge system, nor was any attempt made to establish
the proportions of each metal species in the putative mixture for a single element, nor of the
‘preference’ of the cells for a particular metal species of that element.

An additional factor in the current study is that the removal of both metals from their mixture
failed at rapid flow rates (Figure 4) although excess available Pi was confirmed (>4 mM). It
is suggested that a large polymeric complex may be formed between the 2 mM citrate and
0.5 mM Nd*/0.5 mM UO,* such that their availability into solution becomes curtailed and
metal release into solution may not occur within the column residence time at rapid flow
rates. Indeed, in the Pu/DFO/Ps. fluorescens system Pu removal was decreased by a further
order of magnitude by increasing the Pu/DFO ratio from 1:1 to 1:100 [42], so that less available
Pu would be available for interaction with the cells.

Multi-metal polymeric citrate complexes are now well known (e.g. [43]) and can be included
in the class of metal-organic frameworks (MOFs) that are gaining increased recognition.
Importantly, the structure of the MOF depends on the metals within the complex; a multi-metal
citrate framework was shown to assume a cubic crystal structure [44]; many MOF materials have
been described [45]. In conclusion, although immobilised bacteria removed metals individually,
when metals are combined in the presence of complexing ligands the REE is ‘withdrawn’ from
availability, being captured into a putative bimetallic MOF. Hence, another agent is required that
has the potential to compete with putative MOF formation selectively for one metal over another.

5. Biotechnology progress towards selective recovery of REE: use of
tributyl phosphate (TBP) as a possible selection tool

The well-established ‘PUREX’ process uses tributyl phosphate (TBP) to sequester actinides
against a background of metal cations. An early study indicated that the complexation of TBP
to uranyl ion was more than to REE [46]. Hence, TBP was considered as a possible agent to
retard removal of UO,* in the REE-accumulating column to enable later recovery of U(VI)
downstream. In addition, while effective removal of U022+ from acidic minewater at the
expense of glycerol 2-phosphate was achieved successfully [33] a barrier to industrial imple-
mentation remains the cost of G2P at scale [47]. This would impact adversely upon com-
mercial REE recovery. As a potential alternative phosphate donor, TBP is cheap and readily
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available. These dual advantages prompted evaluation of TBP as an alternative phosphate
donor, this requiring, probably, the concerted action of phospho tri-, di- and mono-esterases.
On the other hand, since the dibutyl phosphate complex of uranium is insoluble [48, 49] only
one enzymatic step might be required, giving DBP (Figure 5).

Uranium removal (90%) from acidic U-minewater supported by TBP was achieved by a
mixed culture [50]. The column input and output concentrations of TBP were 1.2 and 0.8 mM,
respectively; correspondingly, 0.4 mM UO,* was removed but the flow rate was very slow
(<1 mL/h). The accumulated solid was confirmed to contain HUO,PO, [50] but the presence
of other solid uranium species was not sought. As a potential tool for metal separation it is
important that TBP does not impact negatively upon REE removal. As confirmed by Figure 6,
removal of Nd* was indistinguishable between columns with and without TBP, while the
stability of TBP against PhoN phosphatase was shown by an identical release of phosphate
under both conditions (Figure 6).

Controls established no phosphate leaching from the tubing or materials. With each new flow
rate the column was pre-equilibrated before sampling. To check that columns did not require
further time to incorporate TBP, up to 20 column volumes were tested at each flow rate.
Between experiments, columns were returned to the initial condition (no TBP) to establish
stability for re-use in subsequent tests. Data were normalised to factor-in the decay time of
the biofilm phosphatase between tests [21]. Total Pi release (open symbols) was calculated
as equivalent to Nd* removal (the solid was NdPO, [21]) plus that found by assay of soluble
Pi. The solid and soluble phosphate data were pooled to give total phosphate liberated. This
experimental design was adopted in subsequent tests.

Since TBP was shown to support U-removal by a mixed culture (at a flow rate of 1 mL/h
as compared to >200 mL/h by using G2P, above), it may be expected that a tight binding of
uranyl ion to TBP would slow the rate of the precipitation reaction with phosphate liberated

Figure 5. The structure of tributyl phosphate (TBP). Note that, unlike with glycerol 2-phosphate (G2P), three phosphoester
bonds (arrowed) require cleavage to yield free inorganic phosphate (Pi) via intermediate DBP. The products would be 1
mol of Pi and 3 mol of butanol. The enzymology is unknown.

13
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Figure 6. Effect of TBP on Nd* removal. Biofilm-foam discs (8) were packed into glass columns (Figure 2). Each column
received an equivalent mix of discs from positions in the growth vessel. Tests used biofilms made from two preparations
(variation <5%). Solution (1 mM G2P, 1 mM Nd*, 2 mM citrate, pH 5.5 (@, O)) was passed upwards at varying flow
rates. TBP (2 mM Alfa Aesar, fresh), was supplemented directly into the solution and agitated vigorously to maintain an
aqueous suspension (ll, [J). Open symbols: Pi liberated. Filled symbols: metal removed.

from G2P in the bulk solution (by maintaining a low concentration of free UO,*), but, bound
to TBP, the uranyl would be held adjacent to any liberated DBP for removal in a slower flow
rate column downstream.

An early study indicated the ability of cells of Serratia sp. strain N14 to hydrolyse TBP [51].
However, the phosphatase also behaved as a transphosphorylase regenerating alkyl phos-
phate substrate from the alcohol product in a futile cycle [32] in the absence of a ‘phosphate
trap’ such as a heavy metal ion. However, the breakdown of TBP was genetically unstable
[52]. Later work [53] showed that degradation of TBP by Serratia odorifera occurred via co-
metabolism of a primary substrate that involved neither the release of detectable di-butyl or
mono-butyl phosphates nor of Pi. These authors subsequently identified an oxidoreductase
activity in Rhodobacter palustris that was implicated in TBP breakdown, also noting that oxi-
doreductases do not necessarily require molecular O, but can utilise the oxygen present in
water [54]. In this context two salient features prompted this current study: (i) the breakdown
of TBP in highly radioactive solution (radiolysis) proceeds via chemical formation of dibutyl
phosphate from TBP [48] (presumably via free radical attack from radiolysis of water); the
DBP forms insoluble metal precipitate (see above) and (ii) the Serratia phosphatase shows
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bi-functional phosphohydrolase and oxidoreductase activities and was found to generate free
radicals [55], this bi-functionality resembling a reported vanadium peroxidase [56].

Application of the bacteria to support metal removal via trialkyl phosphate breakdown
was studied empirically in early work using Cd* as the phosphate trap [57]. The column
(Serratia cells immobilised in polyacrylamide gel; this strain N14 was originally designated as
a Citrobacter sp. in early work) was challenged with 2 mM Cd?* with limiting concentrations of
glycerol 2-phosphate: 1 or 0.5 mM; the former supported 50% removal of 2 mM Cd* (i.e. leav-
ing 1 mM available Cd*) while 0.5 mM G2P supported ~30% of 2 mM Cd* (Figure 7). With
0.5 mM G2P/5 mM G2P alkyl phosphate (1:10), the removal of Cd?* fell rapidly to the ‘base-
line” level of 0.5 mM G2P alone. A mixture of 1:4 gave a slower loss of activity in each case
(Figure 7) with a flow of 2-3 L sustained before the ‘baseline” attributed to 0.5 mM G2P alone
was reached. However, a mixture of 1 mM G2P:2 mM TBP supported steady state removal
of 70, 75 and 90% of the Cd* (i.e. this accounted for more phosphate consumed than was
accountable as the Pi liberated from G2P) using trimethyl, triethyl and tributyl phosphates,
respectively (Figure 7). For 90% of 2 mM Cd* to be removed (i.e. 1.8 mM) with, maximally,
1 mM Pi able to come from the G2P (i.e. 1 mM G2P provided in the inflow) the implication is
that 0.8 mM Pi had been liberated from TBP (from 2 mM TBP provided).

This early study [57] offered no explanation for the observed behaviour but the requirement for
G2P to facilitate TBP breakdown is in accordance with a hypothesis of co-metabolism proposed
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Figure 7. Ability of trialkyl phosphates to support removal of Cd* from solution by polyacrylamide gel-immobilised
cells with and without added glycerol 2-phosphate (G2P). Data are redrawn from Ref. [57]. The flow rate was 30 mL/h
(column working volume 60 mL) with 2 mM Cd?** and ImM (@), (50% removal of Cd*) and 0.5 mM (4) (30% removal
of 2 mM Cd*) G2P. Mixtures were also supplemented with 0.5 mM G2P/5 mM alkyl phosphate (ratio of 1:10; total
phosphate was 5.5 mM) (A) or 0.5 mM G2P/2mM alkyl phosphate (ratio of 1:4; total phosphate was 2.5 mM (V) or 1
mM G2P/2 mM alkyl phosphate (ratio 1:2; total phosphate was 3 mM) (O). Trimethyl phosphate supported removal of
additional ~30% of Cd** (A: solid arrow); triethyl phosphate, of additional ~40% of Cd*" (B: broken arrow) and tributyl
phosphate, of additional ~80% of Cd* (C: dashed arrow) at steady-state.
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by Berne et al. [53, 54]. This requires that the co-product of G2P hydrolysis, i.e. glycerol, is
metabolised by the cells and this was confirmed by analysis of the exit solution of metal-
accumulating columns where not only glycerol but also citrate was consumed by the cells
(P. Yong, M. Paterson-Beedle and L.E. Macaskie, unpublished). Under metal-accumulating
conditions, the non-growing cells accumulated large deposits of polyhydroxybutyrate as a
carbon and energy stored (see later) [58]. The early work [57] showed several salient fea-
tures; G2P was required for utilisation of TBP (Figure 7) and 1 mM TBP supported a stable
column. On the other hand, 0.5 mM G2P was insufficient to sustain metal recovery (Figure 7).
Moreover, columns were ‘refreshed” by a period of TBP-free flow followed by a new TBP-
supplemented cycle [57], in accordance with not only a role for co-metabolism (of glycerol)
as proposed by Berne et al. [53] but to replenish PHB reserve during ‘refreshment’ to support
the next TBP cycle. Also, addition of the proposed alcohol end-product (3-fold molar excess
to alkyl phosphate) inhibited metal removal [57] in accordance with a competing transphos-
phorylation (above) of phosphate onto liberated alcohol [32]. The removal of Cd* supported
by trimethyl and triethyl phosphate was reduced by ~25-30% by addition of methanol and
ethanol, respectively, and by 20% in the case of TBP/butanol [57].

A hypothesis was formulated to widen the flow rate ‘window’ boxed in Figure 3. This assumes
that REE** forms a weaker complex with TBP than does UO,* [46]; no benefit for REE removal
would be anticipated with TBP (Figure 6) if REE** is presumed to be not in close association
with TBP or its breakdown products. Rare earth phosphate (REEPO,) formation is rapid and
hence occurs at high flow rates while UO,* requires more time to form a precipitate [21]. As
UO,* complexes with TBP, it is ideally placed to capture liberated phosphate (or DBP) from
TBP breakdown to form uranyl phosphate precipitate in advance of the competing transphos-
phorylation reactions of phosphate onto liberated alcohol. Hence, incorporation of TBP into a
REE/U(VI) G2P/TBP mixture might better capture REEPO, at a rapid flow rate while rejecting
uranyl, which would be available for downstream recovery as uranyl-DBP at a slower flow
rate.

However, as shown in Figure 8, with 1 mM G2P/2 mM TBP (combination as used in the early
work [57]; Figure 7C) there was no selectivity of metal removal and, indeed, the removal of
both metals was inhibited even at slow flow rates. With 5 mM G2P/0.5 mM TBP both metals
were removed at slow flow rates (below 10 mL/h) but with little or no selectivity between
them. In the absence of uranyl ion, Nd*" appeared to be resistant to this inhibition at all flow
rates (Figure 3) and it may be suggested that, once they are in a presumptive bimetallic citrate-
MOF, the effect of TBP applies to both metals equally.

Hence, despite promising early work using La** and UO,* separately (above) and a success-
ful TBP supplement being shown to boost metal recovery by gel-immobilised cells (Figure 7),
TBP was ineffective to support metal removal from a single metal or mixed Nd/U flow using
biofilm-cells for reasons still to be established. In this context, it is noteworthy that other work
using triethyl phosphate as a means for generating inorganic phosphate gave dissolved phos-
phate at concentrations far in excess of that based on equilibrium consideration but there was
no detectable mineral precipitation [59]. Both metal speciation and full mass balances would
form the basis for future work to shed light on these anomalies.
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Figure 8. Removal of Nd** (@, O) and UO,* (M, [J) from a mixture of 0.5 mM of each metal in flow with 1ImM G2P/2 mM
TBP (open symbols) or 5 mM G2P/0.5 mM TBP (filled symbols).

If MOF formation is confirmed, this has implications for the treatment of wastes more gener-
ally which contain organic complexing agents, e.g. those arise naturally from degradation
of larger polymers [60]. In the case of uranyl removal, the use of bicarbonate ion to remove
UO,* out of the immobilised phosphate mineral in a column pre-loaded with HUO,PO, was
shown [30]; hence, addition of dilute bicarbonate and use of a second uranium-accumulating
column could provide an alternative/supplemental route to U-retardation with downstream
acidification to convert HCO,™ to CO,, releasing UO,* as a free ion available for phosphate
bio-mineralisation; the enzymatic bio-mineralisation is tolerant to pH down to pH 4 [33, 36]
but further developmental work is required.

6. Potential for recovery of REE from bio-mineralised columns

A process for REE bio-refining into new materials would require additional processing steps.
REE recovery from the bio-REE phosphate bio-material could use NH," since this has been
shown for REE leaching from clay minerals and metallic scraps [61-63]. The highly nano-
crystalline nature of bio-REEPO, [21] (see later discussion) would make it suitable for a more
‘benign’ leaching than the strong acids required for ‘geological’ monazite minerals. A series
of tests using columns supplemented with acidic 100 mM (NH,),SO, (to simulate leach liquor)
showed that this had no effect on column activity at pH 5.5 (Table 1), with only a slight loss
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pH5.5 pH3.5 pH 5.5 (return)
Without/with (x) 100 mM (NH,),SO, * + +
FA,, (mL/h) 38/38 19/17 30/25

Columns were run at pH 5.5 or 3.5 with and without (NH,),SO,. After determination of FA
standard condition (pH 5.5 without (NH
Data from Ref. [64].

1» they were returned to the

),50,) to check for column robustness, with 3-6 wash volumes before sampling.

Table 1. The effect of 100 mM (NH,),SO, on Nd* recovery (percentage of 1 mM input metal removed) by 10-11 month
old biofilms at pH 5.5 and 3.5.

of activity (~10%) seen after exposure to pH 3.5 and return to pH 5.5. Columns were returned
to the original conditions after each use to check that the potential for column re-use was not
compromised for potential re-use in multiple cycles.

7. An alternative approach for REE recovery via biogenic phosphate

Uptake of Ce(III) was reported by the Gram negative microorganism Pseudomonas fluorescens
[65]. Ce(Ill) uptake was accompanied by its oxidation to Ce(IV). A 10-fold increase in the
number of bacteria present reduced the proportion of Ce(IV) formed, from 80 to 50%, sug-
gesting a mechanism of ‘fixation’ of the Ce(IIl) into a form on the cells which was resistant to
oxidation. A longer contact time resulted in a greater amount of the ‘fixed’” Ce(IlI) following
addition of MnQO, as an oxidising agent. Cerium phosphate nano-particles were formed on the
cells in the absence of added phosphate and hence the formation of Ce(IlI) phosphate at the
expense of stored and mobilised phosphate was suggested [65]. Accordingly, storage of phos-
phate as intracellular polyphosphate bodies in Pseudomonas putida has been reported [66].

Ohnuki et al. [65] suggested two mechanisms of Ce(III) uptake, a rapid sorption followed by
a slower Ce(Ill) PO, deposition. Analysis by time resolved laser fluorescence spectroscopy
(TRLES) that showed that the initial adsorption of Eu(lll) on Gram negative Ps. fluorescens
occurs through multi-dentate and inner-sphere complexes [6], while X-ray extended fine
structure (EXAFS) analysis of Sm*" uptake by Gram positive Bacillus subtilis showed that Sm*
is complexed with carboxylate and phosphate functional groups [8].

The conclusion regarding a secondary, slower process of REE(III) fixation via phosphate
deposition via stored reserves is in accordance with the earlier results. Jiang et al. [9] observed
formation of Ce(Ill) and Yb(III) phosphates by the yeast Saccharomyces cerevisiae over 2 days.
When lysed for 2 months after development, YbPO, nano-particles persisted in the solution
showing the stability of the nano-material [9]. Jiang et al. [9] attributed this to the very low
solubility product of REE phosphates (e.g. CePO, log k = -26.2) as compared to, for example,
uranium minerals (e.g. for autonite log k =-19.3 [9]).

Up to date, apart from the Serratinimmobilised cell system (above), there has been little attempt
at bio-process development using bio-mineralisation systems. Delivery of the mineralising
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microorganisms into the target solution and separation of the harvested REE phosphate does
not seem to have been developed apart from the use of immobilised biomass columns. It
should be noted, however, that while the Serratia enzymatic mechanism was irreparably dam-
aged at pH 3.5 and below [64], Yb phosphate mineralisation by S. cerevisiae occurred at pH 3
(although the longevity was not tested). EXAFS analysis of the deposited material showed a
similar Yb(IIl)-edge for samples made at pH 4 and 5 while that for sample made at pH 3 was
subtly different [67].

8. An alternative biotechnology for REE recovery: use of biogenic
hydroxyapatite

Hydroxyapatite (HA), a major component of natural bone, has been used as a material for
sequestering radionuclides using bone-HA [68]. However, use of animal by-products is sub-
ject to legislative constraints [69]. Using the same mechanism as described for phosphatase-
mediated deposition of NdPO,, (above) deposition of biogenic hydroxyapatite was achieved
using biofilm-immobilised cells [70]; use of biofilm, as described above, yielded a highly
adhesive bio-HA layer [71] which was tightly held onto the support after HA-mineralisation
The work done to remove biofilm from a polypropylene support was measured (using a
micromanipulator) at 3.4 + 0.7 and 126.2 + 23.3 J/m? for native and bio-mineralised biofilm,
respectively [71].

The Serratia bio-HA was found to accumulate Eu®* [72, 73]. This study focuses on the forma-
tion of cell-bound HA-crystals with the aim to produce smaller crystallites than those obtained
by ‘classical’ methods which include batch growth of bacteria as used previously [74, 75].
Previous work on the bio-deposition of NdPO, by continuously pre-grown cells showed that,
despite extensive bio-mineralisation, an average crystallite size of ~14 nm was obtained [21];
the cells apparently exert a stabilising effect that restricts ‘runaway’ crystallisation and nano-
particle agglomeration. One rationale for this is that, since continuously pre-grown cells pro-
duce copious extracellular polymers and since these polymers provide nucleation sites [76],
cells pre-grown under continuous culture should produce more and smaller (for the same
amount of Ca*" provided) crystals than batch-grown cells, being stabilised against agglomera-
tion by the surrounding extracellular polymeric material (EPM) matrix. A biofilm comprises
cells bound together via copious EPM [68], the composition of which is dependent on the
growth conditions [76, 77]. It is well known that Ca?" ions crosslink adjacent EPM chains via
their carboxyl groups and, in this respect, the bacterial EPM-Ca (subsequently EPM-HA) com-
plex could be considered as a biogenic metal-organic framework (MOF), supplemented with
ingressing phosphate via the co-localised phosphatase enzyme resulting in localised nano-
precipitation under bio-control. Since bio-HA on Serratia was shown to take up Eu** (above),
this prompted a study of the use of this material as a potential scavenging agent for REEs
which does not require the use of living cells. Dried, heat-treated bio-HA accumulated met-
als as well as fresh (hydrated) bio-HA [73] give a bio-mineral with a long shelf-life and less
encumbered by restrictions on use as compared to animal by-product materials.
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The material deposited in the biofilm within the EPM (Figure 9A) and biofilm between the
cells (Figure 9B and D) was confirmed to be hydroxyapatite using selected area X-ray diffrac-
tion and X-ray powder diffraction analysis (XRD) [78] and estimation of the bio-HA nano-
particle size by the XRD patterns under various incubation conditions gave an average of
20-25 nm [78, 79] as compared to the ~40 nm made by batch-grown cells [75] and ~80 nm of
commercial hydroxyapatite (Table 2) [73].

Two features are highlighted by Figure 9. It is known that the bacteria metabolised the carbon
components of G2P and citrate as provided in the mixture (analysis showed the disappearance
of both citrate and glycerol P. Yong, M. Paterson-Beedle and L.E. Macaskie, unpublished);
in the absence of any nitrogen source the cells did not grow but instead deposited intracel-
lular deposits of the storage material polyp-hydroxybutyrate [58] as shown by the electron

Figure 9. Formation of hydroxyapatite (HA) by Serratia cells. (A) Initial deposition of HA nano-crystallites within the
EPM layer surrounding the cell. (B) As HA deposition proceeds (via daily dosing of Ca* and G2P) the material assumes
needle-like deposits of HA extruding from the cells. Inset: Progression of the bio-HA (cross section) from cell-bound to
needle-like crystals within layers of EPM Images: transmission electron microscopy; bars = 200 nm. (C) Mass of bio-HA
from cut spur of polyurethane foam. (D) Top view of HA-biofilm on foam. Note extensive mineralised deposits cross
linking the layer of cells (images: scanning electron microscopy).
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Treatment (°C)  Organic content (%)  Surface area (m?/g) Crystallite size (nm) Uptake of metal
(mmol/100 g material)

Eu® uo*
20 36 ND 40 154 131
200 27 65 34 154 131
250 23 76 37 154 131
300 16 93 31 154 131
350 9 102 37 154 131
400 7 115 36 154 131
450 3 86 36 154 131
500 3 61 32 154 131
550 1 38 48 154 131
600 2 27 64 154 131
650 0 17 125 153 124
700 0 12 271 151 116
Comm-HA 0 21 85 13 130

Data from Handley-Sidhu et al. [73]. Bio-HA was made by daily dosing with 2 mM Ca*, 5 mM G2P and 2 mM citrate
buffer in 0.1 M AMPSO buffer, pH 8.6. Comm-HA: commercial HA (Sigma-Aldrich). Metals were used at 10 mM
individually (aq; pH 5-6); no mixed metal tests were carried out. Eu uptake was 0.23 mg/mg bio-material (0.32 mg/mg
HA component); U uptake was 0.31 mg/mg bio-material (0.42 mg/mg HA component) i.e. ~30 and 40% of the mass of the
native bio-HA, respectively. Errors were within 5%.

Table 2. Uptake of Eu®* and UO,* into bio-HA pre-treated at increasing temperatures.

transparent inclusion bodies in Figure 9A; the degree of carbon turnover was not established.
Secondly, the pattern of bio-HA deposition was shown as an initial formation of electron
opaque material in the EPM around the cell (Figure 9A; capsular material, after 3 days of daily
dosing with Ca*" and G2P), progressing to intense mineral deposition within the EPM and for-
mation of needle-like crystals that egressed around and beyond the cells and in the looser EPM
in the regions between them, and densification to form a mineral network (Figure 9B and D
and inset). Examination by scanning electron microscopy (a cut end of the foam is presented)
shows the role of biofilm in adhering bio-HA to the support (Figure 9C) and in addition miner-
alised strands of EPM are visible between the cells and crosslinking them (Figure 9D). Many of
the cells have become separated from the EPM-HA matrix leaving a meshwork of HA strands
(Figure 9D)—a MOF that is typified by a crystalline material with voids to permit solute per-
meation. The biomaterial was evaluated for its ability to take up Eu®.

9. Eu** uptake by bio-HA made by cell suspensions

Early work used cells that had been pre-grown in batch culture suspensions (no carbon restric-
tion). This reduces their ability to form biofilm (and hence EPM) [77] and hence continuously
pre-grown and carbon-restricted cells were routinely adopted and bio-HA was made by daily
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dosing of re-suspended cells with a mixture of Ca?, G2P and citrate. Initial studies established
that bio-HA made in the presence of citrate was more efficient than commercial HA in remov-
ing Sr** from an artificial groundwater [74] and hence citrate (generally 2 mM) was routinely
incorporated into the Ca?*/G2P challenge solution to make bio-HA. Following initial work by
Holliday et al. [72] a subsequent study provided Eu* to a preparation comprising 26% organic
material and hence 64% loading of HA (20 mg mass of bio-HA) (Table 2); the uptake of Eu*
was ~30% of the HA dry mass (Table 2). Heating of the HA materials showed that bio-HA
was little-affected even after removal of the organic component and potential agglomeration
of the nano-crystallites and with a significant reduction in their surface area (Table 2). This
suggested a mechanism other than simple surface adsorption and it was also noteworthy that
while UO,* was removed comparably by the bio- and commercial-HA, the latter showed
negligible ability to remove Eu* which suggested differences in the nature of biogenic and
chemical HA materials.

In a subsequent study (daily dosing with mixtures of CaCl,, G2P and citrate at pH 7.0,
8.6 or 9.2: 8 days; all of the Ca* was removed each day) a known mass of bio-HA was
made onto a known mass of bacteria (to give 50% loading as HA); here, the Eu®* uptake
reached ~42 mg/100 mg bio-HA or 0.84 mg mineral (i.e. 84% of the mineral mass) [78]. The
HA-crystallite size was 21 + 1.6 nm from materials made at pH 7 and 8.6 (pooled data) [79].

Comparing HA-bio-material made at pH 7, the optimal mixture was 2 mM Ca*, 2 mM citrate
and 5 mM G2P [79] (5:2 of G2P:Ca*) and changing this ratio to 1:5 reduced the capacity for
Eu* substantially (Figure 10).

70 - I A (citrate:Ca2+:G2P in sol. = 2:2:5)
i |:| B (citrate:Ca2+ :G2P in sol. = 2:1:1)
60 - (77777 C (citrate:Ca”":G2P in sol. = 2:5:1)

50 [ [ |D (commercial HA)

40 |
301
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uptake by bio-minerals (%)

3+
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o
1
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Figure 10. Uptake of Eu* made by bio-HA at pH 7 by methods A, B and C of bio-HA synthesis prior to Eu** challenge [79].
No further uptake occurred after 24 h solution (sol.) mixtures (citrate:Ca*:G2P) A: 2:2:5; B: 2:1:1; C: 2:5:1; D: commercial
HA.
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10. Eu** uptake by biofilm-HA immobilised in flow-through columns

The biofilm component of the continuously pre-grown bacterial culture was retained for use
in this study (column tests). The planktonic cells fraction (from the vessel outflow) was used
in previous work [78, 79]. Cells were from two independent cultures (I and II). Biofilm from
the continuous culture vessels as immobilised biofilm-HA in a flow-through column. In order
to be able to compare the results with a previous biofilm-HA adhesion study that quanti-
fied and confirmed the strength and durability of biofilm-HA [71], the biofilm was loaded
with HA at pH 9.2. The HA-loading was calculated (by loss of Ca from the column exit solu-
tion) to be ~5 times the dry weight of bacteria (2300 mg of HA per column of eight biofilm
discs). Following loading with HA and washing, the columns were challenged with 0.5 mM
Nd(NO,), (aq) at 4 mL/h (0.5 column fluid vol/h). The exit solution was monitored and the
Eu* breakthrough point was determined (Figure 11).

The bio-HA columns (but not the control) removed Eu* (~95%) during 2 L after which the
activity decreased. The breakthrough region was ~2 L with a large data scatter after ~2.4 L.
The column was not saturated since Eu* removal was sustained at ~50% removal until 4
L (mean value: Table 3) when the experiments were stopped. A mass balance analysis was
calculated by averaging each point for experiments I and II and then calculating the mean of
all samples between 2 and 4 L of flow. Initially (up to 600 mL) some phosphates was evolved
which suggests a release of loosely bound HA material. From 600 mL to 2 L this was 0.1 mM
which, subtracted from the Ca* released, indicates stoichiometry between Eu* removed and
Ca?* evolved and hence an ion exchange mechanism. The 1:1 stoichiometry was clearly seen
in the second flow period (24 L) (Table 3).
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Figure 11. Uptake of Eu* by bacterial HA. The setup was shown in Figure 2 except that the loading solution was 1 mM
Ca*, 5 mM glycerol 2-phosphate and 2 mM citrate buffered to pH 9.2 (25 mM TAPSO) for the loading of hydroxyapatite.
The columns from independent biofilm preparations I and II (M, /\) were drained, and the flow changed to 0.5 mM
Eu(NO,), (aq). Column exit solution was assayed for Eu* colorimetrically; selected samples were retained for analysis
of Eu, P and Ca by inductively coupled plasma optical emission spectroscopy (ICP-OES) in Table 3. @: control (biofilm
only). Arrow: Eu* breakthrough.
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Volume passed (L) Eu* accumulated (mmol/L) Ca* evolved (mmol/L) Pi evolved (mmol/L)

0-2 0.47 +0.04 056 +0.31 0.28 +0.02 (0-0.6 L)
0.10+0.02 (0.6-2 L)

2-4 0.22+0.03 0.23+0.01 0.017+0.003 24 L)

Table 3. Eu* uptake into immobilised bio-HA and Ca? and phosphate (Pi) evolved.

Since the column was not saturated with Eu®* by the 4 L stage, this study suggests that a
surface layer of bio-HA was initially saturated and then a second phase occurred whereby
incoming Eu** exchanged for Ca* in deeper layers of the HA-biofilm in a slower process. The
variation of Eu* removal in the second stage ranged from 0 to 100% which possibly reflects
discontinuous access of new parts of the bio-HA as the column becomes saturated in the
readily accessible areas. Figure 9C and D suggests that the bio-HA is not homogeneous in the
biofilm. While magnetic resonance imaging (MRI) has been applied to visualise biofilms in
the foam in situ and also during HA-loading [70] and could be used to monitor progressive
ingress of the paramagnetic REE* species (Gd is a well-known contrast agent in MRI due to
its paramagnetic effect) as described for mapping of paramagnetic Cr(VI) in columns [80].
The resolution of MRI (~100 um) is insufficient to visualise even the detail of the foam struts
and the biofilm appeared as an indistinct layer on them [70]; hence spatial analysis of the Eu®
penetration into the bio-HA would be very difficult, additionally because of the long image
acquisition times required. More extensive work is required to optimise the bio-HA loading
on the biofilm and to obtain a more even distribution. It may also be found useful to use a
fluidised bed delivery to ensure more even penetration throughout all exposed surfaces and
to avoid channelling behaviour within the column.

Although bio-HA was found to take up both Eu* and UO,* separately, the failure of the
former in commercial HA only (Table 2) and the ability of the bio-material to take up Sr*
from seawater (high saline) where commercial HA cannot [19] suggest bio-HA to be a new
bio-agent for REE recovery. However, experiments using metal mixtures in realistic matrix
backgrounds are needed in order to evaluate the scope for metal selectivity in actual applica-
tions. To aid further studies, insight into the structure of the bio-material is required.

11. Structure of bio-HA and mechanism of REE sequestration

The above discussions suggest that bio-HA differs in some way from its chemical counterpart.
It is important to note that XRD analysis examines bulk sample and reports on only those
components that are crystalline (even if in minor amounts), while selected area electron dif-
fraction analysis examines only very small spots within a sample. The broad peaks for bio-HA
[74, 78, 79] suggest the material contains poorly crystalline or amorphous components, as
confirmed by the analysis of its crystallinity (below).

A detailed investigation was made of calcium phosphates made chemically in a groundwater
matrix with and without added bacteria [81]. Ground waters contain the naturally occurring
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geopolymers, humic and fulvic acids and, with bacteria, organic acids derived from bacterial
metabolism and also microbial extracellular polymers.

The mineral progressed from the initial formation of amorphous calcium phosphate and trans-
formation to poorly crystalline HA within 7 days. The presence of bacteria delayed the onset
of precipitation, resulted in changes to the lattice parameters and also reduced incorporation
of trace elements as compared to cell-free systems. Importantly, that study [81] distinguishes
between the ability of HA to form in a passive, bacterially supplemented system (with added
external phosphate) [81], as compared to one in which the phosphate is being supplied enzy-
matically within the extracellular polymeric matrix [the Serratia example system described in
this work]; both indicate that the matrix with/of the bacteria influences the formation of HA,
its lattice structure and also its ability to take up secondary metals. A detailed discussion is
outside the scope of this chapter (see [81]) but salient points highlighted were the effect of
organic compounds with respect to HA crystallinity, also noting that uptake of Sr*" into HA
decreased in the presence of bacteria during HA synthesis (the uptake of Sr** into pre-formed
HA was not tested). Specifically, it was cited that the presence of citrate (relative to acetate)
in the mixture had the effect of decreasing the crystal size and showed both a higher content
of impurities and a higher incorporation of carboxylate groups into the crystal structure [82].
We suggest that by fabricating the HA from within the EPM (Figure 9A), fed by enzymatically
generated phosphate, a novel scaffolded HA is formed, with crystal growth controlled by the
surrounding EPM-matrix, which may promote features enabling it to take up Eu** efficiently
even after heating (i.e. a persistent matrix ‘memory’) whereas ‘chemical HA” would lack this
property (Table 2).

An early analysis of bio-HA made under the conditions described here (Figures 10 and 11;
Table 3) confirmed formation of a hydroxyapatite material that converted to {3-tricalcium
phosphate (3-TCP) after sintering [83]. Further analysis [84] showed that non-sintered mate-
rial comprised mainly calcium-deficient HA (CDHA) of ~9% crystallinity which increased
to 53% after sintering at 1200°C, with the sintered material identified by X-ray diffraction
and Fourier Transform Infrared spectroscopy as mainly CDHA with some sodium calcium
phosphate. In the bio-HA (native, treated at 600°C and sintered at 1200°C) the stretching O-H
bond (characteristic of the commercial HA spectrum at wavenumber 3566 cm™) was absent,
suggesting that the HA crystal lattice is defective; Ledo et al. [84] discussed the possible pres-
ence of vacant calcium sites and hydroxide ion sites and/or that some of the phosphate ions
may be either protonated or substituted by other ions. They also suggested that the EPM
materials were associated with the bio-HA and were destroyed upon sintering. Thackray et al.
[83] suggested that after sintering bio-HA comprised -tricalcium phosphate as a dominant
phase, together with small amounts of Na,Ca (PO,), and NaCaPO,. The Na* ions probably
arise from the sodium salt of G2P used in bio-HA synthesis. They also noted that the presence
of impurities may influence the phase composition, the final material after sintering reflecting
the method used to produce it. Formation of CDHA or 3-TCP after sintering depended on the
initial Ca:P ratio, while crystals produced at pH 9.2 in the presence of citrate remained as HA
while those produced at pH 8.6 without citrate sintered to -TCP [84]. As bulk production of
bio-HA would probably require heat treatment to remove both bacterial cells and pyrogens,
these differences may impact upon the properties with respect to the subsequent REE uptake.
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HA materials are polycrystalline with characteristic grain boundaries containing amorphous
calcium phosphate species; the highly amorphous nature of bio-HA together with the high
occurrence of organic materials (above) suggests that the occurrence of grain boundaries
would be large but it is difficult to see how Eu* was loaded to >80% of the HA mineral weight
[78] unless most of the material comprised ultra-small crystallites with a high proportion of
surface calcium phosphate groups as compared to buried ones. It would be possible to cal-
culate this in homogeneous material of known crystallite size but the nature of bio-HA and
dependence on the exact conditions of synthesis would make this calculation very difficult.

In HA, 10 calcium atoms are aligned in two non-equivalent sites denoted as Ca(I) and Ca(lI).
It was reported that these sites are the target for divalent cation substitution [85] but the evi-
dence for trivalent REE binding is less clear. Two studies had reported the incorporation of
Eu* into the Ca(l) sites of apatite at room temperature via use of time-resolved laser fluores-
cence spectroscopy (TRLES) (see [72]) but in contrast the trivalent actinide Cm* incorporated
into the apatite mineral structure [72]. Holliday et al. [72] used TRLES in conjunction with
extended X-ray absorption fine structure (EXAFS) to eliminate the Ca(l) site as the target
for Eu*" incorporation, pointing out that poorly defined Eu** would exist in an amorphous
environment with both the fluorescence lifetime and emission spectra indicating that Eu®*
does not incorporate into the HA crystal structure but with the excitation spectrum showing
a broad peak that would be expected by location of Eu* in an amorphous environment [72].
Persistent biological residue was largely discounted since biologically produced and synthetic
apatite gave identical fluorescence emission spectra; moreover, even after sintering to remove
biological material only ~50% loss of crystallinity was achieved [83] i.e. a largely amorphous
material with very small crystallites. Holliday et al. [72] concluded that Eu** incorporates into
grain boundaries and not Ca(I) or Ca(ll) sites.

p-TCP is a known feature of grain boundaries in bio-HA [83] (above) but TCP results from
bio-HA after heat treatment whereas native material was used by Holliday et al. [72]. Hence,
the data appear inconsistent, especially given the high loadings of Eu* observed into bio-HA
in several independent studies [73, 78, 79] and since only a low uptake of Eu* was seen using
commercial HA (Table 2), in accordance with a hypothesis that suggests non-penetration
into the Ca(l) and Ca(ll) sites of the crystalline material. Handley-Sidhu et al. [73] argued
that removal of the organic material by heating left voids and hence a large number of grain
boundaries for Eu** uptake and they also noted that there was no change in the XRD pattern
after Eu-substitution, suggesting no incorporation into the mineral mass. However, XRD only
provides information on the crystalline components, not the amorphous material, and, even
after sintering, ~half of the bio-material remained amorphous [83].

The bi-phasic nature of the Eu* uptake into bio-HA (Figure 11), the high capacity (Figure 10)
and the clear stoichiometry of Eu®* uptake and Ca* release (Table 3) clearly argue for two
mechanisms: an initial saturation of grain boundary sites (patterned by the original organic
matrix) followed by a slower uptake via ion exchange. Inspection of three studies shows that
Holliday et al. [72] used only 1 pM Eu* whereas Gangappa et al. [78] and Handley-Sidhu et
al. [73] used 0.5 and 10 mM Eu*, respectively. It is likely that the Eu* in the former study [72]
was sufficient only to bind (preferentially) to surface sites whereas a higher concentration of
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Eu®* allowed, over time, a bypass or migration of the surface-bound Eu* to deeper locations,
resulting in a slower uptake phase with, presumably, migration of the surface located Eu®
into deeper layers being rate-limiting. This was indirectly supported by the observation that
it was difficult to describe metal uptake into bio-HA by classical Langmuir or Freundlich
isotherm analysis [19]. If so, then the architecture of the surface of the HA is a key to the
subsequent uptake and incorporation reactions giving >80% saturation of the HA. In a batch
suspension this required ~24 h for completion [79] (Figure 10) whereas with the column study
(using grams of HA material and a continuous Eu®* feed: Figure 11) saturation of the first
uptake phase occurred after 125 column volumes (250 h) but that of the second (ion exchange
only: Table 3) was not seen even after 250 column volumes (500 h).

As described above, the presence of organic materials can impact upon the nano-crystalline for-
mat and maintains a large number of grain boundaries for the surface interactions but it is now
becoming appreciated that organic ligands in the matrix (whether from the suspension or from
the bio-matrix itself) also impact upon the actual surface structure (see earlier discussions). In
parallel work, the presence of organic ligands from wastes was used in the background matrix
during HA synthesis [18]. By this approach the uptake of Cu(Il) into HA was increased by
several-fold as compared to chemical HA made without chemical ligands, to 850 mg Cu/g HA
(85% of the mass) [18]. However, when corrected for the different atomic masses of Cu and Eu
the uptake of metal into the bio-HA (this study) was >2-fold higher than for the material made
with applied ligands [18]. The extent to which the very high substitution of Eu** may destabilise
the bio-HA lattice is not known but the lack of inorganic phosphate recovered (Table 3) sug-
gests that the composite material is stable. A detailed study of its structure is underway.

12. Potential for selective REE recovery: applications of a magnetic field

Initial tests used the biofilm (enzymatic) system on columns challenged with either Nd** or
Eu?*" with the columns positioned between external Nd permanent magnets in the enzymatic
bio-mineralisation mode. The different magnetic properties of the REE [86] might be expected
to enrich for the more magnetically active element(s) in the biofilm at the bottom of the col-
umn. However, with both Nd* and Eu®" (separately) the columns rapidly lost activity. The
reason for this was not investigated but it is likely that a metallic co-factor (e.g. Fe or Mn)
was stripped from the enzyme; the role of Fe in the function of purple acid phosphatases (for
example) is well known [87]. Hence, a magnetic separation would not be possible using the
enzymatic recovery route and the ion exchange route into bio-HA is more attractive. Nd*" and
Eu® were loaded (separately) into bio-HA as described above and the material was squeezed
from the biofilm-HA discs. While bio-HA alone gave no response, REE-substituted HA was
collected rapidly onto the magnet [88]. The migration rates of Nd-HA and Eu-HA were not
measured but the potential for magnetic separation using a bio-HA ‘collector’ in a magnetic
field would be worthy of further exploration as a means for possible REE enrichment. A
column system is non-ideal but future tests would envisage a fluidised bed held in a mag-
netic gradient; appropriate systems for separation of differentially magnetised-HA are under
current investigation.

27
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13. Potential for selective REE recovery: a biotechnology approach

Previous work has shown that pre-nucleation enhanced NdPO, deposition in aged biofilms
[89]. This expanded from early work showing that pre-nucleation by one metal phosphate
could promote the subsequent recovery of a different ‘target’ metal [29].

As part of the TBP study (above; S. Moriyama, I. Mikheenko and L.E. Macaskie, unpub-
lished) (using 1 mM G2P/2 mM TBP and 1 mM metal ion in 2 mM citrate) the removal of
uranyl ion by a column pre-nucleated with uranyl phosphate deposit (at the FA, , value for
removal of Nd*" in the single metal flows) was less than 10%. Conversely, a column that had
been pre-nucleated with NdPO, from the same background mixture gave enhanced removal
of uranyl ion (35%) at the same flow rate. In contrast, pre-nucleation with uranyl phosphate
followed by challenge with Nd** gave only 18% removal of Nd*, not 50% as in the single
metal tests (although the pre-loading extents of NdPO, and HUO,PO, were not the same).
This suggests that, while a nucleation deposit of NdPO, may assist in the recovery of ura-
nyl ion, the converse is true for neodymium recovery. This concept of a ‘keying’ (or indeed
blocking) metal deposit laid down in advance of the REE mixture of interest suggested a
possible development of this pre-nucleation concept towards selective recovery of REE. An
initial survey [90] used suspended cells of 25 bacterial species expressing various levels of
phosphatase activity. A selection of metals/bio-minerals was pre-deposited onto the cells
prior to exposure to REE*. These initial metal deposits (low cost metals of low toxicity) were
designated as ‘Keying Metal A-Z.” With a high number of combinations, a column test in
each case was impractical and these tests used batch suspensions. Selected examples are
shown in Figure 12.

Figure 12A shows a strain pre-treated with three different ‘keying’ materials. Recovery of the
REE was ~15-25% (mol/mol of the starting amount) but with little selectivity between them.
Although Lu was rejected (i.e. enriched in the residual solution) negligible enhancement of
REE removal was observed using three ‘keying metals’. In contrast (Figure 12B) strain 17B
when ‘keyed” with material Z showed some selectivity. Native and ‘keyed” cells rejected Lu®*
and Gd* (Figure 12B) and the ‘keying’ procedure increased the rejection of La* and Pr*.
Selectivity was shown for the light REEs by up to 2-fold.

The rejection of La* and Pr** implies a competition between these and the ‘keying’ metal for
deposition sites. Metal uptake in this set of experiments was not via phosphatase activity (no
phosphate donor was provided) and a metal uptake mechanism akin to REE uptake into pre-
mineralised cells (above) or via ion exchange (as with bio-HA) is implied or, indeed, metal
diversion and uptake onto other bacterial surface sites following blockage of preferred in the
‘keying’ step. Analysis for keying metal appearing in solution and mass balances (e.g. as in
Table 2) has not been attempted and would form the focus of future work.

Bio-sorption of metals onto functional groups of microbial cells is very well documented
since the 1980s [91] and is now enjoying a resurgence as the price of metals rises (as well as
environmental concerns about the impact of primary resource extraction), via a new genera-
tion of researchers (e.g. [92]). It is known which biological ligand group favours a particular
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Figure 12. Effect of ‘keying’ bacteria with another metal deposit prior to exposure to metal of interest. In all experiments,
equimolar amounts (approximately 1 mM in all cases, assessed by clean-room ICP-MS) of La-Lu as REE* chlorides
were added as a mixture to bio-recovery medium (buffered to pH 7.2, CaCl,, G2P and glycerol) from individual stock
solutions immediately after supplementing with pre-grown, active cells of the bio-recovery organism under test
(final volume 50 mL). After 16 h exposure at 22°C with gentle agitation, cells were harvested by filtration and washed
thoroughly with deionised water to remove unbound metals before digestion in hot brominated aqua regia to degrade
the biomass. Biomass-associated REE were analysed in the digestate by clean-room ICP-MS. Cells were also pre-treated
with the ‘keying’ metals by a proprietary method. All data shown are expressed as % (mol/mol) recovery of metal from
solution; error bars are standard error of the mean (N = 3). Reproduced from Ref. [90] with permission. (A) shows an
example where there is no metal selectivity with keying deposit (strain JC920). (B) shows an example of metal selectivity
using strain 17B with ‘keying metal” deposit.
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metal but the concept of metal-organic frameworks (MOFs; see earlier) with respect to the
role of bacterial cell surfaces as potential MOFs is almost unexplored. In the current example
(Figure 12B) it is possible that the second metal inserts into an extant MOF on the bacteria,
which may be unique for each bacterial species (and also their specific growth conditions)
and metal combination(s) as well as other ligands in the solution matrix, and the pH. The
preliminary study made by Boden et al. (Figure 12) informs, by the use of known ‘blocking’,
a future combinatorial chemistry and synthetic biology approach, given the large number of
REE and relatively recent focus on their chemistry.

14. Future outlook

For process application the Serratin enzymatic method was initially proposed to provide a
rapid and efficient way to achieve non-specific REE accumulation against uranyl ion into a
mineral concentrate. However, this over-simplistic projection does not take into account the
possible formation of metal organic frameworks in microbial EPM and the external solution
in a bimetallic system that could ‘push” a readily available metal into a less-available form.
The use of TBP is shown to be of no benefit in the separation of REE and uranium, serving
only to reduce metal recovery overall. Clearly an enzymatic route to metal recovery from real
wastes may have limitations where metal separation is required, although this approach was
highly effective in a uranium-only system [33, 47] and in the separation of REE(III) and Th(IV)
by the restriction of flow residence time (Figure 3).

A study of HA formation by the same bacteria showed extensive deposition and, in this sense,
the initial complexation of the Ca?" into the bacterial exopolymer could be taken as an exam-
ple of a simplistic, single metal MOF in the initial stages of bio-HA deposition. This concept of
selectivity of metals into natural matrices to provide nucleation or ‘keying’ deposits to assist
in the selective recovery of a second metal is a step change, inspired by observational studies,
that now requires the concerted applications of combinatorial chemistry and synthetic biol-
ogy to achieve further advances in targeted REE recovery, where the nature of the bacterial
EPM or other bacterial surface layers provides a potential tool for manipulation using syn-
thetic biology approaches.

Commercial implementation would assume no current selectivity of REE recovery and ini-
tially would aim to obtain a bulk metal phosphate bio-mineral for onward refining or prior
to making a more concentrated leachate for a secondary selective REE recovery (possibly
an ammonium sulphate leach, then a second, alkaline stage using bi-carbonate ion) but the
overall economics is key. The possibility to provide a uranium concentrate as a high value
side stream would be important. Within a previous EU consortium project [47], the cost of the
Serratia bio-recovery process was estimated as comparable to ion exchange in terms of capital
outlay but operational cost (the need for G2P for continued metal synthesis) was limiting and
TBP is concluded to have little potential for realistic substitution for G2P due to complexities
of the bio-chemistry of its utilisation. A similar conclusion regarding alkyl phosphate utility
was reported elsewhere (see [81]).
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In contrast to the high current commodity value of REE, uranium was of little importance
in 1990s when the uranium recovery study was done [33, 47] (US$ 10/Ib) but, with a global
nuclear expansion, in response to concern about fossil fuel availability and the environmental
consequences of CO, emissions, the economic and environmental impacts of a dual metal
recovery become compelling.

With respect to the bacteria required for metal recovery, custom-growing of bacteria is costly.
However, waste could be used, for example by pre-growing the bacteria on lactose (e.g. dairy
waste) and ammonium phosphate (e.g. fertiliser) [47]. In terms of metal recovered against
‘biomass elemental building blocks” (C, N, S, P), at a metal loading of 5-10 times the bacte-
rial dry weight (reported for bio-mineralisation within columns) the ‘building blocks” would
account for a small proportion of the total solid upon ashing for delivery into current pyro-
and hydro-metallurgies and bio-recovery represents a mechanism to convert large volumes
of dilute metals into solid concentrates.

The high value of REE, and difficulty of their extraction by conventional methods, suggests a
potentially cost-effective process, especially if the “bulk recovery’ Serratia column can be re-
used. A secondary selective step from leachates from the Serratia column will require future
synthetic biology developments for bio-material engineering towards REE selectivity but the
feasibility is shown in Figure 12B and below.

To overcome the economic bottleneck of bulk phosphate supply, phytic acid, a plant storage
material (a waste from bio-diesel production from plant materials), was shown to be cleaved
enzymatically to support metal removal [93] although the low water-solubility of phytic acid
(inositol phosphate) may pose operational difficulties.

In a worst-case scenario, where REE recovery from the Serratia column via leaching into a con-
centrate for a selective secondary REE recovery is not achieved, the fall-back option would be
delivery of a concentrated solid into commercial refining. Since a large proportion of the cost
of ore and waste solids processing involves comminution (a large energy demand and hence
high environmental CO, burden) microbial generation of nano-phase concentrated materials
for recycling would represent energy savings (less comminution of finely divided material)
as well as waste volume reductions and hence transportation and handling costs. This process
intensification (as well as various Life Cycle Analyses) is the current status of the biotechnol-
ogy approach to REE bio-refining, and this chapter highlights the future potential and cur-
rently identified bottlenecks, as well as the large scope for both combinatorial chemistry and
synthetic biology as combined tools. In this respect, “biosorption” of metals has ‘come of age’
in that a vast literature of biosorption studies exists over the past 50 years for many types of
microorganism, bio-polymers and metals/metal combinations and the use of data mining and
in silico methods may prove essential to inform and shorten the delivery of combinatorial
chemistry and synthetic biology approaches.

Following early studies on the use of selective metal binding peptides and proteins on cells
[94, 95], two recent studies highlight this potential. An acidophilic fungal isolate (a Penidella
sp.) accumulated dysprosium and other REEs to 0.9 mg/g dry biomass (9% of the biomass dry
weight) [96], while a strain of the stalked, biofilm-forming bacterium Caulobacter crescentus
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was engineered to display lanthanide binding tags on the cell surface, endowing specificity
for some REEs over others and selectivity against Ca* [4]. The ‘tags’ were attached to the
protein S-layer surrounding the cells. The sorption of Tb* was stated [4] as 50 uM at a cell
concentration of 8 x 108 cells/mL (i.e. assuming the mass of a single cell as 1 pg, an uptake of
approximately 1% of the bacterial dry weight, comparing favourably with other biosorption
systems) but it was not stated whether the cells were saturated with Tb. A low capacity is
acceptable if the sorbent can be re-used; the REEs could be eluted using citrate in sequential
sorption/elution cycles [4]. A mixed REE test solution was made from an aqua regia extract
of an environmental sample (125°C; 8 h), hence the background organic matrix would have
been modified before use during tests. Thermodynamic modelling was done according to
established models (from 2002 to 2006 [4]) for a solution of Tb, Ce, citrates and acetates to
assess the likely speciation of Tb* but the potential contributions of additional metals and,
indeed, potential MOFs in real samples, would be important to establish in progression to
real life application.
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Abstract

Rare earth elements (REEs) are essential ingredients for developing modern industry as
well as designing and developing high technology products used in our daily lives.
However, China monopolizes the supply chain for rare metals, and there have been
growing concerns around limited supply in other countries. As such, there is demand
for intensive research into the recovery of REEs from a large amount of the wastes
produced in various industry links, including radioactive residues, polishing powders,
catalysts, magnetic materials, batteries, etc., because they can play an important role in
the resource supply. Therefore, in this chapter, we introduced the main application of
acid-leaching process as a hydrometallurgical method to obtain the REEs from waste
containing rare earths; the effective application of acid-leaching process is discussed
through the leaching behavior of rare earths in acidic solution and the synthesis method
of target rare earth during acid leaching for purifying it from non-rare earth. The
devised 7 — T diagram application to the hydrometallurgical method for selective acid
leaching is also discussed using the leaching kinetics of rare earth in acidic solution and
might be helpful to further corroborate the future plans for technical scale with recovery
effectiveness of REEs.

Keywords: rare earth element, hydrometallurgical recovery process, acid leaching,
leaching kinetics, devised t — T diagram

1. Introduction

Many industries have become highly dependent on products that cannot be made without using
rare earth metals. Although the importance of REEs is increasing, the supply and the price are
not stable [1, 2]. For that reason, many trading corporations and manufacturers globally have
been aware of the importance of REEs for the industrial economy and have been planning their
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strategies to secure a stable supply. As such, there is demand for intensive investigation into the
recovery of rare earths from various types of wastes containing rare earth elements (REEs) as
they should serve as a new source and can play a leading role in securing resources [3-5].

Indeed, a large amount of wastes containing REEs have been produced in various industry
links, including disused hydrogen storage batteries, magnetic materials, rare metal catalysts,
polishing powders, hydrometallurgy residues, rare metal radioactive residues, etc. Therefore,
many researchers are beginning to take an interest in the recovery of REEs by chemical and
physical methods [6-8].

In general, the pyrometallurgical and hydrometallurgical processes have been used by many
researchers and other professionals in the field of the recovery of material of interest from
various types of mineral. The main disadvantages of pyrometallurgical process are the severe
corrosion problems (generation of dust and gas) and their high energy requirements, whereas
the hydrometallurgical process is more environmentally suitable and economical to treat the
target materials on a small scale [9, 10].

The leaching process with acidic solution, which is one of the hydrometallurgical processes
including leaching, solvent extraction, ion exchange and precipitation, has some drawbacks in
terms of the separation and recovery of materials of interest from undesired species, because
another method after the leaching process is needed to separate the materials of interest.
Nevertheless, the leaching process is simple, and its cost is not expensive to implement for the
treatment of the target materials. Another reason for this is discussed in more detail in Section3.

Therefore, in this chapter, we will introduce the main application of the leaching process
among the hydrometallurgical processes, as methods to improve or to help the effective
recovery of REEs from waste. In addition, the possibility of the selective leaching method with
the devised T — T diagram is also discussed using the characteristics of leaching kinetics of rare
earth oxides (REOs) on acid leaching.

2. Hydrometallurgical process for recovery of rare earth elements
(REEs) from waste

Hydrometallurgical operation is an essential part of extractive metallurgy and utilized in
various metal refining plants throughout the world. This is known to be a flexible, highly
selective and environmentally friendly method for the treatment of raw materials. The princi-
pal processes employed during hydrometallurgical treatment of the resources mainly include
leaching, solvent extraction, ion exchange and precipitation, which varies depending on the
material of interest to be recovered. The basic processes used for REEs recovery from the waste
are similar to hydrometallurgical methods.

2.1. Leaching

Leaching REEs from the waste is an important part of rare earth processing using hydromet-
allurgical route. Physically beneficiated concentrates are leached in a suitable lixiviant directly
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or after heat treatment to dissolve the metallic elements. The known processes range from acid
leaching with H,SO,, HCl, HNOj to leaching with NaCl or (NH,),SO4 of ion adsorbed clays.
Complete understanding of these processes is essential for applying them to develop more
feasible methods for the recovery of REEs from the waste. Therefore, this chapter focuses
primarily on the main application of the acid-leaching process as a hydrometallurgical method
needed in order to recovery REEs from waste containing rare earths.

2.2. Solvent extraction

Solvent extraction is an important technique that can usually be employed to separate and
extract individual rare earths to get their mixed solutions and compounds from leached
solutions after the leaching process using different cationic, anionic and solvating extractants
viz. D2EHPA, Cyanex 272, PC 88A, Versatic 10, TBP, Aliquat 336, etc. For example, D2EHPA is
the most widely studied extractant for rare earth separation from nitrate, sulfate, chloride and
perchlorate solutions. Saponified PC 88A has been reported for their separation from chloride
solutions while tributyl phosphate (TBP), a solvating extractant that extracts their nitrates from
the aqueous solutions.

2.3. Ion exchange and precipitation

During the ion exchange process, different ion exchange cationic or anionic resins are
employed depending on the constituent of the aqueous solution using batch or continuous
mode in column to extract rare earths from leached solutions with low rare earth concentra-
tion. Cation exchange can be primarily used to obtain REEs. The affinity of the exchanged ions
for the cation exchanger depends majorly on the charge, size and degree of hydration of the
exchanged ions. However, the mechanism of the processes involved in anion exchangers was
much more complex and could not be explained clearly. REEs show little tendency to form
anionic complexes with simple inorganic ligands.

3. Why acid leaching?

REEs have strong affinity for oxygen, and thus, their resources are principally present in oxidic
form as REOs. In addition, the crystal structure of REOs has its own peculiarities such as
polishing ability, mechanical strength, wear resistance, etc. Thus, the rare earth as oxides is
increasingly establishing themselves, with unique applications in numerous fields, such as the
catalysts, ceramics, phosphores, glass and polishing, as shown in Table 1 [11]. After being used
for numerous applications in various fields, a large amount of waste containing REOs is
generated. And even when the waste with nonoxides of REEs is generated, the initial step with
a calcinations process for hydrometallurgical recovery process, which does not liberate the
material interest from host waste, is available to oxidize the REEs; when the waste is treated
using a high temperature of at least 500°C, the REEs in remaining residue will be oxidized to
REOs. Assuming that all REEs exist as an oxide, the leaching behavior of REOs in an acid
solution will be the key for effective recovery of REEs.
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Application  RE technology Required RE Materials Consumption (%)

Catalysts Petroleum refining, catalytic converter, La, Ce, Pr, REOs 19
diesel additives, chemical processing, Nd
industrial pollution scrubber

Ceramics Capacitors, sensors, colorants, La, Ce, Pr, REOs, LaCls: Ce, Eu: 6
scintillators, refractories Nd, Y, Eu, (Y, Gd), 03, Pr, Ce: Gd,0,S
Gd, Bu, Dy
Magnets Disc drives, MRI, power generation, Nd, Pr, Alloys, e.g., SmCos, 21
microphones and speakers, magnetic ~ Tb, Dy Nd,Fe;4B, Tb,Dy;..Fe,
refrigeration (x~0.3)
Metallurgical NiMH batteries, fuel cells, steel, lighter La, Ce, Pr, Intermetallics, e.g., Lm 18
alloys flints, superalloys, aluminum/ Nd, Y (Niz ¢Mng 4Aly 3), CeCoLns,
magnesium YBa,Cuz0O;
Phosphores Display phosphors (CRT, LPD, LCD),  Eu, Y, Tb, REOs, dopants, e.g., 7
fluorescent lighting, medical imaging, ~ Nd, Er, Gd,  Ce,OsS: Tb3+, SrGa,S,:
lasers, fiber optics Ce, Pr Eu®*, Tb: YAG, Tb: (La,Ca)
PO,
Glass and Polishing compounds, decolorisers/ Ce, La, Pr, REOs 22
polishing colorisers, UV resistant glass, X-ray Nd, Gd,
imaging Er, Ho
Others Nuclear, pigments Eu, Gd, Ce, Gd,O0;, Er,03 EuBg, CeH,, 7
Y, Sm, Er, YHj3;, Y,03, CeO,
Ce, Y

Table 1. Applications of RE metals (Kim and Osseo-Asare, 2012) [11].

In terms of the cost consumption, the main advantages of the acid leaching process include
lower capital (e.g., no expensive equipment and cheaper materials of construction) and lower
operating costs (e.g., lower energy requirement and less maintenance). In addition, it is possi-
ble to apply other methods during acid leaching for purification of the material of interest (the
reason for this is discussed in more detail in Section 4.2), and, the possibility for the selective
leaching of REEs, using the characteristic of leaching kinetics, can be confirmed (the reason for
selective leaching of REEs is discussed in more detail in Sections 5.2 and 5.3).

4. Acid leaching process for recovery of rare earth

4.1. Leaching behavior of rare earth oxides (REOs) on acid leaching

Cerium oxide with in a tetravalent state is the most stable phase among the rare earth oxides,
so there are many difficulties associated with dissolving it in acidic solutions. For example, the
E-pH diagram for Ce-H,O system shown in Figure 1a indicates that the pH required for
dissolution to Ce** from cerium oxide is in the range of < —0.8 at atmospheric pressure [12].

Therefore, the cerium oxide can be dissolved in highly concentrated acid solutions and at
elevated temperatures. For confirmation of cerium oxide dissolution in sulfuric acid solution,
two chemical reactions are considered to be involved in the conversion of cerium oxide into
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Figure 1. (a) An updated Poubaix diagram for cerium in aqueous perchlorate and (b) lanthanum in water (Scott et al.,
2002) [12].

cerium sulfate in H,SO4-H,O solution as follows. Cerium oxide reacts with sulfuric acid at
atmospheric pressure according to the following dissolution reaction.

CeO, +4H' — Ce** +2H,0 (1)

At high sulfuric acid concentrations, the concentration of mixed cerium exceeds its solubility at
an early stage. Then, cerium cations dissolved under saturated conditions directly form cerium
sulfate as follows:

Ce*™ +2504>" — Ce(SO,), (2)

Cerium (IV) cations can be reduced to cerium (III) cations as follows.

Ce** +1/2H,0 — Ce** + H" +1/4 0, (3)

However, it can be estimated that this reaction proceeds much less than the cerium sulfate
formation according to the following experimental results shown in Figure 2a. This result
summarized by Um and Hirato (2012) [13] showed that it took more than 48hours to
completely dissolve 0.02 mol CeO, powder with 2.5 pum average particle size in 100 ml of
sulfuric acid (8 mol/dm®) at 125°C. Comparing the XRD patterns of the precipitate (mixture of
Ce-oxide and sulfate) provide evidence for the conversion of cerium oxide into cerium sulfate
clearly (Figure 2b) and also support the results shown in Figure 2a; the intensity of the
diffraction peaks originating from cerium sulfate increased with an increase in reaction time,
while that from cerium oxide decreased.

Unlike cerium oxide, the dissolution of other REOs presenting as trivalent state occurred
rapidly; for example, the E-pH diagram for lanthanum-water system shown in Figure 1b
indicates that the pH required for dissolution to La>" from lanthanum oxide is in the range
of > at least 7.5 according to La,O5 + 6H"—La’*" 4+ 3H,0. In addition, the results summarized
by Um and Hirato (2013) [14] show that the dissolution of La, Pr, and Nd oxides took less than
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solution and (b) XRD patterns of the precipitate obtained at different reaction times (Um and Hirato, 2012) [13].

(a) #

Amint 4 mmol
1

e

- =0
T T T
4 [ L]
Tirma, {1 mim

=O=La
¥-Pr
O Nd

——La
Py
——

wullale propelalan

oroe demokioe

— —
—_ A

T T

12 14

(b}

Intanalty (arbirany uni)

W 15 0 X 3 35 40 45 50 55 B0 B85 TO TE
PP TR TV VTUE TSI T T IR T FPTTE IR PR TP
3

3 X 3 M50 BHO
1 3533 333333 33 3
i Py a3 ey 12
2 PrfBO)BHO

2
313 g
T gt h o S
fll-h_ﬁ-..-.a_._.l. ST

o1 g i
(LT ISR LFTII L
'H—-luuul._.nU*.LhUn.L_‘nxm'_U_..mu._._u_._u_._h

a2
S P P —

! 1. La B0 sH0

i 15

Uialil el el el |
M ¥ 3 35 40

45
20 [ degres

TTrrr rr s T rre ey
§0 55 B0 BS TO TE

Figure 3. (a) Conversion kinetics of La,O3, Pr,O3, and Nd,Oj3 into La, Pr, and Nd sulfates in sulfuric acid solutions and (b)
XRD patterns of La, Pr, and Nd sulfates obtained after 14-minute conversion kinetics (Um and Hirato, 2013) [14].

Iminute to dissolve in acid solution shown in Figure 3a. Under high initial amount of La,Os,
Pr,05, and Nd,Oj3 per sulfuric acid solutions, the concentration of dissolved La®*", Nd*", and
Pr’* exceeds the solubility and these cations directly form sulfate. The results of the XRD
patterns shown in Figure 3b provide evidence for that conversion. The chemical reactions
below [Egs. (4)—(9)] are considered to be involved in the conversion of La, Pr, and Nd oxides
into precipitated sulfate in sulfuric acid solutions:

La,O; + 6HY — La®* + 3H,0

Pr,O; + 6H" — Pr*t + 3H,0

Nd,O; + 6H" — Nd** + 3H,0

(4)
)
(6)
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2La>* +3804%" + 6H,0 — Laz(SOy4); - 6H,0 @)
2Pr’* 43504*" 4 5H,0 — Pry(SO4); - 5H,0 ®)
2Nd*" +3504%" + 5H,0 — Nd»(SO4); - 5H,0 ®)

4.2. Synthesis method for purification of rare earth during acid leaching

As mentioned in Section 1, the leaching process using an acidic solution for the recovery of
rare earth from the waste has its demerits with respect to separation and recovery. The
materials of interest are dissolved along with undesired species in the solution, and another
method is thus needed to separate these materials; if waste containing REEs is dissolved in
acid solutions, difficulties in purifying REEs from non-rare earth ions inevitably arise. There-
fore, the synthesis method for purification of REEs during acid leaching is one of the simpler
separation methods. According to Um and Hirato (2012 and 2016) [15, 16], for purification of
target rare earth from rare earth polishing powder wastes, the REEs can be precipitated in the
form of rare earths and sodium double sulfate (NaRe(SO4),-xH,0) through the addition of
Na,SO, to Hy504-H,O solutions during the acid leaching because NaRe(SO,),-xH,O is poorly
soluble under acidic conditions.

REPPWSs
.j":-mu 1 |

B30, Synthesis of
NS0 NaRe(S0,),H,0

Filles Main: Ca and Mg
3
Process 2 Prrooess 3
N Re(OH), || Ce{OH), Akl O
N Conversion Oxidation -
$ Prooess 4
HCl Hydrochloric
~—=  acid leaching
Filter | 1. . . :
§—— Main: La, Pr, and Nd
5 4 Process 5 ’ ’
Sulluric
150,
L] acid leaching
Filter | L

&——— Main: Ce
3

L ]
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Figure 4. Schematic flow diagram for separation of rare earth elements from rare earth polishing powder wastes via a
devised hydrometallurgical process (Um and Hirato, 2016) [16].
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A five-process strategy for separation of REEs from polishing powder wastes in Figure 4 was
employed in the result from Um and Hitato (2016) [16]: process 1, the high yield of synthesized
NaRe(SO4),-xH,0 from REOs in NaySO4-H,504-H,O would be controlled by the function of
the reaction temperature, sulfuric acid concentration, and Na,SO, concentration; process 2,
NaRe(SO,),-H,0 is converted into Re(OH); using sodium hydroxide (NaOH) solution; process
3, the oxidation of Ce(OH); to Ce(OH), via the injection of air including O, would be advanta-
geous for the separation of cerium, existing as the main phase in polishing powder wastes, from
other rare earths; process 4, the acid leaching with hydrogen chloride (HCl) at 25°C should be
limited until the pH value is between 2.5 and 3.5 because a high yield of rare earths, except
cerium, is obtained after acid leaching; process 5, the residue after process 4 is added to acid
solution with H,SO, to separate cerium from the final impurities. As shown in Figure 4, this
result suggests the possibility of target lanthanide element from the other REEs using selective
synthesis method. The separation of cerium from the other REEs can be carried out by selective
synthesis of the tetravalent Ce-hydroxide in process 3, because the trivalent ceric ions, which is
the major phase in polishing powder wastes, is the most likely to be oxidize to its tetravalent
state by bubbling air with oxygen, unlike the other REEs presenting as trivalent cations.

5. Leaching kinetics and application of devised T — T diagram

5.1. Leaching kinetics

The experimental data of REOs dissolution, which was performed under various conditions of
acid concentration, reaction temperature, solid-to-liquid ratio, particle size, etc., were made to
fit the shrinking core model to REO-dissolution vs. time curves, as follows.

The dissolution mechanism of B (solid) into A (acid-liquid) is described as a two-step process;
the first step is B dissolution into A, and the second step is that the B cations dissolved under
saturated conditions directly form B-precipitate in an aqueous acid medium, as mentioned in
Section 4.1. Because these steps occur consecutively, if one is slower than the other, the step
becomes rate determining. The formation of B-precipitate under saturated conditions is depen-
dent on the acid concentration, the reaction temperature, etc., and its rate is much faster than
the dissolution rate. Therefore, assuming that this reaction does not affect the dissolution rate,
the rate of the leaching reaction between the B solid and the A liquid becomes the rate-
determining step:

A (acid — liquid) 4 bB (solid) — Product of B cations in liquid (10)

According to Wadsworth and Miller (1979) [17], Liquid-solid reaction kinetics of dense
(nonporous) particles is described by the most widespread shrinking core model. In the
liquid-solid heterogeneous system, the reaction rate may be controlled as certain individual
steps such as diffusion through the fluid film, product layer diffusion control, and surface
chemical reaction. The experimental data of REOs dissolution, which was performed under
various conditions of reaction temperature, acid concentration of the liquid, solid-to-liquid
ratio, and particle size, were made to fit the shrinking core model with surface chemical
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reaction to REOs-dissolution vs. time curves according to Um and Hirato (2012 and 2013)
[13, 14]. This result shows evidence of the leaching kinetics of REOs to fit the shrinking core
model, which is discussed in detail below.

If the leaching reaction between the B solid and the A acid-liquid becomes the rate-determin-
ing step so that the reaction is followed by the shrinking core model with surface chemical
reaction as shown in Figure 5, the rate of disappearance of B (—rg; mol/mzh) can be described
as follows:

_ 1dNg

—1B

St(mz) denotes the surface area of the B; dNp (mol), the amount of B disappearing; in particular,
if dNp— bdN s (disappearing acid concentration of A; mol) according to the chemical reaction
and their stoichiometric coefficient in Eq. (10), it is possible to obtain the expression with k; and
C A-

1 dNg b dNa
- =—-—-——=0bkC 12
472 dt 4nr? dt 1A (12)
Here, k;(h™") is the rate constant of first-order reaction controlled by the interaction between
the A and the surface of B, and Ca(mol/m?) is the concentration of A existing on the surface of
B. Also, the amount of B disappearing can be expressed using the density and the volume of B
as follows:

dNg = pdVy = p-d G nr3> = pdnridr (13)

p(mol/m3) presents the density of B; V; (m®), the volume of B (solid) after dissolution time ;
r (m), the radius size of Bafter dissolution time t. According to Egs. (12) and (13), Egs. (14)
and (15) can be written as:

1 dr dr
_W p4m‘za = _pd_t = bk]CA (14:)

and

A (acid-liquid) P N s o

: i Shrinkirig.
4 \ ‘ ¥ \
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Figure 5. Shrinking core model with surface chemical reaction between A (acid-liquid) and B (solid).
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t

p Jdr = bk;Ca Jdt (15)
R 0

Integrating, yield the following expression for time t:

t (Ro —7) (16)

__P
bk1Ca
If r=0, the time for complete dissolution reaction (7; h) can be expressed as:

_ PRy
T= bk, C (17)

Combining these two Egs. (16) and (17) in the form with the radius sizes of B before and after
dissolution time () gives the expression for { and k(apparent rate constant; h™y:

t r

and
1 bCa
k= ;—m 1 (19)

For calculating k, it is necessary to confirm the change of the radius size of B before and after
dissolution time. However, it is not easy to measure the size of target particle because of their
heterogeneous spherical shape. Therefore, Eq. (20) can lead to advanced means of obtaining
much easier measurement with the weight of B rather than that with the radius size.

_Ve_ 3P (L)s (20)
o #nR3  \Ro

Here, Wy and W, represent the initial and residual amount of B vs. dissolution time f,
respectively. X; represents the dissolved fraction vs. dissolution time t, which was then calcu-
lated as follows:

Wy
Wo

SENE

Wi
Xy = 1——— 21
=1 @)

Combining these Egs. (18)-(21), the rate equation of surface chemical reaction controlled
process for heterogeneous spherical particles of B is established as follows:

Gl—

kt=1-(1-X) (22)
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The rate constant k varies with experimental conditions and is the function of reaction tempera-
ture, acid concentration, particle size, and initial amount of B (target REEs) per A (acid-liquid)
(B/A). When B is dissolved into acid-liquid in all experiments, with the dissolution rate constant,
considered as the function of reaction temperature, sulfuric acid concentration, particle size, and
B/A, can be expressed by the following equation:

k = ke B/RTCmprs! (23)

where Ea is the activation energy (kJ/mol); R, the ideal gas constant, 8.314 x 10*3(k]/molK); T,
the reaction temperature (K); C, sulfuric acid concentration (mol/dm3); p, particle size (um); S,

B/A (mol/dm3); k/O, pre-exponential factor; and m, n, and [ are constants.

It can be seen that 1 — (1 — Xt)% and time ¢t are in a linear relationship and the slope of these line
is k according to Eq. (22). In addition, the Ink values calculated from these k values were plotted

—Ea/RT (

against 1/T, InC, Inp, and InS using equations k = ke relationship between rate constant

and activation energy with reaction temperature), k = k,C" (rate constant and acid concentra-
tion constant), k = kyp" (rate constant and particle size constant), and k = k,S'(rate constant

and B/A constant) according to Eq. (23) where k,, k,, k;, and k, are the pre-exponential factors.
It can also be seen that Ink and 1/T (or InC, Inp, and InS) are in a linear relationship and the
slope of this line is —Ea/RT(or m, n, and I).

The experimental data obtained from the study of Um (2012) [18], which shows the effect of
reaction temperature, sulfuric acid concentration, initial amount of cerium oxide per sulfuric
acid solutions (B/A), and particle size on the conversion kinetics of cerium oxide in sulfuric
acid solutions, were fitted with theoretical functions derived from Egs. (22) and (23). Figure 6a
shows the effect of reaction temperature on the dissolution rate of cerium oxide. Such results

indicate that 1 — (1 — Xt)% and time t are in a linear relationship; the rate constants are calcu-
lated as slopes of the straight lines. The rate constants were used to determine the Arrhenius
plot between Ink and 1/T (application of k = k;e F4/RT) in Figure 6b. As shown in Figure 6b,
the increase in dissolution rate constant with increasing temperature obeyed the Arrhenius
equation with an activation energy of 123kJ/mol. The results for the effect of sulfuric acid
concentration were applied to the kinetic model and rate constants for various sulfuric acid
concentrations (8, 10, and 12 mol/dm’) were determined by using the linear regressions in
Figure 6¢. A plot of Ink versus InC in Figure 6d shows that the constant m was calculated to be
6.54. This large constant indicates a strong effect of acid concentration on the dissolution rate.
The slops in Figure 6e determined the rate constant related to the particle sizes (2.5, 10.0, 47.5,
and 112.5 um). As seen in Figure 6e, the decrease in particle size increased the dissolution rate
of cerium oxide. The plot of Ink versus Inp in Figure 6f shows that the constant n was
calculated to be —0.78. In addition, the linear regressions in Figure 6g were used to calculate
the reaction rate constants for various C/S (0.04, 0.12, and 0.2 mol/dm3). And the plot of Ink
versus InS in Figure 6h shows that the constant [ was calculated to be —0.03, indicating that C/S
has no effect on the dissolution rate of cerium oxide. Therefore, the kinetics equation on the

dissolution of cerium oxide in sulfuric acid solution was k = 3.26 x 108¢~14800/TC6-54,,~078 g=0.05
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Figure 6. Plots of 1 — (1 — X" versus reaction time for (a) reaction temperatures, (c) different sulfuric acid concentra-
tions, (e) particle sizes, and (g) B/A, and effect of (b) reaction temperature, (d) sulfuric acid concentration, (f) particle size,
and (h) B/A on the conversion rate constants (Um, 2012) [18].

5.2. Devised 7 — T diagram

The relationship between the time for complete dissolution reaction (t) and the reaction
temperature (T) will be the effective methods in terms of separation and recovery of REEs
from the waste during the leaching process. In the case of a REOs-H,SO4-H,O system, the
relationship between 7 and T can be constructed using the kinetics equation relating to the rate
constant k with various functions of reaction temperature, sulfuric acid concentration, particle
size, initial amount of REOs per acid solution, etc. If this relationship is dependent on the acid
concentration, which affects the dissolution rate between the undesired species and the mate-
rials of interest (REOs), as well as the reaction temperature, the relationship can be devised

using the equation of k = kye E/RTC" (k;; the pre-exponential factor) obtained from Eq. (23).

Rearranging the equation of k = kse ¥/RTC™, one obtains:

Ink = — <%) %+ (Ink, + mInC) (24)

The equation shows that Ink and 1/T have a linear relationship, and the slope of this line is
—(£2). Putting the activation energies of the undesired species (Eays) and material of interest
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(Eajnt) and the acid concentration constants of the undesired species (m,s) and material of
interest (min) into the Eq. (24) respectively, the expressions between Ink and 1/T can be
obtained as follows:

Eays) 1
Undesired species : Ink = —< ; s) T + (Inkf, + mysInC) (25)
and
. . Eaint 1 /
Material of interest : Ink = — R )T + (Inkg + mineInC) (26)

Converting Ink into the time for complete dissolution reaction (t = ") according to Eg. (19),

devised T — T diagrams can be obtained as follows:
Undesired species : 7 = ol (58)3—(inkg-+mInC) (27)
and
Material of interest : T = e[(%)]ﬁ(h‘kg +MiInC) (28)

Two types of 7 — T diagram can be explained as shown in Figure 7.

In Type 1, the linear relation between Ink and 1/T of undesired species [Eq. (25)] lies with that
of material of interest [Eq. (26)] over the whole range of 1/T; the Ink values of Y-axis are
converted into 7, whereas Type 2 shows that the exponential function related to 7 and 1/T of
Egs. (27) and (28) is placed over the range considered. As shown in Figure 7, the increasing
difference in 7 between two linear relations (or exponential function curves) in the 7 — T
diagram can lead the material of interest to be separated from the undesired species by
leaching.
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Figure 7. Two different types of T — T diagrams.

53



54 Rare Earth Element

From the point of view of the linear relation, the various cases of the relationship between the
undesired species and the material of interest in the devised 7 — T diagram of Type 1 can be
expected as follows:

Case 1: Eajyt # Eays and mys = My
Case 2: Eajnt # Eays and miyne # miys
Case 2-1: (Eaj > Eays and myn > mys) or (Eajn < Eays and myng < m1ys)
Case 2-2: (Eajn < Eays and mjn > mys) or (Eajn > Eays and myne < 11ys)
Case 3: Eajy = Eays and miyn 7 My

Case 4: Eajy; = Eayg and m,s = iy

Because the difference in the activation energies as the slope of the linear relation in Egs. (25)
and (26) makes two lines angle inward toward the center, the difference in 7 is definitely
distinctive as the reaction temperature changes. For example, in Case 1, the difference in ©
decreases with increasing reaction temperature, while, in Case 2-1, it increases. In Case 2-2, the
wide difference between two materials can be observed over the whole range of temperature
(T). If there is very little difference in the activation energies (Eain = Eays), it is implied that the
lines are nearly parallel with a given separation, as shown in Case 3 and Case 4; especially, in
Case 4, the separation of the material of interest from the undesired species is difficult in terms
of separation and recovery due to the similarity of the two lines (Figure 8).

The results from Um and Hirato (2013) [14] showing kinetics data of CeO, and Al,O3 dissolu-
tion performed under various conditions of sulfuric acid concentration and reaction tempera-
ture indicate that the 7 — T diagram in CeO,-Al,03-H;50,-H;O system could be a good
example of Case 3. As for the dissolutions of CeO, and Al,Oj3, the following equations were
obtained as follows:

., Effective separation
" between Undesired Species and Material of Interest

1.8x102—
TR N _
10 A O Ear Y o case22
s (or-EaJR :
55%10 | (or-EagdB®) ~Case2-1
. Ty
4.0x107 - .y
3.0x10° - I A
Case 1 Case 2 ~{ | Case 3 =~ | Case 4
2.2x10% T T T T
200 160 130 100 70 30
TIeC

t/

Figure 8. Various cases between the undesired species and the material of interest in the T — T diagram (Um, 2012) [18].
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CeOZZ
k=143 x 1088714800/7"(:6.54 (29)

Aleg,I

k=123 x 10136715500/TCO.41 (30)

Putting the calculated k5 = 1.43 x 10° (CeO,) and ks = 1.23 x 10" (AL,O3), B = 14800 (CeO,)
and E% = 15500 (AL,O3), and mjns = 6.54 (CeO,) and mys = 0.41 (Al,O3) into Egs. (25) and (26),
the expressions between Ink and 1/T at various acid concentrations (C) can be obtained as
follows.

(1/T ) x 10° from 2.1 to 3.1, here C is 8:

CeOZZ
Ink = —14800/T + 32.4 (31)
Alzogi
Ink = —15500/T + 31.0 (32)
Here Cis 10:
CeOy:
Ink = —14800/T + 33.8 (33)
AI203:
Ink = —15500/T + 31.1 (34)
Here Cis 12:
CeOZZ
14
Ink = — g +35.0 (35)
Aleg,I
Ink = —15500/T + 31.2 (36)
Here C is 14:
CeOy:

Ink = —14800/T + 36.0 (37)
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A1203Z
Ink = —15500/T + 31.2 (38)

The revised 7 — T diagram for a CeO,-Al,03-H,50,4-H,0O system can then be constructed as
shown in Figure 9 using the expressions given previously; the boiling points of H,SO4-H,O
solutions at different acid concentrations of 8, 10, 12, and 14mol/dm?® were calculated using
OLI® software. Like Case 3, the two lines of CeO, (material of interest) and Al,O5 (undesired
species) are nearly parallel with a given separation at each acid concentration. Particularly, the
difference in 7 increases with increasing acid concentration because cerium has a higher
sensitivity of acid concentration than Al,Oj;; the large acid concentration constant of 6.54
indicates a strong effect of acid concentration on the dissolution rate of CeO,, whereas Al,O3
(0.41) has less effect on the dissolution rate owing to changing acid concentration.

5.3. Devised T — T diagram application to a hydrometallurgical method with acid
leaching process

As mentioned in Section5.2, the devised 7 — T diagram can be used to predict the dissolution
behavior between material of interest and undesired species in the leaching process. As an
example, Um and Hirato (2013) [14] reporting the recovery of cerium from rare earth polishing
powder wastes presented the devised T — T diagram application to a hydrometallurgical
method with acid leaching process.

As shown in Figure 10, this method involved a two-stage leaching process in series with
sulfuric acid solution, which was efficient to dissolve the main elements selectively and then
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Figure 9. Revised 7 — T diagram for CeO,-Al,05-H,504-H,0 system (Um and Hirato 2013) [14].
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Figure 10. Schematic flow diagram for hydrometallurgical treatment of rare earth polishing powder waste for recovery
cerium (Um and Hirato 2013) [14].

to recover cerium. Each dissolution experiment of stage 1 with La;,O3, Pr,0O3, Nd,O3, and CaO
and stage 2 with CeO, with CeO, and Al,O3 by means of two-stage leaching was studied. In
particular, after Step 1, CeO, can be dissolved leaving Al,O; in a stable solid phase under
dissolution conditions calculated using the revised 7 — T diagram for a CeO,-Al,03-H,SO,-
H,O system shown in Figure 9; the increasing difference in 7 between cerium and aluminum
in the diagram leads CeO, to be separated from Al,O; almost completely by leaching.

6. Future plan for technical scale

The perspectives of the studied hydrometallurgical recovery process of REEs from waste for
potential chemical engineering applications could be discussed, including the preliminary
estimation of energy consumptions and cost. For future plan of technical scale, the various
conditions in lab-scale experiment, discussed in each section, including waste composition,
reaction temperature, reaction time, chemical reagent, equipment etc, need to be considered as
the factor of the preliminary estimation of energy consumptions and cost of the hydrometal-
lurgical process in this study. For example, the reaction temperature and the acid concentration
in synthesis of NaCe(SO4),-H,O from CeO, in Nay,SO4-H,504-H,O solutions discussed in
Section 4.2 and leaching of CeO, from the mixture of CeO, and Al,O; in CeO,-Al,05-H,SO,-
H,O solution discussed in Section5.3 belong to a main factor of energy consumption:
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1. On the basis of the temperature effect on the hydrometallurgical process with leaching
and synthesis processes connecting with the reaction time, an appropriate control condi-
tion between temperature and reaction time on recovery method of REEs from waste will
lead to the saving of energy consumption.

2. The control of acid concentration on the leaching process connecting with the reaction
time and the precipitate after leaching (mentioned in Section 4.1) efforts toward the
simplification of total process, and it will lead to savings in cost consumption.

3. The in situ recycling of acid solution, reaction reagent, etc. using in the hydrometallurgical
process will be a cost-saving method.

4. Cheap and commercial available polyvinyl of polyvinyl chloride and polypropylene is an
excellent material for recovery equipments of REEs, especially both reactor and filter in an
acidic medium.

However, one concern is the energy- and cost-effectiveness of the hydrometallurgical recovery
process of REEs from waste because, as mentioned in Sectionl, this depending on the rare
earth price in world market being unstable. For example, China monopolizes the supply chain
for rare earth, and there have been growing concerns over limited supply in other countries;
many countries’ trading companies and manufactures have been taking the initiative to secure
other sources of rare metals. As such, we have to recognize the strategy to secure a stable
supply of rare metals. Indeed, the race to obtain rare metals has started. Therefore, it is
necessary to find more affordable alternatives to ensure the sustainability of the energy- and
cost-effectiveness in the future plan for technical scale.

7. Conclusion

Hydrometallurgical processes, which mainly include leaching, solvent extraction, ion exchange
and precipitation, are widely applied in many fields ranging from environmentally friendly
methods for the treatment of raw materials to recovery of material of interest from waste. In the
recovery field, the prominent application of leaching process among the hydrometallurgical
processes can be the method to improve or to help the effective recovery.

In this chapter, we introduced the main application of acid leaching as a hydrometallurgical
method needed in order to recovery rare earth elements (REEs) from waste containing rare
earths because the leaching behavior of rare earth on acid solution can be the key to effective
recovery as well as advantages including lower capital and lower operating costs. For purifi-
cation of REEs, the synthesis method of target rare earth during acid leaching was also
discussed; for example, the synthesis of rare earths and sodium double sulfate (NaCe
(504)2-H,0) is one of the simpler purification methods

In addition, the devised 1 — T diagram application to the hydrometallurgical method for
selective acid leaching was discussed. The devised © — T diagram can be used to predict the
dissolution behavior between REEs and undesired species in the leaching process using the
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results of leaching kinetics of rare earths in acid solutions. Therefore, this application can lead
to advanced means of obtaining more effective recovery of REEs.
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Abstract

The rapid demand for rare earth elements (REEs) in recent years due to increased use in
various technological applications, agriculture, etc. has led to increased pollution and
prevalence of REEs in the environment. Therefore, monitoring for REEs in the aquatic
environment has become essential including the risk assessment to aquatic organisms.
Since direct determination of REEs in sediment samples prove difficult at times, due to
low concentrations available and complex matric effects, separation and enrichment steps
are sometimes used. In this work, various REEs were determined employing wet acid
digestion and lithium metaborate fusion in our optimised analytical technique. A com-
parison of the two analytical techniques was also made. The results obtained from the
optimised ICP-OES radial view technique were in 5% agreement with the ICP-MS results
from the same samples. The accuracy of the method was checked with the geological ref-
erence material GRE-03 and found to be in reasonable agreement. We demonstrated that
there is a consistent relationship between the signals of the REEs and nebuliser gas flow
rates, plasma power and pump speed. The detection limits for all the REEs ranged from
0.06 mg L-' Yb to 2.5 mg L-! Sm using the ICP-OES fusion technique.

Keywords: rare earths elements, spectroscopy optimization, lithium metaborate, fusion
digestion and sediment

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN



64 Rare Earth Element

1. Introduction

Sediment forms the deposit of organic matter, silt, alluvium or sludge that settles at the bot-
tom of a liquid. Water in rivers, wind and glaciers normally transports the sediment. The
sediment forms the habitat of the aquatic ecosystem. Furthermore, it acts as a sink or source
for metals that can contribute to biogeochemical processes that occur in the aquatic environ-
ment [1].

The nutrients may be either useful or harmful depending on the concentration. High
concentrations of non-essential metals including rare earth elements (REEs) are toxic to the
environment. In environmental impact studies, sediments play a crucial role in monitoring
contamination levels. The elemental analysis of sediments and soils has become important
in the environmental studies, particularly for the identification of the contaminants present
in the matrix and the relative threshold levels of toxicity [2]. River and estuarine sediments
can be used to assess the pollution level of heavy metals and REEs as the surface sediments
interact with the water column and record the depositional pollution history.

A major issue in the determination of soil elemental constituents is represented by the refrac-
tory nature of many metals including the REEs. Traditional methods for the analysis of REEs
in sediments, based on instrumental techniques, require the complete dissolution of samples.
Typically, this is done through alkaline fusion, microwave digestion and acid digestion on hot
plates at atmospheric pressure. Following dissolution of samples, the spectrometric measure-
ment is performed using different spectrometric techniques, such as flame atomic absorption
spectroscopy (FAAS), graphite furnace AAS (GFAAS), neutron activation energy (NAE), X-
ray fluorescence (XRF), inductively coupled plasma optical emission spectrometry (ICP-OES),
or ICP mass spectrometry (ICP-MS). Although the procedures of acid solubilisation are effec-
tive, they are time-consuming and can often result in the loss of the most volatile species [3, 4].

A prerequisite for the determination of rare earth metals and other refractory elements, such as
chromium, zirconium, barium, titanium, hafnium and strontium, is a complete sample diges-
tion [5, 6]. This is a huge problem in many analytical laboratories as the process consumes
time and sometimes requires costly equipment. The digestion of rare earth and refractory ele-
ments is commonly achieved using hydrofluoric acid (HF) in combination with mineral acids,
such as nitric acid (HNO,), hydrochloric acid (HCI) and perchloric acid (HCIO,) [7]. The HF
is good on breaking up the silica matrix and to liberate all entrapped metals. The acid diges-
tion procedures also often result in incomplete analysis of refractory and rare earth metals.
In addition, the use of HF is extremely dangerous due to the reactive nature of the acid [8]. Li
et al. [9] reported the digestion of sediment samples by microwave technique using HNO,-
H,O,-HF reaching detection levels of ng/L. on ICP-MS. An alternative technique to the wet
acid digestion procedure is the fusion method. This is achieved by mixing the sample with
flux such as lithium, sodium and potassium borate fluxes. Occasionally NaCO,, K,CO,, Na,O,
and NaOH fluxes may be used [10, 11]. The use of the flux-fusion approach is preferred due
to the following reasons: (i) it is a complete digestion technique; (ii) it is much safer because
HF is not used; (iii) the dominance of flux in solution results in similar matrix composition
perfectly homogenous; (iv) it maintains constant grain size, thus the sample obtained will be
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almost perfectly homogenous; (v) the solutions are stable in dilute nitric acid and (vi) sample
preparation time is shorter than that of the conventional acid digestions [10, 11].

The use of lithium metaborate (LiBO,) as flux is similar to the XRF preparation of making
fused beads, where total dissolution of sample is required. The key objective of this chapter
is the determination of optimum instrument parameters and sample preparation conditions
for ICP-OES analysis. Thus, this will facilitate very precise, accurate and rapid measurements
of rare earth elements in sediment samples. Two different procedures used in this chapter
for sediments decomposition were open-vessel wet digestion and lithium tetraborate fusion
techniques [5, 6, 12].

Scheme 1. Schematic diagram showing the steps involved in fusion dissolution and analysis steps for a sediment sample
(Adapted from, Boumans, 1987).

2. Materials and methods

2.1. Sediment sample preparation by fusion for ICP analysis

Upon arriving at the laboratory, the samples are kept frozen to minimise the potential for
volatisation or biodegradation between sampling and analysis. The preparation of sediment
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samples for chemical analysis collected from streams, rivers, ponds, lakes and oceans involves
some steps to obtain a well-represented portion. Samples are first screened to remove foreign
objects and large particulates, dried at 70°C and split to retain a fraction for storage. The
chemically active fraction of sediment is usually cited as that portion which is smaller than
63 mm (silt + clay) fraction [13]. All weights were measured on a five-digit analytical balance
(Mettler model).

A control sample can be prepared from portions that have been analysed. Thus, such finished
material should be combined and well mixed into a larger storage container for future use
as control sample that monitors the extraction process. Recovery test of the control and any
reference material is evaluated after each run.

2.2. Wet digestion technique

For the wet digestion procedure, a mixture of HCl, HF HNO, and HCIO, is added sequentially
to the sample. All chemicals used for the preparation of standards and reagents were of ana-
lytical pure grade purchased from Merck (South Africa). The ideal sample weight for optimum
dissolution is between 0.25 and 1.0 g weighed in Teflon beakers. For this procedure, HCI was
boiled to near dryness. The sample was soaked with 1:1 HF and HNO, for 8 h or overnight at
room temperature to enhance dissolution and then boiled to near dryness. A 1:1 mixture of
HNO, and HCIO, was boiled until all white dense fumes disappeared and this stage drove off
all HF remaining. Another boiling of HNO, followed by 10% HNO, v/v to redissolve all salts
completed the dissolution stage. After cooling, the sample was transferred to 50 ml volumetric
flask and topped with 10% HNO, v/v. Mixing of the sample was achieved by vigorous shak-
ing, and the clear solution was transferred to a glass vial for ICP-OES analysis [9, 14].

2.3. Lithium metaborate fusion technique

The lithium metaborate dissolution procedure comprises the powdered sample mixed with
flux of high purity in a desired proportion. The sediments that have organic matter and vola-
tile phases are first ignited to fully oxidise the matter. However, the loss on ignition (LOI)
can result in some loss of alkali metals; therefore, it was avoided in this study and, again, the
sediments analysed had minimum volatile matter. The accurately weighed sample and flux
is heated to approximately 1000°C on an automated fusion fluxer machine. The temperature
is controlled by the gas flow that can be increased or reduced. The optimum temperature will
melt and dissolve the sample to a perfectly homogeneous mass. Upon completion of the dis-
solution stage, the molten mixture is poured into heat-resistant Teflon beakers containing 100
mL of 10% v/v HNQO, or as per dilution of choice for ICP analysis. Alternatively, the molten
solution is poured into a preheated mould to produce a glass disk for XRF analysis [11].

Basically, the standard fusion process consists of the following three steps: (i) melting the
sample/flux mixture; (ii) pouring the molten glass into an acid solvent; and (iii) dissolution of
the molten glass into solution [15, 16]. The three steps play a huge significance in optimisation
of the fusion technique. If one or more of the steps are not properly adhered to, then incorrect
results and poor precision is obtained. The sample to flux ratio is essential in making sure that
the entire sample is thoroughly dissolved in solution but avoiding flux saturation.
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2.4. Fusion instrumentation, borate-fused fluxes and platinum accessories

The complete fully automated M4 fusion instrument (Corporation Scientific Claisse Inc,
Canada), a three-position automatic gas instrument, was used in this study. Different borate
fluxes were tried and the lithium metaborate (98.5% LiBO,-1.5% LiBr) was the best, due to
higher solubility and faster crystallisation during cooling. The high-purity borate fluxes are
fused and consist of homogenous, spherical and vitreous particles, which are water-free and
non-hygroscopic. To avoid wetting of the crucibles, a pre-mixed flux with a non-wetting agent
was employed. The halogenated compounds of iodine and bromine were used to make halo
acids, for example, Lil, LiBr, NaBr, KI and so on, as they produce good releasing agents.
Claisse’s type crucibles used were of exceptional quality, made of 95% platinum alloyed with
5% gold. It is highly recommended to mirror-polish the crucibles to retain flat and smooth
surfaces to aid easy transfer of the melt into the acid ICP mixture [11]. All the fluxes used and
platinum ware were purchased from Claisse (Canada).

2.5. Dilution for ICP analysis

The dissolution procedure for flux-fusion preparation of sediments results in an aqueous solu-
tion that can be analysed in a single analytical session for REEs, major and trace elements. Most
sediments contain trace amounts of REEs depending on the sampling site and level of pollu-
tion from anthropogenic sources. It is suggested that the minimum or optimum dilution be
performed to get low detection limits and precise results be employed. The salt content in the
solution requires a dilution that does not affect the mobility of the sample on the ICP instru-
mentation. Too viscous solution of the alkaline salt tends to deposit salts on the ICP torch and
clogging of the nebuliser [17]. Different dilutions can be prepared, if the overall goal of gener-
ating enough analyte at an appropriate concentration is fulfilled. A 500 times (nominal) dilu-
tion of sample was considered safe in sediments analysis giving acceptable detection limits.

2.6. ICP-OES instrumentation

The Spectro Arcos ICP-OES (SPECTRO Analytical Instruments GmbH Boschstrasse 10,
Germany) equipped with smart analyser software was initialised for about 20 min before
analysis to get stable plasma. All standard solutions were prepared from high-purity 1000
mg/L ICP-grade standards. The Spectro Arcos ICP-OES is equipped with charge coupled
device (CCD) detectors and side-on plasma interface (SPI) or commonly known as radial that
provides high precision and stability for less sensitive requirements [18]. The sample injec-
tion mode was by continuous nebulisation, and the signal processing or line measurement
was based on the peak height. Polynomial plotted mode corrected the background. The ICP-
OES analyses were carried out in controlled room of 20 + 2°C. The results were verified for
accuracy by an independent laboratory using ICP-MS (Thermo-Fisher X-Series II quadrupole
ICP-MS with a New Wave UP213 solid-state laser ablation system). The spot size of the laser
can be set to various diameters between 10 and 300 microns.

With ICP-OES analysis, the multi-elemental analysis using the simultaneous or sequential opti-
cal systems with radial viewing of the plasma is possible. To generate plasma for excitation,
the argon gas is supplied to the torch coil and high-frequency electric current is applied to the
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work coil at the tip of the torch tube. The high-frequency current generated by the electro-
magnetic field ionises the gas. When the excited atoms return to low energy position, emis-
sion rays (spectrum rays) are released, and the emission rays that correspond to the photon
wavelength are measured. Samples are nebulised and the resulting aerosol is transported to
the plasma torch in atomised state. Element-specific emission spectra are produced by radio-
frequency (RF) inductively coupled plasma. Background correction is required for trace ele-
ment determination. The ICP-OES measurement conditions need optimisation to get the best
conditions for analysis, such as nebuliser flow rate, pumping speed, auxiliary and coolant
flow rates and plasma power [19]. Table 1 shows the optimised conditions for ICP-OES mea-
surements equipped with a side-on plasma interface (SPI) or commonly known as radial [18].
ICP-OES and ICP-MS analyses are well regarded as appropriate environmental measurement
techniques in measuring REEs, with the latter being more suitable for ultra-trace elemental
levels [20]. Nowadays, due to the higher sensitivity achieved with axially viewed plasma and
better spectral resolution given by high-resolution monochromators, it is expected that low
concentrations of all naturally occurring lanthanides may be directly quantified by ICP-OES
analysis [17].

Nebuliser type Crossflow

Plasma power 1400 W

Torch Demountable with alumina injector
Torch position 0

Nebuliser flow rate 0.8 L/min

Plasma flow rate 14.0 L/min
Auxiliary flow rate 2.1 L/min

Pump rate 40 rpm
Integration time 28s

Replicates 3

Viewing height Optimised on SBR
Plasma view orientation Radial

PMT voltage 650 V

Background correction Polynomial

Resolution

Detector

8.5 picometre

29 linear CCD

Table 1. Instrument operating conditions for the spectroscopic analysis of REEs.

2.7. Integration time

The integration (read) time was optimised using the instrument auto-integration mode. This
phenomenon will take a snapshot of the intensities of various lines to be measured before the
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actual readings commence. The trace rare earth elements in sediments require larger integra-
tion time due to their low intensities and thereby increasing sample throughput. Additionally,
longer read times lower the detection limits by reducing the effects of noise. Higher intensities
will require shorter read time to reduce memory effects [9, 17].

2.8. Calibration

The calibration standards were prepared by diluting the stock multi-elemental standard solu-
tion 1000 mg L™ in 10% (v/v) HNO, and 1.5% w/v flux (1.5 g in 100 mL). The calibration
curves for all the studied elements were in the range of 0.01-1.0 mg L. External calibra-
tion strategy is preferred for analysis of larger number of samples whilst standard addition
method is suitable for small batches of samples. To avoid bias in external calibration method,
a perfect matrix match of standards and samples is a prerequisite. Affected to a lesser degree
by changes of the matrix composition or the presence of easily ionisable elements, calibration
functions with excellent linearity and correlation were obtained, even without the use of an
internal standard and an ionisation buffer [9, 17].

2.9. Interferences

The emission intensities were obtained for the most sensitive lines minimum of spectral inter-
ference. The REEs have very complex emission spectra and are difficult to measure in the
presence of one another at very high concentrations using ICP-OES analysis. For this reason,
ICP-MS analysis is the preferred measurement technique, but it can be very costly. Nebuliser,
chemical, ionisation and spectral interferences are all present in ICP systems, but spectral
interferences are most prominent [21].

Spectral interferences are common in ICP analysis and result from the overlapping profiles of
spectral and interfering lines. The stray light from line emission of high concentration elements
or particulate matter from atomisation process gives rise to enhanced emission light. This phe-
nomenon gives rise to background emission, which is unwanted signal in analysis. This can be
compensated for by subtracting the background emission determined by measuring the emission
level on the two sides of the analyte peak and subtracting their average from the peak value [22].

Spectral interferences are caused by background emission from continuous or recombina-
tion phenomena, stray light from the line emission of high concentration elements, overlap
of a spectral line from another element or unresolved overlap of molecular band spectra.
Background emission and stray light can usually be compensated for by subtracting the back-
ground emission determined by measuring the emission level on the two sides of the analyte
peak and subtracting their average from the peak value [22].

Figure 1shows an example of the position of the atomic absorption peak and the background peak,
as obtained for unidentified element. Spectral overlaps may also be avoided by using an alternate
wavelength or can be compensated by equations that correct for inter-element contributions.

Nebuliser interferences, commonly known as matrix effects, arise from physical and chem-
ical differences between analytical standards and samples. The inconsistent presence of
matrix salts, different viscosities and surface tension of the liquid between the samples are
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Figure 1. The position of the atomic and background absorption peaks that may cause spectral overlaps and contribute
to inter-element interferences.

common problems of nebuliser interferences. The high salt content used in fusion tech-
nique needs to be diluted to avoid these interferences and match matrix of standards and
samples. Using a high-solid nebuliser, the use of peristaltic pump can also reduce nebuliser
interference [23].

2.10. Analytical wavelengths selection

Several criteria were applied for the selection: sensitivity (intensity of the line), selec-
tivity (lack of interferences of other lines) and limits of detection (LOD). All selected
lines were tested by using individual 0.1 mg L™ REEs standard solutions in 10% HNO,—
LiBO, solution, searching the peak-centre in a first step. The optimised results obtained
for ICP-OES analysis are shown in Table 2. Wavelength selection is somewhat of an
individual choice that commonly varies from analyst to analyst and matrix of samples.
However, there is a developing consensus regarding the wavelengths best suited for a
target analyte [17, 21].

2.11. Detection limits

Method detection limits (MDL) for each element were calculated and are shown in Table 2.
For comparison purposes, the LODs obtained using multi-acids and fusion dissolution for
ICP-OES analyses are also shown. Validation was performed in terms of limits of detec-
tion (LOD), limits of quantification (LOQ), linearity, precision and recovery test. Lacking a
suitable certified reference material, trueness was estimated using the recovery rate on forti-
fied samples. Standards and blanks should be prepared using the same LiBO, strength and
acids used for the samples and should be spiked with NIST traceable single and multi-ele-
ment standards. The whole procedure should also be checked with certified reference mate-
rial like the Geostart GRE-03 used in this study to ensure accuracy. The method detection
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Element (ppm) Line (nm) [ICP-OES] = MDL (mg L") (Acid digestion) MDL (mg L™) (Fusion digestion)
La 333.749 1.1 0.3
Ce 418.660 1.6 1.0
Pr 417.939 1.2 1.4
Nd 430.358 24 21
Sm 360.428 2.8 2.5
Eu 420.505 0.8 0.1
Gd 335.862 1.1 0.7
Tb 231.890 23 19
Dy 338.502 1.4 0.7
Ho 345.600 0.8 0.3
Er 349.910 0.5 0.2
Tm 313.126 0.5 0.3
Yb 369.419 0.1 0.06
Lu 261.542 0.1 0.04
Y 371.030 0.1 0.08

Table 2. Wavelengths used and detection limits obtained for the use of acid and fusion digestion methods in ICP-OES analysis.

limits (MDLs) were calculated based on relative standard deviation (RSD) of 10 consecutive
measurements of the matrix blank. The signals to background ratio, background equivalent
concentration (BEC) and LOD were calculated according to the three equations provided
below [24-26]:

[ Int(standard ) —Int(spectralbackground ) |

SBR = Int(spectralbackground) 1)
_ C(standard )

BEC = —SBR (2)

Cp = 3 x RSD, x3EE 3)

where

RSD, is the relative standard deviation of spectral background intensity (10 replicates of
blanks); C is the concentration of the standard; SBR is the signal to background ratio and BEC
is the background equivalent concentration.

3. Results and discussion

3.1. Sample-flux ratio optimisation

The influence of the flux/sample ratio on the concentration of the REEs is illustrated in
Figure 2. The weight of the sample was examined from 0.100 to 0.300 g. The flux was varied
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Figure 2. The effect of percentage of sample in flux (sample/flux ratio) on the concentration of La(II) (A) and Gd(II) and
Eu(II) and Yb(II) (B) on GRE-03 reference material.
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from 1.00 to 3.00 g. In most fusion techniques, a ratio of 1:10 sample/flux mixture is considered
optimum for making fused beads. The best concentration of the reference material at differ-
ent sample/flux ratio for lanthanum is 12% or 1:8 ratio. In Figure 2(A), the results are showed
for lanthanum and 2(B) for gadolinium, europium and ytterbium that were found to be best
between 12 and 14%. High sample flux ratio may cause the sample not to be fully dissolved
especially with the presence of refractive elements [16]. The flux content should be enough to
fully dissolve the sample, but care is needed not to have too much of the flux as it will increase
deposits on the ICP torch.

3.2. The effect of nebuliser gas flow rate

Figure 3 shows the results obtained for the behaviour of the four elements at selected wave-
lengths as a function of the nebuliser gas flow rate. The rare earth elements not only have
extremely similar chemical properties but also have inner abundance differences among them
that provide different responses to applied parameters [27].

The intensities of wavelength of the REEs, whether at first (5.3-6.2 eV) or second (10-12 eV)
ionisation state, are all similar. The REEs possess soft ionic wavelengths allowing second ioni-
sation potentials [28].

The classification of wavelengths is necessary as the effect of different operating parameters
on analytical performance depends on them. Each nebuliser has got its own optimum gas
flow that directly controls the sample uptake en route the plasma. The longer the sample
interacts in the plasma, the more optical transitions of the elements are possible by it acquir-
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Figure 3. The effect of nebuliser gas flow on 0.1 mg L of La(II), Yb(II), Eu(II) and Gd(II) standardised intensity counts,
with the plasma power kept at 1300 W and pump speed at 35 rpm.
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ing the energy for high energy interactions [29]. High nebuliser gas flow rate gives rise to
reduced plasma temperature and lowers the atomisation. The low concentration of 0.1 mg L™
of the REEs in LiBO,-10% v/v HNO, was used for optimisation purposes.

The majority of the REEs studied to date gave best intensities at flow rates less than 0.82 L/min
with La(Il) [333.749] the lowest at 0.74 L/min [17]. An average flow rate at 0.80 L/min was cho-
sen as the optimum nebuliser condition for all the rare earth elements studied.

3.3. The effect of plasma power

Power levels are critical when establishing optimum operating conditions. Higher power
generates high temperature plasma conditions that lead to increases in intensity for atomisa-
tion and ionisation. The plasma power can have a major effect on the formation of oxides of
lanthanides as well as in emission intensity and plasma robustness. Robust conditions of the
plasma have been associated to high applied power by radiofrequency (RF) generator. Figure 4
shows the results obtained for intensity measurements as a function of the RF power level for
the four lines: La(II) [333.749], Eu(II) [420.505], Gd(II) [335.862] and Yb(II) [369.419] [17].

The standardised intensity rises with increased power levels due to the high energy of the
plasma at higher power levels. The high plasma power also increases the background levels
and sometimes at a rate higher than what the analyte increases. This rise indicates that the
monitoring of background signal is important. On that instance, the best signal to background
ratio needs to be established to get the optimum analyte signal and stable plasma. The stan-
dardised intensities rise with increase in RF power as shown in Figure 4. The plasma power
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Figure 4. The effect of applied plasma power on 0.5 mg L™ of La(Il), Yb(II), Eu(Il) and Gd(II) standardised intensity
counts. The nebuliser gas flow rate was kept at 0.80 I/min and pump speed at 35 rpm.
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of 1400 W was chosen as the optimum condition for the analysis of trace rare earth elements
in a salt matrix of lithium metaborate [17].

3.4. The effect of pump speed

The pump speed affects the uptake of sample and the efficiency of nebulisation that is very crit-
ical to sensitivity. The nebuliser gas pressure and the speed of the peristaltic pump determine
the volume uptake of sample and both influence the sample transit to the plasma. Large sample
volumes increase the background level due to poor aerosol formation in the spray chamber.

The type and dimensions of pump tubing have effect on the pumping speed; hence, the
ideal tubing must be sought [9]. Lower pump speed or using narrow bore pump tubing will
reduce uptake rate that is better for high %TDS samples and suitable for fusion samples.
The ideal tubing should be resistant to the solvent in use and to withstand low to high acid
concentrations.

Figure 5 shows the behaviour of the standardised intensity for the four elements, as a func-
tion of pump speed. The experimental results shown in Figure 5 exhibit the increase in optical
transitions of La(II), Yb(II) and Eu(Il) with increase in pump speed up to about 35 rpm, and
then a decline was observed. Gd(II) did not show many variations due to the pump speed.
Once the optimum pump speed has been determined for a specific nebuliser and sample
matrix, it does not have to be changed on an element-by-element basis. The pump speed of 35
rpm was considered optimum in this study. However, upon changing the sample matrix and
type of nebuliser, the pump speed must be verified.
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Figure 5. The effect of pump speed on 0.5 mg L™ of La(II), Yb(II), Eu(Il) and Gd(II) standardised intensity counts. The
nebuliser gas flow rate was kept at 0.80 I/min and plasma power at 1300 W.
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3.5. REEs optical transition

The REEs being a unique cluster of elements of atomic number from 57 to 71 increase in
atomic number with a smooth decrease in ionic radius. This occurrence called lanthanide
contraction applicable to all trivalent (triple positive charge) atoms makes the chemical prop-
erties of REEs very similar and hence they hold similar optical transitions [30]. The REEs have
localised electrons that have interesting properties that originate from intraconfigurational
transitions within the 4f level [31]. Due to high temperatures of the plasma (8000-10,000°C),
there is a complete energy transfer in the form of emission and scattering of electromagnetic
radiation. Er*" and Yb*" are examples of heavy rare earth elements with weak electron-pho-
non coupling, hence making emission simple because of the low energy involved and stable
signals produced. The optimised conditions discussed in this chapter showed that different
conditions give rise to variant optical transitions of the REEs as shown on plasma power
of 1000-1600 W in Table 3. Detailed transitions of the REEs were outside the scope of this
chapter.

3.6. Comparison of results in sediment samples

Two sediment samples, labelled VAD-01 and VAD-02 both collected from sampling sites near
Durban harbour in South Africa, were taken for ICP spectroscopic analysis and the results are
presented in Table 3.

3.6.1. Samples and reference material

The ICP results for two sediment samples, labelled VAD-01 and VAD-02, are presented in
Table 3. The certified reference material GRE-03, a carbonatite from Tanzania rich in rare
earth metals, was used to test the accuracy and recoveries. It should be noted that the matrix
of this reference material does not fully match the sediments since we did not find a suitable
sediment reference material with REEs. However, the reference material provided satisfac-
tory results for the comparison of the three sample preparation techniques, fusion ICP-OES,
acid ICP-OES and fusion ICP-MS analysis. The results obtained for the sample preparation
technique provided further evidence that the different sample preparation techniques inves-
tigated were within the confidence limits of the results for reference material.

3.6.2. The comparison of results for two digestive methods investigated

The results obtained for the lithium metaborate fusion and four-acid digestion (HCI, HF,
HNQO, and HCIO,) procedures are expressed as the mean of three replicates as presented
in Table 3. The solutions from both methods were analysed using the same conditions of
the optimised ICP-OES procedure to determine the efficiency of the methods. The lithium
metaborate digested samples were analysed on both ICP-OES and ICP-MS techniques to
check the effectiveness of the optimised ICP-OES analysis conditions. The results of the heavy
rare earth elements in Table 3 from Sm to Lu clearly observed the Oddo-Harkins rule, which
states that elements with even atomic number are more abundant than the elements with odd
atomic number.
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The results obtained for the two samples and a reference material GRE-03 show enhanced
results on most elements for the fusion method compared to the mineral acid digestion
method. The acid digestion method does not completely dissolve some of the very resistant
minerals and REESs, especially in hard rocks. Although the results are so close to that obtained
in the fusion method, this can be attributed to the easy dissolution of the sediment material.
The results suggest that the lithium metaborate fusion results in total dissolution of metals
and is ideal for litho-geochemistry, including major oxides and trace rare earth metals. The
detection limit of the acid digestion method was also compromised as we did not detect Eu,
Ho and Lu in sample VAD-01, Tm in sample VAD-02 and Lu in sample GRE-03, but results
were obtained for the fusion method. Generally, the acid digestion results for the GRE-03
sample was found to be lower than the certified values because of the difficulty in breaking
the carbonatite in the sample matrix.

3.6.3. The comparison between ICP-OES and ICP-MS

The analytical techniques were performed using the same solution from the lithium metabo-
rate fusion technique. The ICP-MS technique was found to be more efficient though costly in
the trace elemental analysis, when compared to the ICP-OES technique. However, when com-
paring the results of ICP-MS with the optimised ICP-OES conditions, the former technique
was very useful in validating the sediment results.

Most elements showed good agreement when the results are compared with less than 5% dif-
ference on all the samples analysed, including the reference material. For some elements with
low levels present, such as Gd, Dy, Ho and Yb, the ICP-OES occasionally got slightly higher
values than the ICP-MS technique. This observation in results was not significantly high, but
it can be attributed to some spectral interferences.

The results obtained for the GRE-03 reference material compared well with the reported
values listed in the table although the results for Ho, Tm and Lu were all moderately low on
both instruments.

4. Conclusions

In this study, sample to flux ratio, optimum emission wavelengths, nebuliser flow rate,
plasma power and pump speed were selected as major parameters to produce an analytical
protocol for determining REEs in sediments. Of the two digestion procedures attempted, the
more successful is obviously the flux-fusion method due to its ability of complete dissolu-
tion and simplicity due to automated fluxer fusion machine. The lower limit of detection
was used as the optimisation criterion. The optimum values determined for sample to flux
ratio, nebuliser gas flow rate, plasma power and pump speed (aspiration rate) were 1:8, 0.8
L min, 1400 W and 35 rpm, respectively. The nebuliser gas flow was the most important
parameter in the optimisation of the signal intensities. After optimisation of the parameters,
the performance characteristics of the proposed method were established: linearity, detection
and quantification limits and accuracy (recovery percentage), with and without addition of
an internal standard.
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Abstract

An investigation of spectra, radiative and autoionization characteristics for the rare-earth
elements is of a great interest as for development atomic spectroscopy as different appli-
cations in plasma chemistry, astrophysics, laser physics, quantum electronics etc. We
present and review the results of studying spectra and autoionization resonance charac-
teristics of a few lanthanide elements (ytterbium and thulium). Computing the spectra and
autoionization resonance parameters is carried out within the relativistic many-body
perturbation theory (RMBPT) and generalized relativistic energy approach. The accurate
results on the autoionization resonance energies and widths are presented with correct
accounting for the exchange-correlation and relativistic corrections and compared with
other available theoretical and experimental data. In this chapter, we present a brief review
of the theoretical and experimental works on spectroscopy of some lanthanide atoms.
Spectroscopy of the Rydberg autoionization resonances in rare-earth atoms in an external
electromagnetic field is expected to be very complex and unusual.

Keywords: rare-earth elements, spectroscopy, relativistic many-body perturbation
theory, spectra, autoionization resonances

1. Introduction

An investigation of spectra, optical and spectral, radiative and autoionization characteristics
for the rare-earth elements (REEs) (isotopes) and corresponding ions is traditionally of a great
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interest due to the further development of quantum optics and atomic spectroscopy and their
different applications in the plasma chemistry, astrophysics, laser physics, quantum and
nanoelectronics, etc. (see Refs. [1-8]). As it was indicated in many information sources on the
rare-earth elements, they make possible the high-tech world —everything from the miniaturi-
zation of electronics, to the enabling of green energy and medical technologies, to supporting a
myriad of essential telecommunications and defence systems [1, 2]. Besides, it is worth to
mention that such industrial operations such as mining, refining and recycling of rare earths
can have serious environmental consequences in a case of the improper operations and man-
agement. As it was indicated in Ref. [1, 2] that the rare-earth elements all tend to occur together
in the same mineral deposits with radioactive elements, particularly thorium and uranium,
and because they have similar properties, it is difficult to separate them from one another. Let
us remember that according to the modern IUPAC definition, the rare-earth element (REE) is
one of a set of 17 chemical elements in the Mendeleev’s periodic table, specifically the 15
lanthanides, as well as scandium and yttrium.

Below we will present the results of theoretical investigation of a few lanthanide atoms,
namely, ytterbium and thulium. The detailed review of studying energetic, spectral and radi-
ative characteristics of these atoms is presented in a number of monographies and articles [11,
14-86]. One should mention the detailed theoretical studying of the lanthanide atoms by
Cowan and pioneer studying by King and Meggers et al., who studied atomic spectra of rare-
earth elements and reported wavelengths and relative intensities of more than 1600 lines and
estimated intensities of more than 1700 lines of Yb I (see [6-9] and references therein).
Camus [14] and Wyart and Camus [15] measured more than 70 absorption lines in the ultravi-
olet region and obtained the even-parity states with ] =0 and ] = 2 belonging to the series 4f*6s1s
(n = 13-62), 4f*6snd (n = 11-64) and 4f'*6snd (n = 11-21). Moreover, these authors fulfilled new
additional observations of the neutral ytterbium spectrum in the infrared region and measured
the Zeeman resonance parameters in the visible and near ultraviolet regions. In fact, these
measurements allow to propose a new classification of the 4f** 6snl Rydberg series in the Yb
spectrum. The configurations 4f°6s’6p and 4f*6p* have been complete and the lowest levels of
4f354%6s and 4f*5d6p have been recognized, as well as new low members of the Rydberg series.
Spector [16] identified the energy levels of 4f>5d6s> and 4f**6s°6p configurations. Highly excited
levels of the neutral ytterbium have been studied by means of the two-photon and two-step
spectroscopy of even spectra [17] and theoretically by means of the multi-channel quantum
defect analysis of the f odd- and even-parity spectra [18].

In Ref. [19], it has been used the method of photoionization laser spectroscopy of the ytterbium
atoms in the presence of a direct current (DC) electric field on order to study the Yb photoion-
ization near the first ionization threshold. Blondel et al. [19] had recorded a few spectra
corresponding to ionization from the levels 4f'*6s7s 'Sy and °S;, 4f**6s6p 'P;° and 4f'*6s5d ' D..
The first observation of a long Rydberg series due to single excitation from the 4f* subshell in
Yb I was reported in Ref. [20] and additionally a two-channel multi-channel quantum defect
analysis reveals a prominent series perturbation due to coupling with one particular 4f**5dnf
doubly excited series. Baig et al. [21] have studied the inner shell and double excitation
spectrum of ytterbium involving the 4f and 6s subshells and reported more than 200 new levels.
Theoretical analysis allowed to interpreter these lines as the 4f*6s> to 4f">(*F;15 512)nd,ng inner
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shell transitions and the 4f 146s? to 4f 145d(2D312,512)np,nf and 4f]46s2 to 4f146p(2P112,312)ns,nd
doubly excited ones. All the observed levels lie above the first ionization threshold and can be
ordered into Rydberg series converging onto six limits. The interchannel interactions between
the overlapped series have been parametrized using multi-channel quantum defect theory.

In Ref. [22], Karacoban and Ozdem carried out the total relativistic computing the energies,
Landé factors, lifetimes for a group of the excited levels outside the neutral ytterbium core
[Xe]. These authors have used the relativistic Hartree-Fock (RHF) method (the Cowan’s
atomic code) and the multi-configuration Hartree-Fock (MCHF) method with accounting of
the relativistic effects within the Breit-Pauli (BP) scheme (the Fischer’s atomic code).

Maeda et al. [23] have used a method of optical-microwave double-resonance spectroscopy to
study the highly excited Rydberg states of ytterbium. In Refs. [24, 25], the methods of two-
photon ionization and three-photon polarization spectroscopy have been applied to studying
the autoionization states (ASs) of the ytterbium atom. The ytterbium atom in the 6s* 'S,
ground state was excited to the 6s6p P, excited state by a photon with a visible wavelength
(555.648 nm), and it was ionized by absorbing an ultraviolet photon with a wavelength of
260-285 nm. The Rydberg and autoionization states of neutral ytterbium are also considered
in Ref. [27]. In Ref. [27], the authors reported the results of a reinvestigation of the 6snf '°F;
(9 <n <30), 6snp 'Py (12 < n < 56), 6snp >Py (12 < n < 21) and 6snp °P, (12 < n < 19) Yb Rydberg
states using a two-colour three-photon resonant excitation technique through the 4f*6s5d ' D,
intermediate level. The novelty of this studying is in the identification of the new levels in the
vicinity of the 6snf (9 < n <16) Rydberg levels.

The laser spectroscopy method has been effectively applied by Letokhov [28, 29] and
Letokhov and co-workers [30, 31] to studying narrow doubly excited autoionization states
of ytterbium and other lanthanide atoms. An analysis is made of doubly excited
autoionization states of an atom with two valence electrons. The results of experimental and
theoretical investigations of narrow autoionization states are reported for ytterbium atoms
near the ionization threshold. The method of multi-stage photoionization of atoms by tun-
able laser radiation was used to detect experimentally and identify narrow autoionization
states 'PY and 3P8/ 1,2 Of the 7s6p configuration. In Refs. [32-48], it has been performed the
detailed computing energies and widths of the autoionization resonances, Rydberg levels for
ytterbium and thallium. The positions and widths of the autoionization states belonging to
the 7s6p, 6p5d, 6p> and 5d> configurations were calculated using the method of relativistic
perturbation theory (PT) with the model potential (MP) zeroth approximation [49-79]. In
Refs. [63-68, 85, 86], it has been discovered a principally new spectroscopic effect of a giant
broadening autoionization resonances of the lanthanide atoms (thulium and gadolinium) in
a sufficiently weak external electric (laser) field. This new effect is of a great importance for
problem of laser separation of heavy isotopes and nuclear isomers, spectroscopy and photo-
chemistry [65, 66, 93, 94]. It is worth to note from theoretical viewpoint that computing
spectra, radiative transition and autoionization parameters of the rare-earth elements’ energy
is very complicated task because of the necessity of the correct accounting for the exchange-
correlation (including polarization and screening effects, a continuum pressure, etc.) and
relativistic corrections (and also radiative and nuclear effects in a case of the super heavy
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atomic systems). Moreover, theoretical study of spectral properties of the lanthanide atoms is
of a great importance for the development of new methods of atomic spectroscopy.

Let us remind that many different quantum-mechanical approaches in the on-relativistic and
relativistic versions have been used in order to study energetic and spectroscopic parameters
of the lanthanide elements. One should mention such known methods as a standard multi-
configuration Hartree-Fock (HP) method with accounting of the relativistic effects within the
Breit-Pauli scheme or the classical relativistic Hartree-Fock method or, at last, a multi-
configuration Dirac-Fock method. These methods allow to obtain very useful spectral data
about many light and heavy atoms. Nevertheless, studying the autoionization resonance
characteristics for heavy elements with using the mentioned methods not always provides a
precise description of the corresponding spectra. From the other side, at present time, the
advanced versions of these methods have been developed, where the one- and two-particle
relativistic and exchange-correlation effects are taken into account very precisely. It is worth to
remind about computer codes for relativistic many-body calculations of atomic (molecular)
properties developed in the Oxford group, Russian-German one, etc. (‘GRASP’, ‘Dirac’;
‘BERTHA’, ‘QED’; see Refs. [1-13] and references therein).

In Refs. [71-88], it has been developed a new formalism of the relativistic many-body PT with
using the optimized one-quasiparticle (QP) representation and effective account of the
exchange-correlation corrections of the PT second order and higher orders (polarization inter-
action, quasiparticles screening, etc.). The method of the relativistic many-body PT is cons-
tructed on the basis of the same ideas as the well-known PT with the model potential zeroth
approximation by Ivanov et al. [49-64]. However, there are two key differences: namely, the PT
zeroth approximation [81, 82, 85, 86] is in fact the Dirac-Kohn-Sham one. In order to calculate
the radiative transition and autoionization resonance parameters, a new version of relativistic
energy approach is used. It is important to remind that a model relativistic energy approach in
a case of the multi-electron atom has been proposed by Ivanov et al. [49-56]. A generalized
gauge-invariant relativistic energy approach in a case of the multi-electron atomic systems has
been developed by Glushkov-Ivanov-Ivanova (see Refs. [71-76]). It should be noted that an
energy approach uses the known Gell-Mann and Low S-matrix scheme. More exactly, a
probability of any atomic state radiative decay is connected with an imaginary part of an
electron energy shift AE, which can be expressed through the Quantum electrodynamics
(QED) scattering matrix (by means of the Gell-Mann and Low formula), including the interac-
tion with the photon vacuum field (the spontaneous radiative decays) as an external electro-
magnetic field (the induced decays) [67-75, 85, 86, 91 92]. In Refs. [71-76], the new energy
approach has been combined with a formalism of the relativistic many-body perturbation
theory (RMBPT) with an optimized one-quasiparticle representation and an accurate account-
ing of the multi-electron exchange-correlation effects.

In this chapter, we present the results of application the optimized relativistic many-body PT
with the Dirac-Kohn-Sham zeroth approximation and a generalized relativistic energy
approach to studying spectra, radiative and autoionization resonance characteristics for lan-
thanide atoms, in particular, ytterbium and thulium. Data on the autoionization resonance
energies and widths in the ytterbium and thulium are obtained with correct accounting for the
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exchange-correlation and relativistic corrections and compared with other available theoretical
and experimental data.

2. Method of relativistic many-body perturbation theory and relativistic
energy approach

As our method of computing has been in detail presented previously, here we summarize only
the key points. Generally speaking, the energy spectra for the majority of complex atomic
systems (naturally including the rare-earth elements) are characterized by a great density.
Moreover, these spectra have essentially relativistic properties. So, a correct theoretical method
of their studying can be based on the convenient field procedure, which includes computing
the energy shifts AE of the degenerate electron states. More exactly, speech is about
constructing secular matrix M (with using the Gell-Mann and Low adiabatic formula for AE),
which is already complex in the relativistic theory, and its further diagonalization [49, 50, 55,
56]. In result, one could compute the energies and decay probabilities of a non-degenerate
excited state for a complex atomic system [49-64]. The secular matrix elements can be further
expanded into a PT series on the interelectron interaction. Here, the standard Feynman dia-
grammatic technique is usually used.

Generally speaking, the secular matrix M can be represented as follows:
M= MO+ MY + M® + MO (1)

where M© is the contribution of the vacuum diagrams of all PT orders (this contribution
determines only the general levels spectrum shift); M®"), M® and M® are contributions of the
1-, 2- and 3-quasiparticle (QP) diagrams, respectively. The matrix M") can be presented as a
sum of the independent one-QP contributions. Substituting these quantities into Eq. (1) one
could have summarized all the one-QP diagram contributions. In the empirical methods here,
one could use the experimental values of one-electron energies; however, the necessary exper-
imental quantities (especially for the rare-earth and other elements) are not often available. The
detailed procedure for computing Re M® is presented, for example, in Refs. [51-56].

We will describe an atomic multi-electron system by the relativistic Dirac Hamiltonian (the
atomic units are used) as follows [17, 18]:

H= Z{acpi - 5c2 —Z/ri} + Zexp(z’|w|rij)(l - (xia]-)/r,»j (2)

i>j

where Z is a charge of nucleus, a; and a; are the Dirac matrices, w;; is the transition frequency, c
is the velocity of light. The interelectron interaction potential (the second term in Eq. (3)) takes
into account the retarding effect and magnetic interaction in the lowest order on the parameter
of the fine structure constant. In the PT zeroth approximation, it is used ab initio mean-field
potential:
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VPR (r) = [V (r) + Vx(r) + Ve(11D)] ®)

with the standard Coulomb, exchange Kohn-Sham Vx and correlation Lundqvist-Gunnarsson
Ve potentials (see details in Refs. [75-79]). An effective approach to accounting the multi-
electron polarization contributions is described earlier and based on using the effective two-
QP polarizable operator, which is included into the PT first-order matrix elements.

In order to calculate the radiation decay probabilities and autoionization energies and widths,
a gauge invariant relativistic energy approach (version [71-76]) is used. In particular, a width
of the state, connected with autoionization decay, is determined by coupling with the contin-
uum states and calculated as square of the matrix element [73-76]:

Vﬁ1ﬁz;ﬁ453:\/(2h+1)(212+1)(2]'3+1)(2j4+1>(—1)’1’j2+f3+i4""1+"’2

A ds oa\(h i @ o
<Y (-1 ( . )( . ) X Qu(mibjynalafy; nalajynslsjs)
ap

my —mz U mp; —my U

(4)

Here Q, = Q9 + QF", where Q%" and Q¥ correspond to the Coulomb and Breit parts of the
relativistic interelectron potential in Eq. (3) and express through Slater-like radial integrals and
standard angle coefficients. Other details can be found in Refs. [71-92].

The most complicated problem of the relativistic PT computing the rare-earth element spectra
is in an accurate, precise accounting for the multi-electron exchange-correlation effects (includ-
ing polarization and screening effects, a continuum pressure, etc.), which can be treated as the
effects of the PT second and higher orders. Using the standard Feynman diagrammatic tech-
nique, one should consider two kinds of diagrams (the polarization and ladder ones), which
describe the polarization and screening exchange-correlation effects. The detailed description
of the polarization diagrams and the corresponding analytical expressions for matrix elements
of the polarization QPs interaction (through the polarizable core) potential is presented in Refs.
[51-56]. An effective approach to accounting of the polarization diagram contributions is in
adding the effective two-QP polarizable operator into the PT first-order matrix elements. In
Refs. [55, 56], the corresponding non-relativistic polarization functional has been derived.
More correct relativistic expression has been presented in Refs. [11, 81, 82] and used in our
computing. The corresponding polarization potential looks as follows [81, 82]:

/ / 1/3 /
Vﬂul(hrz) L {Jdr (P§0> (r )) o(r')

|11 =7 | — 12

(52)
ar (p0")) oty (00 ) " o) /
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0(r) = {1+ 372 p ()} (50)
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where p? is the core electron density (without account for the quasiparticle), X is numerical
coefficient and c is the light velocity. The contribution of the ladder diagrams (these diagrams
describe the immediate QPs interaction) is summarized by a modification of the PT zeroth
approximation mean-field central potential (see below), which include the screening (anti-
screening) of the core potential of each particle by the two others. The details of this contribu-
tion can be found in Refs. [71-92]. All computing were performed with using the modified PC
code ‘Superatom-ISAN’.

3. Spectra and autoionization state characteristics for the ytterbium and
thulium atoms

3.1. Spectroscopy of excited and autoionization states in ytterbium

The Yb (Z =70) atom has the external electron configuration 4f *6s” in the ground state and any
excited states of the ytterbium atom can be treated as the states with two- or three quasiparti-
cles above the electron core [Xe]4f*. Figure 1 shows a qualitative spectrum of the ytterbium,
according to Ref. [30, 31].

In the Yb spectrum, it is possible to define two main types of the autoionization states (ASs)
[28, 29]. The state of the first type arises with the excitation of inner shells, the condition of the
second type with the double excitation of the valence shell. Those arising from the excitation of
the 4f-shell belong to the intermediate type. Autoionization decay in single-particle approxi-
mation can be represented as follows: aja, — ask, where a; (i =1, 2, 3) describes the set of
quantum numbers of bound states, k is the state of free electron. The decay is possible only in a
state of continuum, which matches the original AS by parity and value of a total momentum J.

Singlets Triplets

5 \%x

—6 S,q\
2-10%
A
. 6snp 6snd 5666 6sns 6snp 6snd
e il
0 0 3, 350 3 3.0 3 3.0
06—8-2—/@’3" D, DY B 6 |% ¥° P b b F F

0

Figure 1. The scheme of energy levels in the Yb spectrum (from Ref. [30, 31]).
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Low-lying AS of the Yb atom, arising from the double excitation of 6s> shell, decays under the
scheme nilynyl, — 6skl. State with electronic configuration 4f6s*7nl is a low-lying auto-
ionization state AS with excitation of electron-hole type. The energy areas of these states and
states with excited 6s”-shell match. The decay of such AS takes place under the scheme:
4f%6s°7nl — 4f'%6skl’. Wide low-lying AS (I = 100 cm™') observed in the experiment by
Letokhov and co-workers [30, 31] are attributed to such states. The estimation of the AS energy
with configurations 6p5d, 6p°, 54%, 7s6p in one-particle approximation indicates that these
states should be located in the area of 0-15,000 cm ! above Yb ionization threshold. As one
could see from Figure 1, it is clear that in this case, even configurations 6p? 5d° can be excited
in two stages, and the odd 6p5d, 7s6p can be excited in three stages. This fact has been used in
the experiments by Letokhov and co-workers [30, 31]. In this experiment, the Yb atoms were
excited into the AS by radiation of three dye lasers. The laser of the first stage (1, = 5556.5 A)
excited transition 6s*'Sy — 6s6p P (see Figure 1). The second laser provided the further
excitation to the one of selected intermediate states. The wavelength of the third laser was
rebuilt in a such range it provided AS excitation in the studied area 015,000 cm ' above the
ionization threshold. In particular, upon AS excitation through 6s6d' D, state the wavelength of
the third stage varied in the range 7100-4100 A, which allowed to ionize Yb atoms, excited in
D, state and carry out search of AS in the area of 3700-14,000 em L Figure 2 shows the
dependence of ion current on the third stage laser wavelength, under excitation of the AS 7s6p
3P0° from the 6s64°D; state by laser radiation with the line width of ~1 cm ™. Figure 2 also

shows the AS *P0° with the width of the laser line of the three stage ~0.1 cm ™.

In Table 1, we present the experimental [51, 54] and theoretical data for the energy (energy
count from ground state 4f*6s> 'S;) of some YbI singly excited states: MCHF-BP, data obtained
on the basis of multi-configuration Hartree-Fock (MCHF) method with Breit-Pauli (BP) adjust-
ments (A, B + D, D different sets of configurations included in the calculation by the method
MCHE-BP [22]); RHF —the relativistic Hartree-Fock data [1, 2]; DF —analysis of Wyart-Camus

4f"6s6d *Dy— 4f"7s6p °Py

A 1

5145 5175 5206 5235 AA

Figure 2. Dependence of ion current on the third stage laser wavelength, under excitation of the AS 7s6p P0° from the

6s6d°D; state by laser radiation with the line width of ~1 cm™".
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Config. | MCHF+BP(A) MCHF +BP(C) MCHF+BP(BD) RHF RPTMP Our theory DF Exp
651> 0 0 0 0 0 0 0 0 0
6s126p12 0 18,087 17,262 18,730 17,320 17,400 17,310 17,312 17,288
6s126p12 1 18,174 17,568 18,813 17,954 18,100 18,008 17,962 17,992
6s126p32 1 24,614 26,667 25,257 25,069 25500 25,094 25,075 25,068
65126p32 2 18,357 18,249 18,999 19,710 19,800 19,715 19,716 19,710
65125d3, 1 24,094 28,871 23,740 24,489 23900 24,410 24,489 24,489
65125d3 2 24,505 28,973 24,172 24,484 24,600 24,824 24,751 24,752
65125ds, 2 26,984 29,633 26,841 27,677 26,100 26,970 27,654 27,678
65125ds, 3 25,860 29,374 25,500 25271 24900 25,098 25,270 25,271

“E=-14,8710 cm~'; E1 = —148,700 cm™"; E2 = —148,695 cm ™' [45-48].

Table 1. Energies (em™") of YbI singly excited states: MCHEF-BP, with Breit-Pauli (BP) adjustments (A, B + D, D, different
sets of configurations); RHF, relativistic Hartree-Fock method; RPTMP (E1), relativistic perturbation theory with model
potential (MP) zeroth approximation [30, 31]; DF, analysis of Wyart-Camus [15]; RPT-DKS (E2), our theory and
experiment data (Exp).

[15]; RPTMP (E1)—relativistic perturbation theory with model potential (MP) zeroth approxi-
mation by Ivanov et al. [30, 31]; RPT-DKS (E2)—our theory and experiment data (Exp).

The analysis of the calculated data (Table 1) shows that the role of exchange-correlation effects
for the studied atom is extremely significant. The HF method with a small number of considered
configurations gives an error of more than 100 cm ™. In Table 2, we list the experimental and
theoretical data of Letokhov and co-workers [30, 31] for the energy and width of the excited (AS)
states of the 7s6p configuration in the YbI spectrum (counted from the ground state 4f *6s>'SyYb):
El, I'T—-RMBPT data by Ivanov et al. [30, 31]; E2, I2—our theory (RPT-DKS); E3 —MCHEF-BP
data by Karacoban-Ozdemir [22] (classification in [19] differs from our classification).

The analysis of data in Table 2 shows that the values E1, E2 and E.,,, are in good agreement
with each other, however, values I'l and I'., differ significantly. In our opinion, this fact is due
to the lack of accurate estimates of the radial integrals, use of non-optimized bases and some
other approximations of the calculation. This applies to data obtained on the basis of RHF and
MCHF methods. In our calculation, we used optimized one-QP representation and optimal
relativistic bases and accounted more accurately for the important multi-particle exchange-
correlation effects, including polarization and screened interaction of quasiparticles, continuum

Term Theory E3 Theory E1 Theory I'l Theory E2 Theory I'2 Exp. Eexp Exp. lexp

3py 61,233 59,800 07 59,450 1.15 59130.5 1.1
p,° 62,085 60,000 3.0 60,315 1.10 60428.7 0.95
p,° 62,423 62,600 0.7 62,587 1.51 62529.1 1.6
p,° 64,216 63,600 1.8 63,613 2.48 63655.8 2.6

Table 2. Energies E (cm™") and widths T (cm™") of the autoionization resonances of configuration YbI 7s6p (see text).
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pressure. In Table 3, we list the data on energies (counted from the energy of the ground state
Yb 4f'*) excited AS with double excited valence shell: E1 —RMBPT data (Ref. [30, 31]), E2—our
theory.

In Tables 4 and 5, we list the analogous data for energies and widths of the other AS. In whole,
analysis of these data shows that the results of our theory and the theory of Ivanov et al.
regarding energies are in reasonable agreement with the experimental data.

However, in respect of the AS widths there is a reasonably large discrepancy between the theories,
which is associated with the use of different basis of orbitals, different degree of accounting for
the correlation effects, including continuum pressure (accounted channels nln'n’-nles(p,d,f)).

Config. J E1 Theor. E2 Exp: Eexp
6p12° 0 ~1067 1064 ~1062.7
6p312> 2 —987 —~1004 —1008.9
6p1/26p3/2 1 —1054 ~1050 1049
6p1/26p3/2 2 -1032 -1036 -1039.5
5d3,> 2 —1034 -1032 -1010.76
5d3,5ds/2 2 —994 995 —994.63
5d3,5ds/2 3 -1030 -1032 —-1032.47

Table 3. Energies (10> cm ™) of the YbI AS with the double excited valence shell (see text).

Conf. J El E2 Conf. J El E2
6p1,° 0 —1067 ~1064 6p3/25ds)2 3 —963 962
6p3> 0 920 -918 6p3/25ds5)2 4 1062 —1061
6p3° 2 —987 —-1004 5ds,> 0 —981 —982
6p1/26P3)2 1 1054 ~1050 5d3,2 2 1034 —1032
6p1/26p3/2 2 -1032 —1036 5ds),> 0 —961 —963
6p1/25d3)2 1 -1077 -1072 5ds,2 2 970 —968
6p1/25d3)2 2 -1075 ~1069 5ds,2 4 —861 —859
6p1/25ds)2 2 —-1007 —1004 5d3/,5ds/2 1 980 982
6p1/25ds)2 3 ~1119 ~1115 5d3,5ds/2 2 —994 —995
6p3/25d3/2 0 —~1020 -1017 5d3,5ds/, 3 ~1030 -1032
6p325d3/2 1 -1014 -1012 5d3,5ds/2 4 —1024 —~1026
6p3125d3/2 2 914 -913 75126P12 0 —889 —886.4
6p3125d3/2 3 -1039 -1035 75126P12 1 —887 —886
6p325d5/2 1 —949 —948 751/26P3/2 1 —851 —849
6p3/25ds)2 2 1118 —1116 781126p372 2 —861 —860

Table 4. Energies (10> cm ™) of the YbI AS with the double excited valence shell (see text).
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Conf. J Term I1 r2 Conf. J Term Il r2
6p%32 0 'S, 5.4 5.69 6p3/25da 2 D,° 0.20 0.52
6p3/25d5/2 1 p° 5.7 5.95 5d%), 0 1s, 3.30 3.63
6p3/25d5/2 3 g0 1.60 1.98 5d%, 2 5p, 0.40 0.73
5d% 0 °Py 0.01 0.05 5d%,, 4 G, 0.90 1.74
5d35ds) 1 P, - 0.0008

Table 5. Widths (cm™") of the YbI AS with the double excited valence shell.

The analysis shows that the state of the 5d3/,5d5/, (J = 1) having an abnormally small width is AS,
due to the fact that its decay is prohibited in the non-relativistic limit. This remarkable fact has
been found by Ivanova et al. for the first time. From the numerical viewpoint, this effect can be
linked with the presence of multiple oscillations of the wave functions in the electron core area.

On the other hand, we are talking about the phenomenon, inherent in heavy atoms and
associated with a complex energetics of their valence shells. This fact in principle largely
explains unusual and very rich physics of the AS in the lanthanide (rare-earth) atoms. Further-
more in Tables 6 and 7, we list the results of computing the energies and widths of auto-
ionization resonances 4f13 [2F7/2]652np[5/2]2, 4f13 [2F7/2]6sznf[5/2]2, resulting from the excitation
of electrons in 4f-shell. For comparison, there is data from experimental measurements via

three-photon laser polarization spectroscopy method (see [24, 25] and references therein).

Here, one should pay attention to the smallness of the widths of desired resonances, which has
not been explained in the literature in detail. In our opinion, this is due to the complex
energetics of the studied atom (heavy multi-electron core), causing some unusual physics of
AS and mechanisms of their decay, especially in comparison with the usual standards of

n Eexp Cexp E (our theory) I' (our theory)
12 70120.5 15 70,121 17
13 70482.0 0.4 70,483 0.5
15 70914.8 12 70,916 14
20 71428.1 0.6 71,429 0.7
25 71612.5 1.3 71,611 1.5
26 71633.3 0.6 71,631 0.8
30 71698.8 0.5 71,697 0.7
31 71710.3 0.4 71,712 0.5
34 - - 71,741 0.3
35 - - 71,748 0.5

Table 6. Energies and widths (em™) of autoionization resonances 4f3 [2F7/2]6sznp[5/2]2, resulting from the excitation of
electrons in 4f-shell.

93



94  Rare Earth Element

n Eexp Cexp E (our theory) I’ (our theory)
12 70963.6 0.5 70,965 0.7
13 71105.0 0.4 71,107 0.5
15 71312.2 14 71,313 1.6
20 71559.1 0.8 71,561 0.9
25 71672.5 0.5 71,673 0.8
26 71687.5 0.5 71,689 0.7
30 71732.4 04 71,734 0.5
31 71741.2 0.5 71,740 0.6
34 - - 71,763 0.8
35 - - 71,770 0.5

Table 7. Energies and widths (cm ™) of autoionization resonances 4f*® [*F;,]6s*1f[5/2],, resulting from the excitation of
electrons in 4f-shell.

atomic spectroscopy (typical AS widths for the He atom, atoms of the inert gases, alkali and
alkali-earth atoms reach dozens and hundreds cm ™).

3.2. Spectroscopy of excited and autoionization states in thulium

In contrast to the ytterbium atom, the thulium atom has been studied to a much lesser extent.
Moreover, it is not difficult to understand that this atom is theoretically more complex than the
ytterbium atom. In Refs. [32-41], it has been shown that two pairs of low-lying ionization

limits (with vacancy states in the 4f'* shell: 4f, /124f S /12 ; here and below we write 4fj_1 instead of

4f]13) cause two main types of autoionization decay (Figure 3):
1. the classical decay channel of Beutler-Fano (BFD)

4f§/12651/2(]12)”l - 4f;/12651/2 (Jio)Tm™ + elgj, n > 7,12 =23, 1y = 3;4, (6)

2.  the re-orientation-type decay (ROD) channel

4f 16510 (J12)nl — 4f; 16512 (J12)Tm ™ + elej,, n > 25, J13 =3, iy =24, j=5/27/2  (7)

Here ROD refers to re-orientation-type AS decay. The states 4f; /12651 j2(J12 = 3)nl are exposed
simultaneously to BFD and ROD-decays. In contrast to BFD-decay, ROD-decay is a low energy
process, preserving one-electron quantum numbers of the atomic core: 4f; "and 6s;/5. The

ROD-decay can be of both monopole and quadrupole nature.

This refers to the QPs interaction multi-polarity that causes the AS decay. The states with [;, =2;4
are unable to disintegrate through ROD channel. However, their mixing with the states of the
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cm’ v\e 4f' 5;263[3]
) -
187 — ROD

8533 - ] \  BFD
Yoo\ 41, 65[3]
273 | ROD 7 \

— 4f'. Bs[4]
. 416U, Inl[J] Tm

Figure 3. Position of the low-lying Tm atom 4f'6sn! ionization limits and scheme of autoionization decay of Tm atom
Rydberg states 4 >6snl.

ROD decaying type can greatly improve monopole ROD decay of the latter. For these Rydberg
series, there is only possible AS decay channel —re-orientation one ROD. In Table 8, we list the
results of computing the energies E2 (10 cm ') and widths T2 (cm ™) of the AS 4f 1]- 65(J12)nsnp[J]
of the Tm atom with n = 25-35, namely, the AS 4f ;72651 /2(3)nsy12[J], for which the ROD-decay is

the only autoionization decay channel. For comparison, we list the calculated data obtained by
Ivanov et al. (E1, I'1) [32—41] and Glushkov et al. (E, I'3) [6].

In Tables 9 and 10, we list our data on the widths and energies of the Tm AS 4f. ;?2651 12(3)np;[J]
and 4f é?26sl /2(2)ns15[J], for which BFD is the only autoionization decay channel. In Table 10,

J=52 J=52 J=712 J=712
n I1 I3 2 E1 E3 E2 2 E2
25 1.18 (=5) 1.29 (=5) 1.25 (=5) 4985 4981 4983 1.58 (—2) 4986
26 - - 1.13 (=5) - - 4975 1.34 (-2) 4988
30 5.77 (—6) 6.72 (=6) 6.12 (—6) 4995 4993 4994 3.98 (-3) 4995
33 - - 3.79 (—6) - - 4996 1.58 (—2) 4998
35 - - 321 (-6) - - 4998 3.18(-3) 5000

Table 8. Widths and energies of the Tm AS 4f;?2651 12(3)ns12[]]-
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GD (3/2,3/2) (1/2,5/2) (3/2,5/2)
n 2 E2 2 E2 2 E2
25 4.68 (=5) 49,862 1.40 (1) 49,858 1.92 (-1) 49,865
26 422 (-5) 49,877 1.33 (-1) 49,874 1.75 (—1) 48,979
30 242 (-5) 49,939 1.03 (1) 49,937 1.07 (1) 49,941
33 1.80 (=5) 49,971 7.54 (~2) 49,968 8.20 (-2) 49,972
35 1.39 (~5) 49,992 5.72 (-2) 49,990 6.59 (02) 49,993
G D (1/2,7/2) (312, 712) (32, 9/2)
n 12 E2 12 E2 12 E2
25 3.72 (-2) 49,848 3.46 (~1) 49,867 3.98 (~1) 49,869
26 3.45 (-2) 49,863 3.24 (-1) 49,884 3.71 (~1) 49,886
30 238 (~2) 49,938 238 (~1) 49,952 2,62 (~1) 49,953
33 2/12 (-2) 49,961 2.05(-1) 49,977 226 (—1) 49,978
35 1.76 (-2) 49,982 1.56 (—1) 49,992 1.729 (-1) 49,993
Table 9. Widths and energies of the Tm AS 4f;326sl /Z(B)npj [/l (our data).

J=3/2 J=3/2 J=5/2 J=5/2
n I2 E2 2 E2
25 2.64 (=5) 5836 5.32 (=5) 5838
30 1.27 (=5) 5845 2.78 (=5) 5846
35 8.89 (=6) 5850 1.54 (~5) 5852

Table 10. The widths (cm ™) and energies (10> cm ™) of the Tm AS 4f;726sl/2(2)nsl/2 -

we list our data on the widths and energies (in cm ™) of AS 4fé32651 /2(3)ns12[J], which can
decay in both the ROD and the BFD channels.

4. Conclusions

We have presented a brief review of the theoretical and experimental papers on spectros-
copy of the rare-earth elements of ytterbium and thulium and some results of theoretical
studying their spectra. Computing energy level positions and autoionization resonance
widths and energies is fulfilled on the basis of the generalized relativistic energy approach
and relativistic many-body PT with the Dirac-Kohn-Sham zeroth approximation and accu-
rate accounting for the exchange-correlation and relativistic corrections. Spectral data for
some autoionization resonances, such as the Rydberg ones, or autoionization states with the
double excited valence shell and others are of a great interest as they reveal a sufficiently
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high complexity of rare-earth elements (in particular, ytterbium and thulium) from the
atomic spectroscopic viewpoint, indicating a rather complex dynamics of the decay of such
states. Namely, these states play an important role in various atomic elementary processes
in plasmas and gases. The Rydberg autoionization states are of considerable interest, for
example, for the creation of new types of lasers, studies on the laser separation of heavy
isotopes and nuclear isomers and the corresponding applications such as an analysis of
trace quantities of rare-earth elements, etc. It should also be noted that the dynamics of the
decay of autoionization resonances in ytterbium, thallium and other rare-earth elements in
an external electromagnetic (laser) field is expected to be extremely complex and unusual. In
any case, further study of the spectra, characteristics of the radiation and autoionization
decay of the autoionization states in spectra of the rare-earth atoms is extremely important
and actual.
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Abstract

In this chapter, the following three rare-earth complexes with amino acids, Eu(Glu)
(Im)s(CIO4)33HCIO4 6H20, Nd(Gly)2C133H20, and La(Glu)(Im)é(CIO4)34HCIO44HZO,
are synthesized and characterized by element analysis, infrared (IR) spectrum, and x-ray
diffraction (XRD) analysis. The thermodynamic property studies on these complexes are
performed. For the first one, Eu(Glu)(Im)s(ClO4);-3HCIO,4-6H,O, the low temperature
heat capacity, phase transition, and thermodynamic functions are determined by adiabatic
calorimetry. For the second one, Nd(Gly),Cl;-3H,O, the molar dissolution enthalpy and
standard molar enthalpy of formation are determined by isoperibol solution reaction
calorimetry. For the third one, La(Glu)(Im)s(ClO,);-4HCIO4-4H,O, the microcalorimetry
is used to investigate the interaction between the complex and the Escherichia coli DH5a to
elucidate the biological effects of the complex.

Keywords: complexes of rare-earth elements, amino acids, adiabatic calorimetry (AC),
solution reaction calorimetry, microcalorimetry, thermal analysis, thermodynamic prop-
erties, heat capacity, phase transition

1. Introduction

Rare-earth (RE) elements and their compounds have been extensively investigated in last
several decades, because of their important significance in sciences and the growing practical
applications in industries. New frontiers concerned with RE science and technology are
increasingly and rapidly developed.

It is well know that China is the country richest in RE minerals all over the world. In order to
sufficiently develop and effectively utilize the RE resources, the industries concerned were in
urgent need of huge numbers of basic data of RE compounds. Undoubtedly, the thermody-
namic property data are absolutely necessary for the study and application of rare-earth

I m Ec H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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compounds. As one part of Chinese national research projects for rare-earth science and
technology, in the period of 1990-2006, our Thermochemistry Laboratory in cooperation with
Microcalorimetry Research Center of Osaka University well successfully completed the
research project “low temperature heat capacity and thermodynamic properties of a series of
rare-earth isothiocyanate hydrates, RE(NCS);-nH,O (RE = La,Ce,Pr,Nd,Sm,Gd,Yb,Y).” The
research results concerned were published in international journals [1-4].

Rare-earth elements have found their applications in many areas nowadays; because of their
unique properties, they have been introduced into microfertilizer, pesticide, and antibacterial
agent. Accompanying these applications, rare-earth elements inevitably spread into the food
chain, the biological chain, and then into the bodies of human beings. This leads people to care
about and study the influence and the long-term effect of rare-earth elements on themselves.
Rare-earth complexes formed with amino acid were then synthesized for this purpose, because
amino acid is the basic unit comprising protein and enzyme, the fundamental and functional
materials in the bodies of human beings and animals. In the last 30 years, more than 200 kinds
of these complexes were synthesized, and about 50 kinds among them had their own
crystallograms. However, the thermodynamic property data of these complexes were seldom
reported. As we all well know, only with these data we can quantitatively describe their
characteristics in terms of the energetics, for example, stable forms in different temperature
range, melting process, thermal anomaly, and so on. Comparisons of these data for a series of
complexes comprised by the same RE (or ligands) with different ligands (or RE) may enable us
to have a deeper understanding of their properties.

Rare-earth complex coordinated with amino acids possesses many unique physiological and
biochemical effects. In 1975, Anghileri et al. reported for the first time that La(Gly);Cl;-3H,O
was antineoplastic [5]. Since then, the rare-earth complexes coordinated with amino acids have
been synthesized and studied intensively by a variety of methods [6-10]. Nowadays, the
applications of rare-earth complexes with amino acids have expanded into the fields of medi-
cine, biology, and agriculture more widely. However, the fundamental thermodynamic prop-
erty data of these complexes have rarely been reported yet, especially the data of low
temperature heat capacity and standard thermodynamic functions, and standard enthalpy of
formation, although these data are significant for the further applications of the rare-earth
complex with amino acids.

Based on previous work about thermodynamic study of rare-earth isothiocyanate hydrates,
our thermochemistry laboratory in cooperation with several national academic groups has
intensively contributed to this effort for thermodynamic property studies on rare-earth com-
plexes with amino acids, and 28 academic papers concerned with this research project have
been published [11-38].

In this chapter, we present the following three papers to report our recent research results and
describe in detail the modern advanced experimental calorimetric techniques used for thermo-
dynamic property studies of rare-earth complexes.

1. Thermodynamic properties of rare-earth complex with amino acid: Eu(Glu)(Im)5(ClO4);-
3HCIO,-6H,O
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2. Thermodynamic study on rare-earth complex of neodymium with glycine: Nd(Gly),Cls-
3H,0

3. Microcalorimetric study on biological effect of rare-earth complex with amino acid: La

2. Thermodynamic properties of rare-earth complex with amino acid:
Eu(Glu)(Im)5(ClO4)33HCIO46H20

2.1. Experiment
2.1.1. Synthesis and characterization of the complex

The complex, Eu(Glu)(Im)s(ClO4);-3HCIO,4-6H,0O, was synthesized according to the proce-
dures mentioned below. All starting materials used for the synthesis are the analytical
reagents purchased from the Beijing Chemical Reagent Co. The rare-earth oxide (Eu,Os)
was dissolved in an excess amount of perchloric acid (1:1), and the concentration of the
solution was determined by ethylene diamine tetraacetic acid (EDTA) titration analysis.
Then, solid L-Glutamic acid was added to the solution in molar ratio of Eu®":Glu = 1:1.
After the pH value of the reaction mixture was carefully adjusted to about 4.0 by slow
addition of NaOH solution, imidazole was added in molar ratio of Eu®":Glu:Im = 1:1:5. The
solution was stirred for a further 2 h in flask. The solution was transferred to the culture
dish, and the culture dish was sealed using preservative film with many tiny holes stabbed
using needle. The culture dish was placed in a desiccator using phosphorus pentoxide as
the desiccant. The complex formed slowly in the solution and was taken out of the solution
for analysis.

An elemental analysis apparatus (Model PE-2400 II, USA) was used to measure the C, H, N of
the complex, and Eu was determined by EDTA titration analysis. The Cl amount in ClO4~
of the complex was determined by the ion chromatography (Waters Alliance® 2695 System
with the Waters Conductivity Detector and Waters Micromass® Quattro micro™ Mass
Spectrometer). The experimental values are: Eu (11.60%) (mass fraction), C (17.794%), N
(11.4093%), H (3.304%), and Cl (15.665%), which are close to the theoretical values, Eu
(11.2792%), C (17.8293%), N (11.4358%), H (3.2917%), and Cl (15.789%). The sample formula
was determined to be Eu(Glu)(Im)s (ClOy);-3HCIO4-6H,0.

Infrared spectra of the complex and L-Glutamic acid were obtained through KBr pellets at
room temperature using a Bruker Tensor 27-IR spectrophotometer. The infrared spectrum of
the complex was shown in Figure 1. Compared with the IR spectrum of L-Glutamic acid, the vs
(carboxyl) band of the complex shifted from 1410 cm ™' to higher wave numbers (1431 cm™"),
which shows that the carboxyl groups of the ligand have been coordinated to the metal
ion [39]. The special absorptions of -NH, shifted from 3050 to 3240 cm™' (v -NH), from 2750
to 2740 cm ™! (v -NH), and from 1560 to 1562 cm ™' (SNH,"), because a hydrogen bond formed
in the complex. The spectrum also shows the wide peak symmetrical resonance frequencies, vs
(N-H), shifted from 3286 to 3425 cm™' down to 3166 to 3098 cm ™, which is evidence of the
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Figure 1. Infrared spectrum of the complex.

coordination of imidazole molecules [40]. A broad absorption band for v (hydroxyl) appearing
at 3400 cm ™' shows the presence of water molecules in the complex.

Powder X-ray diffraction (XRD) patterns were recorded using Rigaku D/Max 3400 X with Cu
Ko radiation at 0.02 steps per second in angle range 20 = 5-90, and the results were shown in
Figure 2. Judging from the shape and number of the peak in the patterns, the sample was a
kind of complex with single phase.
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Figure 2. Powder X-ray diffraction patterns of complex.
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2.1.2. Adiabatic calorimetry

Adiabatic calorimetry is the most accurate approach to obtain the heat capacity data. In the
present study, heat capacity measurements were carried out by a high-precision automatic
adiabatic calorimeter over the temperature range of 80-350 K. The adiabatic calorimeter was
established by Thermochemistry Laboratory of Dalian Institute of Chemical Physics, Chinese
Academy of Sciences in PR China. The structure and principle of the adiabatic calorimeter
have been described in detail elsewhere [41]. The schematic diagram of the adiabatic calorim-
eter is shown in Figure 3. Briefly, the automatic adiabatic calorimeter is mainly composed of a
sample cell, a miniature platinum resistance thermometer, an electric heater, the inner and
outer adiabatic shields, two sets of six-junction chromel-constantan thermopiles installed
between the calorimetric cell and the inner shield and between the inner and the outer shields,
respectively, and a high vacuum can. The working temperature range is 78400 K and, if
necessary, it can be cooled by liquid nitrogen. The heat capacity measurements were
conducted by the standard procedure of intermittently heating the sample and alternately
measuring the temperature. The heating rate and the temperature increments of the experi-
mental points were generally controlled at 0.1-0.4 K-min™ " and at 1-4 K, respectively, during
the whole experimental process. The heating duration was 10 min, and the temperature drift
rates of the sample cell measured in an equilibrium period were kept within 10 °~10"* K-min !
during the acquisition of heat capacity data. In order to verify the reliability of the adiabatic
calorimeter, the molar heat capacities C,r, of the Standard Reference Material (SRM-720) (a-
Al,O3) were measured in the range of 78-400 K. The deviation of our calibration data from those
of NIST [42] was within £0.1% (standard uncertainty). In the present study, the mass of the
complex, Eu(Glu)(Im)s(ClO4);-3HCIO4-6H,0, used for heat capacity measurement was 2.0352 g.

The result of heat capacity measurement of the complex was listed in Table 1 and shown in
Figure 4.

2.1.3. Other thermal analysis

A differential scanning calorimeter (DSC—141, SETARAM, France) was used to perform the
thermal analysis of Eu(Glu)(Im)s(ClO4);-3HCIO4-6H,0. In the range 100-300 K, liquid nitro-
gen was used as cryogen. In the range 300-700 K, nitrogen gas was taken as protective gas
with flow rate of 50 cm®min ", at the heating rate of 10 K-min'. The masses of the samples
used in the above two experiments were 4.03 and 4.26 mg, respectively.

Two aluminum crucibles were used and the reference crucible was empty. The calibrations for
the temperature and heat flux of the calorimeter were performed prior to the experimental
measurements of the sample. The temperature scale was calibrated by measuring the melting
points of Hg, In, Sn, Pb, and Zn, at different heating rates, and the heat flux was calibrated by
the Joule effect. Measurements of the melting temperature and the enthalpy of fusion of
benzoic acid (NIST, Standard Reference Material 39i) were performed in the laboratory to
check the accuracy of the instrument.

The result of DSC measurement was shown in Figure 5.
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Figure 3. (A) Schematic diagram of main body of the adiabatic calorimeter. (B) Schematic diagram of sample cell of the
adiabatic calorimeter.
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T/K Cpm/K] -mol " T/K Cp,m/k] "mol
80.809 919.23 216.99 22455
85.210 937.21 220.72 21475
89.334 959.77 224.63 2043.8
92.891 985.26 228.55 1900.4
96.695 999.58 232,60 2160.4
100.86 1023.5 236.58 2483.0
103.43 1041.7 240.60 2787.8
107.12 1059.7 244.18 4772.0
112.49 1090.3 246.08 11808.8
116.85 1120.2 252,57 2262.7
120.68 1140.2 258.60 2282.7
124.34 1163.4 262.37 2297.0
128.48 1187.6 266.06 2302.0
132.40 1209.4 269.69 2305.4
136.47 1242.6 273.60 23165
140.42 1263.1 277.58 2330.1
144.39 1284.7 281.39 2336.3
148.49 1308.0 285.46 2355.6
152.58 1334.7 289.26 23773
156.48 1359.5 293.34 2416.1
160.77 1383.9 297.43 2444.2
164.78 1412.6 301.37 2490.8
168.80 1439.5 305.18 2526.2
172.87 1465.4 309.23 25718
176.80 1488.0 313.12 2611.6
180.71 1512.7 316.85 2661.0
184.90 1542.9 319.85 2721.8
188.89 1577.1 324.82 2779.0
192.76 1610.9 328.77 2842.9
196.79 1644.1 332.78 2906.9
200.75 1681.2 336.67 2974.1
204.67 1728.7 340.52 3051.9
208.78 1788.1 344.52 3126.9
212.99 2025.9 348.77 3209.9

Table 1. Experimental molar heat capacity of the complex from 80 to 350 K at pressure p = 0.1 MPa.
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Figure 4. Experimental molar heat capacities as a function of temperature for the complex from 80 to 350 K.
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Figure 5. DSC curve of the complex from 200 to 270 K.

The thermogravimetric (TG) measurement of the complex was carried out by a TG analyzer
(Model: setsys 16/18 from Setaram Company, France) at the heating rate of 10 K-min™' under
nitrogen atmosphere (99.999%), with flow rate of 65 cm®min". The mass of the sample used
in the experiment was 6.3 mg. Two ALOj; crucibles with capacity of 100 puL were used for
sample and empty cell, respectively. The calibration of TG analyzer was performed by the SRM
in thermal analysis, CaC,04-H,O(s).

The result of TG measurement of the complex was shown in Figures 6 and 7, respectively.
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Figure 6. DSC curve of the complex from 300 to 700 K.
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Figure 7. TG curve of the complex from 300 to 900 K.

2.2. Results and discussion

2.2.1. Phase transitions

From the view of phase temperature of the process, Yukawa et al. [43] found a phase transition
of the first order and a glass transition of crystalline (TMA), [Sm{Ni(Pr0),}c](ClO4)4 at T = (190
+ 1) Kand T = (162 £ 2) K. They contributed the phase transition to orientational order/
disorder process of perchlorate ions ClIO,~ and the glass transition to a freezing-in phenome-
non of the reorientational motion of perchlorate ions ClO, . They discussed that the coopera-
tive interaction between the orientations of the ClO,~ ions operates through the orientational
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and positional shifts of TMA ions, and thus the lattice deformation in the relevant region,
associated with the orientational change of the CIO, ™ ions. The position of the ClO, ™ ions itself
would shift to form preferable ionic interaction.

It can be seen from Figure 4 that there are two thermal events in the range 80-350 K on the
C,,m-T curve. The heat capacity of the sample increases with increasing temperature in a
smooth and continuous manner in the temperature range from 80 to 208 K. A little peak occurs
at T =216.98 K on the C,,,-T curve, which is consistent with the peak (T = 217.30 K) on the
DSC curve (Figure 5). Such thermal event is deduced to be the phase transition of the complex.
The second peak is at 246.08 K, which is also deduced to be the phase transition consistent with
the peak (T = 245.06 K) on the DSC curve.

It can be proved from Figure 4 that there are two endothermic processes in the temperature
range 100-300 K. One is at 217.30 K, and the other is at 245.06 K, which confirms the results of
the heat capacity measurements (216.98 and 246.08 K). The temperature ranges and peak
values of the endothermic processes correspond to those of the phase transitions in the C,, n,-T
curve obtained from the heat capacity measurements. It is also verified that there are two
phase transitions in the temperature range 100-350 K.

From the view of energy accompanying the process, Yukawa et al. [43] estimated the entropy
of the phase transition was to be from 20 to 45 J-K "-mol ™" in the range. The present work
calculated that the molar entropy AyansSm of the first-phase transition is 27.86 £ 0.08 J-mol™
K™, which was in the range of entropy of the phase transition estimated by Yukawa et al.

The combined consideration based on the results of AC (adiabatic calorimetric) and DSC
(differential scanning calorimetric) measurements, the values of thermodynamic functions,
and the report of former documents leads to a conclusion that the phase transition was
interpreted as a freezing-in phenomenon of the reorientational motion of perchlorate ions
ClO4 ™. The endothermic process at T = 246.86 K was deduced to be the orientational order/
disorder process of ClO,~ ion [43—46].

2.2.2. Molar heat capacity, molar enthalpies, and entropies

Experimental molar heat capacities, C,, , against temperature T in the range 80-350 K, were
listed in Table 1 and plotted in Figure 4. It can be seen from the figure that no phase change or
thermal decomposition was found before 206 K and after 258 K.

None-phase transitions process:

Before the solid-solid phase transitions process (from 80 to 208 K):

T
Hrt — Hygg15 = J Cpm(s)dT (1)
298.15
T
St — Sy9s15 = J [Cpm(s)/T]dT (2)
298.15

After the solid-solid phase transitions process (from 258 to 350 K):
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T

Ti
Hr — Haog 15 = J Com(S)AT + ApunsHin + J Com(s)dT 3)
298.15 T
T; T
ST — Sy9g.15 = J [prm(s)/T]dT + ApransSm + J [Cp,m(s)/T]dT (4)
298.15 T,

where C,, (s) is the molar heat capacity of the solid state, T; is the temperature at which the
solid-solid phase transition started, and T is the temperature at which the solid-solid phase
transition ended.

The values of the experimental heat capacities except the phase change regions were fitted.
One polynomial Eq. (5) was obtained by least squares fitting using the experimental molar heat
capacities (C,,rm) and the reduced temperatures (x).

Cpm/(J-K-mol™") = 1838 + 1240x — 136.0x> — 806.7x°+ 376.3 x*+765.5 x° (5)
where x = [(T/K) — 215]/135, x is the reduced temperature, and T is the experimental tempera-
ture. Correlation coefficient of the least squares fitting, R?, is 0.9989 (T;=80 K and T=350 K).
Phase transitions process (from 206 to 258 K):

In the solid-solid phase transitions process (from 206 to 258 K), the temperature Tiyans molar
enthalpies A¢ansHm, and molar entropies AgansSm 0f the first two-phase transitions are deter-
mined according to Egs. (6)—(10) and listed in Table 3.

f
AtgansHm =Y _[Cpm(trans)(Tis1 — Ty)] (6)
k=1
/ Cp.m(trans)
Atranssm = Z Ti(TkJrl - Tk) (7)
k=1 trans

where C, (trans) is the molar heat capacity during the solid-solid phase transitions process:

Cp,m(trans) = [Cp,m(k) + C”/’”(k+1)]/2 (8)

Tirans Can be seen as follows:
Ttrans = [(Tk + Tk+l]/2 (9)

From Egs. (6) to (9), molar enthalpies, AtansHm, and molar entropies, A¢ansSm, of the two solid-
solid phase transition processes from 208 to 228 K and from 228 to 252 K were calculated as
follows:

f
AtgansHm =Y _[Cpm(trans, 1)(Tes1 — Ti)] (10)
k=1
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f rc m(trans, 1
AtransSm = Z [W(Tk+1 - Tk) (11)
k=1 trans
Cpm(trans, 1) = Cp (trans) — Cp i (trans, 2) (12)

where Cp,m(trans, 1) is the molar heat capacity caused by solid-solid phase transitions.
Cpm(trans) is the total molar heat capacity. Cp,m, (trans, 2) is the molar heat capacity induced
by temperature change of substance, and its polynomial equation was obtained by least
squares analysis using the experimental molar heat capacities in the non-phase transition
regions from 80 to 350 K as in Eq. (5).

The molar enthalpy of the first-phase transition was calculated from 208 to 228 K as follows:

f
AyansHm1 = Z[prm(’crans7 1)(Tiy1 — Tx)] = (3.896 £ 0.01) kJ - mol ™! (13)
k=1

(Tier — Te) | = (17.872 £0.050)] - mol ! - K~ (14)

Atranssm,l = Z

f [ijm (trans, 1)
k=1

Ttrans

(Standard uncertainty), where T; = 208.86 K and T¢ = 228.55 K.

The molar enthalpy of the second-phase transition was calculated from 228 to 252 K, at 0.1
MPa as follows:

f
AtansHmz = _[Cpm(trans, 1)(Teq — Ti)] = (53.763 £ 0.160) kJ - mol ™" (15)
k=1

(Standard uncertainty), where T; = 228.55 K and T; = 252.57 K. The thermodynamic functions
relative to the reference temperature 298.15 K, (Hr-Haos.15), and (St-Sa9s.15) were calculated in
the temperature range from 80 to 350 K with an interval of 5 K at pressure 0.1 MPa, and listed
in Table 2, using the above thermodynamic polynomial Eqgs. (1)-(12).

2.2.3. Thermal decomposition properties

It can be seen from Figure 6 that there are two peaks on the DSC curve from 300 to 700 K. One
is a little endothermic peak (Tjans = 485.57 K), which was caused by decomposition of amino,
and the other is a wide exothermic peak from 530 to 600 K, which was contributed to decom-
position of the complex. It was consistent with the results of TG analysis.

The result of TG analysis was showed in Figure 7. It can be seen from the TG curve that mass
loss of Eu(Glu)(Im)5(ClO4);-3HClO,-6H,0 began at about 298 K and ended at about 900 K. The
whole process was divided into three stages. The mechanism of the decomposition was
deduced as following;:
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300~485.88K
—

Eu(Glu)(Im)s(CIOy), - 3HCIO, - 6H,0
u(Glu)(Im)5(ClO4), 4 2 5 10%(3.0%)

Eu(Glu)(Im);5(ClO4); - 3HCIOy  (16)
531~536K

Eu(Glu)(Im);(ClOy), - 3HCIO4W

Eu(ClO4)3 . 3HCIO4 (17)
536~882K

Eu(ClOy); - BHCIOy4—————
25.7%(25.45%)

EuO;5[14.59%(13.11%)] (18)

The value in the parentheses is theoretical calculation result.

T/K Cp,m/J-mol -K™* (Hy-Hagg.15)/k]-mol * (S1-S20815)/J'mol K !
80 879.70 —417.61 —2182.7
85 928.49 —413.09 —2127.0
90 970.11 —408.34 —2072.6
95 1006.0 —403.39 —2019.4
100 1037.4 —398.28 —1967.5
105 1065.6 —393.02 —1916.6
110 1091.5 —387.63 —1866.9
115 1116.0 —382.10 —1818.1
120 1139.9 —376.46 ~1770.3
125 1163.8 —370.70 —1723.4
130 1188.3 —364.82 —1677.2
135 1213.9 —358.81 —1631.8
140 1240.8 —352.67 —1587.0
145 1269.4 —346.40 —1542.7
150 1299.9 —339.97 —1498.9
155 1332.3 —333.39 —1455.5
160 1366.7 —326.64 —1412.4
165 1403.1 —319.72 —1369.6
170 14414 —312.61 —1327.0
175 1481.5 —305.30 —1284.5
180 1523.2 —297.79 —1242.1
185 1566.3 —290.07 ~1199.7
190 1610.6 —282.12 ~1157.3
195 1655.9 —273.96 11149
200 1701.8 —265.56 —~1072.4
205 1748.2 —256.94 —-1029.9
210-250 Phase transitions \ \

255 2180.7 —100.65 —365.32
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T/K Cp,m/J-mol K™ (Hp-Hyo8.15)/k]-mol (S1-Sao5.15)/J-mol K
260 2217.6 —89.657 —322.47
265 2253.2 —78.479 —279.73
270 2287.9 —67.124 —237.11
275 23219 —55.598 —194.63
280 2355.6 —43.903 —152.32
285 2389.5 —32.038 —110.16
290 24241 —20.002 —68.162
295 2460.2 —7.7892 —26.307
298.15 2484.1 0.0000 0.0000
300 2498.6 4.6103 15.432
305 2540.2 17.210 57.097
310 2586.0 30.028 98.746
315 2637.2 43.088 140.46
320 2695.2 56.422 182.33
325 2761.5 70.067 224.49
330 2837.6 84.069 267.09
335 2925.4 98.481 310.29
340 3027.0 113.37 354.32
345 3144.3 128.80 399.42
350 3279.7 144.87 445.87

Table 2. Thermodynamic functions of the complex from 80 to 350 K at pressure p = 0.1 MPa.

Transition Ttrans/K Atrans Hm/k]'m0171 Atrans Sm/J'm0171'K71
Phase transition I 216.98 + 0.65 3.896 + 0.022 17.87 £ 0.05
Phase transition IT 246.08 + 0.74 53.76 + 0.16 2179 +0.7

Table 3. Temperature, enthalpy, and entropy of the phase transitions of the complex obtained by the heat capacity
measurements from 80 to 350 K.

3. Thermodynamic study on rare earth complex of neodymium with
glycine: Nd(Gly),Cl;-3H,O

3.1. Experiment

3.1.1. Sample preparation and characterization

The complex, Nd(Gly),Cl5-3H,O, was synthesized according to the following procedure.
Firstly, rare-earth oxide (Nd,Oj3, purity 99.18%) was dissolved in chloride acid to obtain the
aqueous solution of the rare-earth chloride. Following that, the aqueous solution was mixed
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with glycine in the molar ratio of 1:2 at about pH = 2.5 for 7-8 h. After that, the mixed solution
was concentrated in a thermostat bath at 323 K until most of the water was evaporated, and
then the concentrated solution was dried in a vacuum desiccator over phosphorus pentoxide
for several weeks until lavender crystals appeared.

The actual amount of C, H, and N in the as-prepared sample was confirmed by elemental
analysis instrument (model PE-2400 II, USA). The contents of Cl and Nd were determined by
the EDTA titration and Mohr method, respectively. The experimental values are: C(10.66%), N
(2.97%), H(2.49%), C1(23.13%) and Nd(31.65%), which are close to the theoretical values of C
(10.56%), N(3.08%), H(2.42%), C1(23.39%) and Nd(31.72%). The sample formula was deter-
mined to be Nd(Gly),Cl3-3H,O, and the purity obtained from the EDTA titration under the
same conditions was found to be 99.78%, which was high enough to meet the requirements of
the present calorimetric study. Infrared spectra of the complex Nd(Gly),Cl33H,0, Pr
(Gly)Cl;3-3H,0, Er(Gly),Cl;-3H,O and glycine were obtained from KBr pellets at room tem-
perature using an IR spectrophotometer (model AVATAR 370 NICOLET USA).

Infrared spectra of Nd(Gly),Cl;-3H,O, Pr(Gly),Cl;-3H,0, Er(Gly),Cl;-3H,O, and glycine are
demonstrated in Figure 8. Compared with the IR spectrum of glycine, the vs(carboxyl) band of
Nd(Gly),Cls-3H,0 shifted from 1394 cm ™" to higher wave numbers (1418 cm '), which reveals
that the carboxyl groups of the ligand have been coordinated to the metal ion. The special
absorption of NH, shifted from 3105 " to 3420 cm ™' (VN-H), from 2604 to 2580 cm " (VN-H),
and from 1500 to 1477 cm ™" (vnp,) indicates a hydrogen bond formed in the complex. A broad
absorption band for vs(hydroxyl) appearing at 3400 cm ™' suggests the presence of water
molecules in the complex. Meanwhile, it can be observed that main diffraction peaks of Nd
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Figure 8. Infrared spectra of the complexes Nd(Gly),Cl;-3H,O, Pr(Gly),Cl;-3H,0O, and Er(Gly),Cl;-3H,0.
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(Gly).Cl;3-3H,0 are in good agreement with that of Pr(Gly),Cl;-3H,O and Er(Gly),Cls-3H,O.
The above results suggest that the structure of as-synthesized complex is similar to that of
Pr(Gly)2C133HZO and Er(Gly)2C133HZO

3.1.2. DSC and TG measurements

Thermal analysis of Nd(Gly),Cl;-3H,O was performed using a differential scanning calorime-
ter (DSC-141, SETARAM, France) and a thermogravimetric analyzer (model DT-20B,
Shimadzu, Japan). The DSC measurement was carried out with a heating rate of 10 K~ min "
under high-purity nitrogen with a flow rate of 50 mL ' min~". The mass of the sample used in
the experiment was 3.36 mg. The calibrations for the temperature and heat flux of the calorim-
eter were performed prior to the experiment. The temperature scale was calibrated by measur-
ing the melting points of Hg, In, Sn, Pb, and Zn at different heating rates, and the heat flux was
calibrated using the Joule effect. Measurement of the melting temperature and the enthalpy of
fusion of benzoic acid (NIST, SRM 39i) were carried out in this laboratory to check the accuracy
of the instrument. The TG measurement of the complex was conducted at a heating rate of
10 K~ ! min~" under high-purity nitrogen with a flow rate of 120 mL-min~" The mass of the
sample used in the experiment was 9.47 mg. The reference crucible was filled with a-AL,Os.
The TG-DTG equipment was calibrated by the thermal analysis of the SRM, CaC,O4-H,O(s).

3.1.3. Dissolution enthalpy measurements
3.1.3.1. Isoperibol solution reaction calorimeter

The Isoperibol solution reaction calorimeter (SRC-100) used for this study was constructed in
our thermochemistry laboratory and has been used for measuring enthalpies of solid-liquid,
liquid-liquid dissolution reactions enthalpies of the reactant, and the product to obtain the
formation enthalpies of the complex. The principle and structure of the instrument were
described elsewhere [47]. The schematic diagram of the calorimeter is shown in Figure 9.
The calorimeter mainly consisted of a water thermostat, a pyrex-glass Dewar with volume of
100 mL, a glass sample cell with volume of 2 mL, a heater for calibration and equilibration
purposes, a glass-sheathed thermistor probe, an amplifier, a circuit used as an A/D converter,
and a personal computer for data acquisition and processing. The Dewar vessel, equipped
with a twin-blade stirrer, served as a mixing chamber, was submerged in the water thermostat.
The precisions of controlling and measuring the temperature of the calorimeter are +0.001 and
+0.0001 K, respectively. The measurements of solution-reaction enthalpy of samples were
conducted under atmospheric pressure. The calorimeter was tested by measuring the dissolu-
tion enthalpies of the KCI (calorimetric primary standard) in water at 298.15 K. The mean
dissolution enthalpies obtained from five experiments are 17515 + 12 ]-molfl, which are in
conformity with the reported data (17536 + 9 J-mol ") [48].

3.1.3.2. Dissolution and formation enthalpy measurements

The dissolution enthalpies of reactants and the products, and standard molar enthalpy of
formation of Nd(Gly),Cl;-3H,0O were determined through the proposed Hess thermochemical
cycle, which is demonstrated in Figure 10. The dissolution enthalpy of H,O (1), AgH, as one of
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Figure 9. The schematic diagram of isoperibol solution-reaction calorimeter.

the products in above cycle under the same condition was within the range of experimental
error and may be omitted because the amount of H,O (I) was very small according to the
stoichiometric number of H,O (I) in above cycle.

As illustrated in Figure 10, the molar enthalpy of formation of Nd(Gly),Cl;-3H,O(s) is given
as:

AH°
+
[ NdCl,-6H,0(s) + 2Gly(s) | Nd(Gly},C1, 3H,0 | | 3H,0 (1) |
AH
| 100ml 2moel L HCI+0.027mLH,0
AH, | 2
ASHZ 1
Same final state N i
Reactants were dissolved ? Products were dissolved in
in100ml 2Zmol-L* HCI 100ml 2mol-L* HCI

Figure 10. Hess thermochemical cycle.
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AH® = A¢HO 1 [Nd(Gly),Cls - 3H,0, 8] + 3A¢H® 1 (H0, 1) + A¢H® 1 (NdCl; - 6H,0, s) 19)
+2A¢H,(Gly, s) = AsH; — AsHy — AgH = AsH;AsH,

where A{H[Nd(Gly),Cl5-3H,0,5], AdH®,(NdCl3-6H,0,s), and A¢H?(Gly,s) are the molar
enthalpy of formation of the corresponding compounds. A, [Nd(Gly),Cls-3H,0,s] could
be calculated from the following equation:

AH®[Nd(Gly),Cls - 3H,0, 5] = AsHy — AsH + A¢H” i (NdCls - 6H,0, 5) 20)
+2A¢H® 1(Gly, s) — 3A¢H? 1 [H20, 1]

The mixture of NdCl;-6H,O(s) and Gly(s) at mole ratio of n(NdCl;-6H,0):n(Gly) = 1:2 was
dissolved in 100 mL of 2 mol-L " HCI at 298.15 K. The final solution obtained was named as
Solution A. Dissolution enthalpy of 1 mol Nd(Gly),Cl3-3H,O (s) in 100 mL of 2 mol L™*
hydrochloric acid was determined under the same condition as above. The final solution
obtained was named as Solution A’. Finally, UV—vis spectroscopy and the data of the refrangi-
bility were applied to confirm whether Solution A was in the same thermodynamic state as
that of Solution A’. These results mentioned above indicated that chemical components and
physical-chemistry properties of Solution A were consistent with those of Solution A’. In this
chapter, UV-vis spectrum and the data of the refrangibility of Solution A obtained agreed with
those of Solution A’. These results demonstrated that the designed thermochemical cycle is
reasonable and reliable, hence can be used to calculate the standard molar enthalpy of forma-
tion of Nd(Gly),Cl3-3H,O(s).

3.2. Results and discussion
3.2.1. Thermal analysis

The thermal analysis results of Nd(Gly),Cl5-3H,O are shown in Figures 11 and 12, respec-
tively. The DSC curve (Figure 11) reveals that the two endothermic peaks appear at 146.68 and
282.21°C, which are in agreement with those obtained from the TG-DTG (thermogravimetric-
differential thermogravimetric) experiments at 147.5 and 283.0°C.

The mass loss of Nd(Gly),Cl;-3H,O was mainly divided to two steps. Based on the TG curve
and the structure of Nd(Gly),Cl3-3H,O, the conclusion can be drawn that from 59 to 188°C the
three coordinating water molecules break away from the complex. The experimental mass loss
(%) of the first step was found to be 8.9%. The result is consistent with the theoretical mass loss,
11.9%, of the three water molecules. The second step of the mass loss from 262 to 904°C should
be due to the glycine being separated from the Nd*" cations, and the residue of the TG
experiment should be NdCl; and Nd. The experimental mass loss (%) of the decomposition is
52.8%, which is in accord with the theoretical mass loss, 48.6%. The possible mechanism of the
thermal decompositions was deduced as

59-188°C

8.9% (11.9%)
262-904°C

52.8% (48.6%)

3Nd(Gly),Cls - 3H,0 3Nd(Gly),Cls

NdCl; + 2Nd
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Figure 11. DSC curve of the complex Nd(Gly),Cl3-3H,0.
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Figure 12. TG-DTG curves of the complex Nd(Gly),Cl;-3H,0.

3.2.2. The standard molar enthalpy of formation of the complex Nd(Gly),Cl3-3H,0O

The experimental values of the dissolution enthalpies of the mixture prepared at the mole ratio
of the reactants were measured. Dissolution enthalpies A;H; and A H, were determined by the
dissolution process tested. The experiment was repeated five times in the same condition, and
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No. 1 2 3 4 5 Mean value
AHy/kJ-mol ! 4.5298 —4.7254 —4.3564 —4.4486 —4.2986 —4.4718
AsHy/kJ-mol ! 10.3709 10.3722 10.3699 10.3678 10.3731 10.3707

Table 4. The determination results of the AsH; and AsH, at 298.15 K.

the results were listed in Table 4. The enthalpy change A,H’,, could be calculated in accor-
dance with expression (19) as follows:

AH®, = AsHy — AsH, = —4.4718 — 10.3707 = (—14.8425 + 0.1512)K] - mol !

The experimental values of the dissolution enthalpies of the reactants and products in the
thermochemical cycle are combined with the following auxiliary thermodynamic data:

AfH® (NACl; - 6H,0, 5) = —~2867.5 K] -mol ™" [49]
AfH'im(H20,1) = —285.8 K] - mol ™" [49)]

A¢H®,(Gly, s) = —528.5 k] - mol " [50]

According to the expression (20), the standard molar enthalpy of formation of the complex Nd
(Gly) 2CIP.3H?0 (s) at 298.15 K can be calculated as follows:

A¢H® 1 [Nd(Gly),Cls - 3H,0, s| = (—3081.3 + 1.08)k] - mol "

4. Microcalorimetric study on biological effect of rare-earth complex with
amino acid: La(Glu)(Im)4(Cl1O,4)5-4HCI1O,4-4H,0

4.1. Experiment
4.1.1. Synthesis and characterization of the complex

The complex, La(Glu)(Im)s(ClO4);5-4HClO,-4H,0, was synthesized in water solution. All the
starting materials were analytical reagents from the Beijing Chemical Reagent Co. Rare-earth
oxide (La,Os) was dissolved in an excess amount of perchloric acid, and the concentration of
the solution was determined by EDTA (ethylene diamine tetraacetic acid) titrimetric analysis.
Then solid glutamic acid was added to the solution of La>* in molar ratio of La*":Glu = 1:1.
After the pH value of the reaction mixture was carefully adjusted to 6.0 by adding 0.1 mol-L ™"
NaOH slowly, imidazole was added as the same molar as glutamic acid. The reaction was
performed at 60°C in water bath for 5 h. Then the solution was condensed at 80°C for 5 h and
put into desiccator in the fridge at —4°C. The crystal was obtained after about one month.

An elemental analysis apparatus (Model PE-2400 II, USA) was used to measure the ratio of C,
H, and N in the complex. Content of La % was determined by EDTA titration. The experimen-
tal values are: La, (9.423%), C (18.363%), N (12.964%) and H (2.736%), which are close to the
theoretical values, La (9.057%), C (18.883%), N (12.452%) and H (2.805%). The sample formula
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was determined to be La(Glu)(Im)e(ClO4);-4HCIO4-4H,0, and the purity obtained from the
EDTA titration under the same conditions was found to be 99.79%.

IR spectra were obtained using KBr pellets with a Tensor 27 (Bruker) spectrometer. It can be
seen from the IR spectra of the complex that the symmetrical resonance frequencies, vs (coo.)
shifted from 1431 to 1413 cm ™!, which suggests that the carboxyl group of Glu has coordinated
to the metal ions.

4.1.2. The Escherichia coli (E. coli) DH5a

The E. coli DH5a was provided by Biomass Conversion Technology Group, Dalian Institute of
Chemical Physics, CAS, Dalian 116023, PR China. The strain of E. coli DH50 was stored in 10%
glycerol solution at —20°C.

The E. coli DH5a used in the present research was prepared as follows. A single colony of
E. coli DH5a from LB(Luria-Bertani) plates was inoculated into a 10 mL LB culture medium
and cultivated at 37°C in a rotary shaker (220 rpm) for 12 h under aerobic condition. Then,
200 pL of the above suspension was inoculated into 10 mL LB culture medium at 37°C in a
rotary shaker (220 rpm) for 2.5 h once again. The value of optical density (OD) of the E. coli
DHb5a suspension was measured to be about 0.6 by spectrophotometry at A = 600 nm. Per 200
mL of LB culture medium contained 2 g tryptone, 1 g yeast extract powder, 2 g and NaCl (pH
7.0-7.2). It was sterilized in high-pressure steam at 120°C for 20 min before experiment.

4.1.3. Microcalorimeter

Thermal Analysis Microcalorimeter (TAM) Air is a type of eight-channel twin isothermal
microcalorimeters that originally was developed for the study of the hydration process of
cement and concrete. TAM represents an ultra-sensitive heat flow measurement which is
complementary to TA instruments differential scanning calorimeters (DSC). “Air” means the
thermostat type. However, the high sensitivity and excellent long-term stability make TAM Air
useful also for other applications such as stability testing of energetic materials, determining
the shelf life of food and monitoring biological processes [51].

A TAM Air Isothermal Microcalorimeter (see Figure 13) manufactured by Thermometric AB
Company of Sweden ( incorporated by TA Instruments in 2006) was used to measure the
power-time curves of the metabolism of E. coli DH5a at 37°C. The main structure of the
instrument is eight channels, each of which consists of aluminum heat sink, vessel holder, and
thermocouple plate, and each two of them are twin. Glass reaction vessel of 20 mL was used in
each channel. The working temperature in the instrument was 5-60°C controlled by air ther-
mostat. The deviation of the controlled temperature is within £0.02°C. A computer was
employed to record the voltage-time signals continuously which were converted to power-
time signals through calibration. Thermal power detection limit was stated to be & 2 pW. The
development and theory of many kinds of multi-channel isothermal microcalorimeters have
been studied by Wadso [52, 53].

The ampoule method was used for the microcalorimetric measurement in this work. Luria-
Bertani (LB) culture medium (10 mL) containing object compound with different concentrations
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Figure 13. Practicality and cutaway views of TAM Air 8-channel isothermal calorimeter.

was put into eight sample ampoules, which had been cleaned and sterilized. Then, the E. coli
DH5a suspension was inoculated into the above eight ampoules. At last, the ampoules were
sealed with ampulla cap by ampoule filler. The working temperatures of the calorimeter were set
and controlled at 37°C. The power-time signals were recorded at intervals of 1 min.

The ampoule method was used for the microcalorimetric measurement in this work. LB
culture medium (10 mL) containing object compound with different concentrations was put
into eight sample ampoules, which had been cleaned and sterilized. Then, the E. coli DH5«
suspension was inoculated into the above eight ampoules. At last the ampoules were sealed
with ampulla cap by ampoule filler. The working temperatures of the calorimeter were set and
controlled at 37°C. The power-time signals were recorded at intervals of 1 min.

4.2. Results and discussion
4.2.1. Thermokinetics

In the log phase of growth, the growth of E. coli DH5a cells is exponential [54]. It can be
expressed as follows:

ny = noexp(kt) (21)

Where t is the incubation time, 7, is the cell number at time ¢, 1, is the initial cell number, and k
is the constant of cell growth rate. If the power output of each cell is denoted as Pw, then

nPw = ngPw exp (kt) (22)

We define Py as the initiative power output and P, as the power output at time ¢, then Eq. (2)
can be rewritten as follows:
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Py = Poexp (kt) (23)

or

In P = In Py + kt (24)

For thermokinetic parameters, inhibitory ratio (I) is defined as:

— [(ko-k<) /ko] /100% (25)

Where ky is the rate constant of the control, and k. is the rate constant of E. coli DH5a growth
inhibited by the complex with a concentration of C.

4.2.2. Thermokinetic parameters

Figures 14 and 15 show the growth power-time curves of E. coli DH5a under various
concentrations (0-5.0 pug-m mL ") of the complex at 37°C. It can be seen from the figures that
growth curve of E. coli DH5at can be divided into four typical phases, which are lag phase, log
phase, stationary phase, and decline phase. The thermokinetic parameters of growth, growth
rate constants (k/10>min "), the maximum heat power (P,,/uW), and the time of the maxi-
mum heat power (t,,/min) are derived from the curves by using Egs. (1)-(5), and the results are
listed in Tables 5 and 6.

The relationships among the concentration (C), the rate constant (k), and the maximum heat
power (P,,) were plotted in Figure 16 at different concentrations (0, 0.1, 0.5, and 1.0 ug-mL ")
based on the data of Table 5. It can be seen from Figure 16 that the rate constant (k) and the
maximum heat power (P,,) were both increasing with the increase of the concentration from
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Figure 14. Growth curves of E. coli DH5a at different concentrations (0, 0.1, 0.5, and 1.0 pg-mL ") of the complex at 37°C.
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Figure 15. Growth curves of E. coli DH5a at different concentrations (0, 0.5, 1.0, and 5.0 pig-mL ") of the complex at 37°C.

ClugmL™" k1073 -min* R Po/uW tm/min 1%
0 0.2 0.9992 211.9 2390 0
0.1 0.25 0.9967 4382 2297 13.3
0.5 0.3 0.9989 488.0 2328 20.0
1.0 0.08 0.9981 379.6 2391 53.3

Table 5. Thermodynamic parameters of growth of E. coli DH5a at different concentrations of the complex.

C/ugmL™! k/10"* min ! R P/uW tm/min 1%
0 15 0.9993 592.3 2308 0

0.5 13 0.9961 555.4 2365 25
1.0 1.2 0.9985 470.5 2422 50
5.0 0.7 0.9981 423.8 2332 80

Table 6. Thermodynamic parameters of growth of E. coli DH5a at different concentrations of the complex.

0 to 0.5 ug mL ™", which indicated that the complex could speed up the growth of E. coli DH5a.
When the concentration (C) reached 0.5 pug mL ™', the value of rate constant (k) showed a
highest value. It demonstrated that the complex could promote clearly the growth of E. coli
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Figure 16. K-c curves of E. coli DHba at different concentrations (0, 0.1, 0.5, and 1.0 ug mL ") of the complex at 37°C.

DHba at this time. At the concentration (C) from 0.5 to 1.0 ug mL ", the line decreased, which
was consistent with Figure 17.

Figure 17 was plotted from the data of Table 6, when the concentration (C) was from 0.5 to
5.0 ug mL~". It showed that the rate constant (k) and the maximum heat power (P,,) were both
decreasing with the increase of the concentration (C), which indicated that the complex
inhibited the growth of E. coli DH5a at this range of concentrations (C). When the concentra-
tion reached 5.0 pg mL ™", E. coli DH5at almost could not grow.
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Figure 17. K-c curves of E. coli DH5a at different concentrations (0, 0.5, 1.0, and 5.0 pg-mL ") of the complex at 37°C.
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5. Conclusions

In this chapter, the following three rare-earth complexes with amino acids were synthesized
and characterized by element analysis, infrared (IR) spectrum, and x-ray diffraction (XRD)
analysis. The thermodynamic property studies on these complexes were performed. For the
first rare-earth complex, Eu(Glu)(Im)5(ClO,);3-3HCIO,4-6H,0, the low-temperature molar heat
capacity was measured by adiabatic calorimetry. Two thermal abnormalities interpreted as
phase transitions were discovered at 216.18 and 246.86 K by the AC technique, and proved by
DSC. The thermodynamic functions [Hr-Hagg 15] and [St-Sa9g.15] were derived in the tempera-
ture range from 80 to 320 K. The mechanism of thermal decomposition was deduced in terms
of the results of TG. For the second rare-earth complex, Nd(Gly),Cl;-3H,0O, the standard molar
enthalpy of formation was determined to be (—3081.3 + 1.08) kJ-mol ' by an isoperibol
solution-reaction calorimeter in terms of a designed thermochemical cycle. For the third rare-
earth complex, Eu(Glu)(Im)s(ClO4);-3HClO,-6H,0, the microcalorimetry was used to investi-
gate the interaction between the complex and the Escherichia coli DH5a to elucidate the
biological effects of the complex. The thermokinetic parameters of growth of the E. coli DH5a
were obtained. The results show that the complex has a stimulatory effect on the growth of
E. coli DH5a below the concentration 0.5 pug mL ™, and the complex could inhibit its growth in
the concentration range between 0.5 and 5.0 pg mL .
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Abstract

This chapter presents the effect of lanthanum (La) dopant on the structural and optical
properties of the following ferroelectric thin films: barium strontium titanate (Ba, Sr, TiO,)
(BST), lithium tantalate (LiTaO,), and lithium niobate (LiNbO,). We applied X-ray dif-
fraction, Fourier transform infrared spectroscopy (FTIR), and in some cases, atomic force
microscopy to investigate the structural properties, functional groups, and particle size, as
well surface roughness of these lanthanum-doped thin films, respectively, whereas ultra
violet-visible (UV-Bis) spectrometer was applied to investigate the optical bandgap of the
La-doped thin films. The results are in agreement with other previously researcher stud-
ies using different substrate materials. In general, the effect of La dopant highly affects
both the structural and optical properties, changing significantly the grain size, surface
roughness, and energy gap, and in certain cases, such as BST doped by La can change the
material electric properties from insulator to semiconductor. Therefore, La-doped thin
films may offer promising applications in the future.

Keywords: lanthanum dopant, optical properties, structural properties, thin films

1. Introduction

It is well known that lanthanum —denoted by the symbol La and atomic number 57 —is one of
the most abundant rare earth elements with the physical characteristics of being silvery white
metallic. Lanthanum can be found in some rare-earth minerals, usually in combination with
cerium and other rare earth elements. According to the periodic table, lanthanum belongs to
the group 3 element and is a lanthanide. It is one of the most important members in the rare
earth family that can be found in combination with other rare earth elements such as cerium.

I m Ec H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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The element lanthanum consists of 57 electrons with the electronic configuration 1s*2s?2p®
3s23p®3d'%4s?4pf4d™® 5s*5p°5d'6s* which can also be written more compactly as [Xe] 5d'6s>
Therefore, the atoms has three valence electrons outside the noble gas core, one occupying
the 5d and two the 6s subshells forming a +3 oxidation state. The electronic structure of lan-
thanum determines its physical properties. In this regard, the 4f states play an important role
due to its effect on the low melting point and superconducting transition temperature and
as has been studied by Smith et al. [1] using an electron excited X-ray appearance potential
spectrum (EXAPS). It has since been known that the 4f states in the rare earth elements are
found to be significantly higher (e.g., up to 5 eV) in the solid state than in the free atomic state.
Nevertheless, the extensive overlap between the 4d and 4f subshells, which is dominated by
multiplet splitting, makes it unsuitable for the determination of any single-particle energy
level; therefore, other methods such as X-ray-excited electron appearance potential spectros-
copy (XEAPS) are used to study its band structure, especially the 4f states of La have been per-
formed by Kanski et al. [2]. Some important physical properties of La are presented in Table 1.

There are many applications of lanthanum; its ability as a catalyst is among these. In fact, La
can be used as additives to improve the performance of other catalysts. In addition, La can
also be applied as additives in glass, carbon lighting for studio lighting and projection, igni-
tion element in lighters and torches, electron cathode, and scintillators [3]. Recently, interest in
lanthanum as a dopant or an additive in ferroelectric thin film has increased due to its ability
to significantly modify the optical and structural properties of its host material. Ferroelectric
materials such as barium titanate (BaTiO,), lead titanate (PbTiO,, lead zirconate (PbZrO,),
barium strontium titanate (BST), lithium tantalate (LiTaO,), and lithium niobate (LiNbO,)
have many interesting applications in modern day thin film technology, such as photovoltaic
thin films, color sensors, and thin film-based light emitting diodes (TFLED). Barium titanate,
for example, is one of the most common ferroelectric materials, and it is used as a capacitor
and ferroelectric memory due to its excellent dielectric and ferroelectric properties [4].

Physical properties Value
Crystal structure Double hexagonal close packed
Electronic configuration [Xe]5d'6s?
Atomic radius 187 pm
Ionization energy (1st) 538 kJ/mol
Thermal conductivity 13.4 W/(m K)
Magnetic property Paramagnetic
Density near room temperature (solid) 6.16 g/cm’
Density at melting point (liquid) 5.94 g/em?
Melting point 920°C
Boiling point 3464°C
Molar heat capacity 27.1J/(mol K)

Table 1. Some physical properties of lanthanum.
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Ferroelectric materials are known for their ability of spontaneous electric polarization, which
can be readily reversed using an external electrical field. Ferroelectricity is a result of the elec-
tric dipole moments parallel ordering without the presence of an external/applied electrical
field. The adjacent dipoles have the tendency to align themselves parallel to each other form-
ing domain structures with strong magnetic orientation. Many ferroelectric materials such as
barium titanate (BaTiO,), lead zirconate titanate (PZT), and lead lanthanum zirconate titanate
(PLZT) are having the perovskite-type structure ABO,.

Moreover, BST has an interesting physical property due to substitution of the barium or titanium
ion with small jon/atomic dopant such as La—which has an atomic radius close to Sr** —may
result in structure and microstructure changes. This leads to significant changes in the dielectric
and ferroelectric properties of the thin film. The capability of these perovskite structures to host
different sized ions in the BT lattice is remarkable and may even cause ferroelectric transition as
we will show later in this work. At room temperature, pure barium titanate can be categorized as
an electrical insulator. The presence of dopants in the BT lattice could cause lowering of electrical
resistivity of materials due to atomic substitution and depend significantly on the concentration
of the dopant itself. In some cases, addition of dopants may change the material property from
insulating to semiconductor but may well reverse to insulator if a critical threshold is reached.

2. Effect of lanthanum doping on ferroelectric host material

The effects of lanthanum content on other ferroelectric materials such as transparent ferro-
electric ceramics have been studied thoroughly by Falcao et al. [5]. In their work, the thermo-
optical properties of (Pb, La)(Zr, Ti)O, or PLZT due to lanthanum addition were studied using
thermal lens spectrometry, optical interferometry, and the thermal relaxation calorimetry.
PLZT plays an important role in the photonic area, because they can be used in diode-pumped
laser as an active medium. Using three different methods, they were able to determine the
thermal diffusivity, thermal conductivity, changes in the optical path length, and temperature
coefficient of the refractive index. They found that lanthanum addition in PLZT causes signifi-
cant alteration of the mentioned thermo-optical property. However, no significant variation in
the specific heat of PLZT as a result of La doping was observed. The highest values of thermal
diffusivity, thermal conductivity at room temperature was obtained for a 10 mol% of lantha-
num concentration addition, thus they claim that PLZT doped with La have many interesting
laser applications, due to its very good thermo-optical properties.

More recently, the effects of La doping on 0.96[Bi1/2(Na, ,, K, ), .|, .,La TiO,-,,SrTiO, (BNKTLa,-5T)
crystal structure and piezoelectric properties were 1nvest1gated by Tran et al. [6], where they
show using X-ray diffraction (XRD) that a phase transition from coexistence rhombohedral-
tetragonal to a pseudocubic phase occurs due to lanthanum doping, namely, for x = 0.02, in the
above-mentioned crystal structure. In addition, they found that by investigating the dielectric
properties upon La addition, a ferroelectric to ergodic relaxor phase transition was observed.

The other work by Han et al. shows that La-modified bismuth titanate (BLT) can also be
doped further by iron atoms, leading to large improvements in the bandgap property even
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though challenges still exist due to the difficulty in creating BLT without forming a BiFeO,
secondary phase [7]. To remove the secondary phase, Han et al. performed a solid reaction at
various calcination temperatures (300-900°C). Furthermore, they apply X-ray diffraction and
ultraviolet-visible absorption spectroscopy to investigate the structural and optical proper-
ties, respectively. The substitution of Fe atoms can decrease the optical bandgap of BLT, which
opens the possibility for a tunable bandgap material.

Although in our work, we applied the chemical solution deposition (CSD) method, it is inter-
esting to compare our result with the work of Bae et al. who present the ferroelectric proper-
ties of lanthanum-doped bismuth titanate thin films grown by a sol-gel method [8]. In their
work, lanthanum-doped bismuth titanate, Bi, ,.La . Ti,O,, (BLT), and thin films were grown
on Pt(1 1 1)/Ti/SiO,/Si (1 0 0) substrates by a sol-gel spin coating process. The substrate is
then sufficiently annealing at 550-700°C to obtain crystallized thin films. Using X-ray diffrac-
tion (XRD), they were able to show that the ratio of the c-axis-oriented La-doped BLT grains
significantly depends at the annealing temperature. They also claimed, based on the results,
that lanthanum-doped BLT has the potential as an environmentally safe lead-free ferroelectric

material, possessing remarkable ferroelectric properties.

Pure barium titanate possesses the property as an electrical insulator at room temperature. The
addition of dopants can alter the electrical property of such materials, e.g., altering the energy
bandgap, which opens promising application both in the field of optics and electronics. For
the barium titanate case, the addition of dopants causes a decrease in the material electrical
resistivity. Thus, by adding dopant concentration, one can change the electrical property of
certain material from insulating to semiconductor. However, after reaching a certain critical
threshold dopant levels, the semiconductor material may become an insulator again.

In the proceeding chapters, we describe the optical and structural properties of lanthanum-
doped thin films that were characterized by using UV-visible spectrometer and X-ray diffrac-
tion, respectively. The functional groups and particle size were observed by using Fourier
transform infrared (FTIR) spectrophotometer and particle size analyzer (PSA). The surface
roughness was investigated using 3D (three-dimensional) atomic force microscopy (AFM).
We start by explaining the experimental methods and preparation of the substrate as well as
thin film growth.

3. Experimental methods, substrate preparation, thin film growth, and
characterization techniques

Several methods exist in synthesizing the above-mentioned ferroelectric materials, such as
pulsed laser deposition (PLD), metal organic solution deposition (MOSD), reactive sputter-
ing, ion beam-assisted deposition (IBAD), and chemical solution deposition (CSD) method.
In most of our work, ferroelectric thin films, e.g., barium titanate (BaTiO,), lead barium stron-
tium titanate (BST), lithium tantalate (LiTaO,), and lithium niobate (LiNbO,), were doped
with lanthanum and using the CSD method. This method is based on deposition of chemical
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solution on the top of a substrate often followed by rotation at certain rotational speed using
spin coating. Several advantages of using CSD are as follows: processing temperature can be
relatively low, composition homogeneity is achieved, precise control of the composition, as
well as large area deposition [9-11].

3.1. Preparation and characterization of BST, BGST, and BTST thin films

Barium strontium titanate (Ba, Sr . TiO,-BST) was produced by using the chemical solution
deposition (CSD) method with ultrasonic mixing of 0.160 g barium acetic + 0.131 g stron-
tium acetic + 0.355 g titanium isopropoxide + 0.060 g gallium oxide as a precursor [9] for 2 h.
By mixing barium acetate [Ba (CH,COO),, 99%], strontium acetate [Sr(CH,COO),, 99%)],
and titanium isopropoxide [Ti(C ,O,H,,), 97.99%] with 2.5 ml of 2-methoxy ethanol as a
solvent, a BST solution was obtained. The barium strontium titanate (BGST) thin films were
fabricated also via CSD methods with ultrasonic mixing of 0.160 g barium acetic + 0.131 g
strontium acetic + 0.355 g titanium isopropoxide + 0.060 g gallium oxide as a precursor in
1.25 ml 2-methoxyethanol solution for 2 h. Meanwhile, barium strontium titanate (BTST)
was produced with the same method using 0.160 g barium acetic + 0.131 g strontium acetic
+0.355 g titanium isopropoxide + 0.060 g tantalum oxide as a precursor in 1.25 ml 2-methoxy-
ethanol as solvents. The solutions were then stirred with a Branson 2210 ultrasonic stirrer
for 90 min. Afterward, 10% gallium oxide-doped barium strontium titanate (BGST) and
10% tantalum oxide—doped barium strontium titanate (BTST) were prepared on a p-type Si
(1 0 0) substrate using the chemical solution deposition (CSD) method with a precursor of
1.00 M. After 20 min in room temperature, the clear solution acquired a milky appearance.
To produce a homogenous thin film, we use a spin coating method with a spinning speed
of 3000 rpm for 30 s. After the deposition process, the thin film substrate was annealed in a
furnace Model Nabertherm Type 27 at 200, 240, and 280°C (low temperature) for 1 h using
oxygen gas as its atmosphere.

The surface roughness and grain size analysis of the grown thin films were described by the
atomic force microscope (AFM) method at a 5000 x 5000 nm sample area. The rms surface
roughness of our BGST thin films with 5000 x 5000 nm area are 0.632, 0.564, and 0.487 nm at
the annealing temperature of 200, 240, and 280°C, respectively, whereas the grain size (mean
diameter) were 238.4, 219.0, and 185.1 nm at annealing temperature of 200, 240, and 280°C,
respectively. The increase of annealing temperature from 200 to 280°C resulted in a decrease
of the rms roughness and grain size.

3.2. Preparation and characterization of BSLT thin films

BST doped by lanthanum oxide La,O, or in short, BSLT was obtained by mixing solutions
of [Ba(CH,COO),, 9%], strontium acetate [Sr(CH,COOH), 99%], titanium isopropoxide
[Ti(C,0,H,), 99%], lanthanum oxide [(La,O,), 99%], and ethylene glycol as a solvent. The
molar fraction of Ba was chosen as 0.55, while the molar fraction of Sr at 0.45 mol/l with 1.25 ml
of ethylene glycol solvent. The composition and mass of each solvent were determined using

the stoichiometric calculations:
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0.55Ba (CH, COO), +0455r (CH, CO0),+Ti(C,,0,H,.) +220, — Ba,_Sr , TiO,+17H,0+16CO, (1)

Meanwhile, barium acetate, strontium acetate, and titanium isopropoxide were obtained
by mixing ethylene glycol solvent and vibrated for 1 h using a Branson ultrasonic 2210.
Furthermore, using the same method, 6% dopant lanthanum oxide was added and vibrated
for 30 min. From the mixing process, we obtained BSLT.

To produce BSLT with 6% doping, a Si (1 1 1) type-p which had been cut with area 1 cm?* was
grown using a spin coating technique at 3000 rpm for 30 s. The next process was optimiza-
tion of the film by annealing at 850°C for 15 h with a heating rate of 2°C/min using furnace
VulcanTM 3-13 and dropped in temperature with the same rate to return to room tempera-
ture for 20 min. Afterward, the mass of the sample was weighed. The thin films’ thicknesses
were determined by the volumetric method.

The optical properties of BSLT were characterized using a Vis-NIR spectrophotometer to see
the absorption spectra of thin films in large area waves (380-900 nm), then the value of energy
gap can be determined with a Tauc plot and the refractive index, n with

_ 1+VR
"TIR 2)

where R is the reflectance.

The model of crystal structure of the films that has been made was characterized using X-ray
diffraction (XRD), and ICDD database was used to match the diffraction peaks.

3.3. Preparation and characterization of LiNbO, thin films

LiNbQ, thin films were produced in two stages [10]: in the first stage, the substrate was pre-
pared by cutting the p-type Si (1 0 0) waver with a surface area of 8 x § mm then cleaned by
aqua bidest and dried. In the second stage, the LiNbO, powder (precursor) was produced.
The method and thin film preparation of lithium niobate were analogous with the previous
BST, BGST, and BTST sample, namely, using CSD, so we will not repeat the description in
length here. We used three prepared precursors, namely, undoped precursor, 5% lanthanum_
doped precursor, and 10% lanthanum-doped precursor. The precursors were obtained by
mixing LiCH,COO powder, Nb,O,, with lanthanum, and then dissolve the mixture in 2.5 ml
2-methoxy methanol. The mixing process was conducted using an ultrasonic of Branson 2210
for 90 min and then deposited on the substrate by using a spin coating method at a speed of
3000 rpm two times. The next step was annealing process using the furnace of Vulcan™3-130.
The annealing process for each substrate was started from room temperature with the increas-
ing rate of 1.7°C/min to temperature of 550°C and then held constantly for 8 h before cooled
until room temperature.

The optical properties of thin films were characterized by using USB 2000 spectrometer, and
their crystal structures were observed using XRD-GBC EMMA. The functional groups and
particle size were characterized by using FTIR and PSA, respectively.
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3.4. Preparation and characterization of LiTaO, thin films

The preparation of LiTaO, thin films was performed first by cutting the (0 0 1) Si substrate
with a size of 8 x § mm. Then, the substrates were cleaned using aqua bidest and dried. In this
case, three LiTaO, solutions were prepared as in our previous work using the CSD (chemi-
cal solution deposition) method [11]. The first solution was prepared by mixing 0.1650 g of
LiCH,COO and 0.5524 g of Ta,O,, which were soluble in 2.5 ml of 2-methoxy methanol. For
the La-doped substrate, the second solution was prepared by mixing 0.1650 g of LiCH,COO
and 0.5524 g of Ta,O, which were soluble in 2-methoxy methanol to become LiTaO, 2.5 ml with
the addition of 0.0295 g of La,O, as a dopant. The obtained product is a 5% lanthanum-doped
LiTaO, solution. Afterward, the third solution was prepared by mixing 0.1650 g of LiCH,COO
and 0.5524 g of Ta,O, which were soluble in 2.5 ml of 2-methoxy methanol with the addition
of 0.0590 g of La,O,. The obtained product is a 10% lanthanum-doped LiTaO, solution.

The three solutions then underwent sonication process for 90 min using a Branson 2510 instru-
ment. The solutions were then dropped toward the substrate’s surface placed on a spin coat-
ing rotator with a rotation speed of 3000 rpm, conducted twice. The remaining solutions were
then dried at 80°C for 24 h and then characterized using FTIR and PSA. The dropped sub-
strates were then annealed using a furnace with an increasing rate of temperature at 1.7°C/min,
started from room temperature until it reaches 550°C and held constantly for 12.5 h, and then
cooled down to room temperature. The formed thin films were characterized using XRD and
optical ocean USB 2000 [11].

4, Results and discussion

4.1. La-doped BST thin films

Before we explain the effect of lanthanum on barium strontium titanate (BST), we first describe
our earlier works regarding the effect of the addition of nonrare earth-dopant BST because
one can compare the results to similar treatment of substrates with lanthanum dopant [9].

Gallium oxide-doped barium strontium titanate and tantalum oxide-doped barium titanate
are of immense interest, particularly as a ferroelectric solar cell (FSC). The roughness and
grain size properties of the BST grown films, which were already doped by gallium oxide and
tantalum oxide, were measured at various annealing temperature. We found that the rough-
ness and grain size properties of the material can be tailored by varying the concentration of
the dopant and annealing temperature. This opens the possibility to optimize FSC perfor-
mance by varying the doping concentration and annealing temperature. We also performed
3D atomic force microscopy (AFM) imaging to observe the effect of dopant addition on the
surface roughness, and the result is depicted in Figure 1.

The figure clearly indicates an increase in peak roughness when gallium oxide is added, result-
ing in BGST but shows smooth mixing roughness for BTST. Specifically, the average surface
roughness for the BST thin films were 10.50, 0.6324, and 0.2202 nm at annealing temperature
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Figure 1. The three-dimensional analysis using the AFM method at 280°C of a 5000 x 5000 nm substrate area for BST,
BGST, and BTST thin films [9].

of 200, 240, and 280°C, respectively, whereas the grain sizes (mean diameter) were 1.046,
238.4, and 141.3 nm, respectively. Meanwhile, the average surface roughness for BGST thin
films were 0.632, 0.564, and 0.487 nm at annealing temperature of 200, 240, and 280°C, respec-
tively, whereas the grain sizes (mean diameter) were 238.4, 219.0, and 185.1 nm, respectively.
The average surface roughness for BTST thin films were 1.087, 0.4870, and 0.2317 nm at tem-
perature 200, 240, 280°C, respectively, whereas the grain size (mean diameter) are 158.7,291.1,
and 396.7 nm, respectively [9]. Thus, we found that addition of dopants significantly alters the
surface roughness and grain size, and a similar feature is expected for rare-earth, e.g., lantha-
num oxide (La,O,) dopant on thin films.

The optical and structural effects of lanthanum oxide (La,O,) dopant on ferroelectric barium
strontium titanate (BST) thin film were performed in our research. As expected from our
previous work [9], we observe a decrease in the lattice parameter of La-doped BST thin films
(BSLT) compared to nondoped thin films which were 3.936 and 3.949 A, respectively. The
reason for this decrease is due to the insertion of La atoms as substitutes in the BST lattice.
We attribute the process more specifically as follows: the element lanthanum which has a
radius of 1.15 A replaces one Sr** ion in the BST structure which has radius of 1.13 A and
not the Ba?* and Ti* ions which have radii of 1.35 and 0.68 A, respectively. This preference is
due to the close similarity of their atomic radii. Meanwhile, an electrostatic imbalance occurs
which we attribute to an excess La** proton, which replaces one of other Sr* ions, resulting in
a repulsive force with other Sr*" ions in the crystal structure.

In addition, the lanthanum dopant significantly decreases the absorbance value, which is
shown in Figure 2. This decrease in absorbance is due to the addition of La and can be attrib-
uted to the substation of La on the Sr ion which in turn changes the eigen energy level of the
BSLT thin film. As shown in Figure 3, the insertion of La in BST increases the bandgap of the
system. The result shows that the energy gap for pure BST was 1.99 and 2.67 eV for a 6% La-
doped BST. The energy gap was obtained using [12]
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where « is the absorption coefficient, (hc) is the incident photon energy, and E_ is the band-
gap energy. The energy gap can be obtained via linear plotting (ajhﬁ) versus E.. As shown in
Figure 2, both pure BST and BSLT thin films have good absorption in the range of 400-700 nm
which is in the visible light spectrum. Therefore, it is not surprising that we find a decrease in
the absorbance spectrum since the electrons are now unable to absorb photons with energy
less than the bandgap energy as was possible for undoped BST (smaller energy gap). Again,
ab initio quantum mechanical calculation is necessary to investigate the full-band structure of
BSLT, which is beyond the scope of this work.

Furthermore, we measured and found that the addition of lanthanum oxide will increase the
refractive index and energy gap of the semiconductor thin films, which is depicted in Table 2.
These numbers were obtained using Eq. (2). This indicates that the electrons are harder to be
displaced from the valence band to the conduction band.

The crystal structure of BST films was characterized using XRD. Figure 4 shows that diffrac-
tion peaks on each sample were in accordance with the peaks of BST on JCPDF data number
39-1395. The peaks of BST were obtained at the angle of 20: 22.49, 45.58, 66.98, and 76.22°
corresponding to Miller planes of (100), (200), (220), and (3 1 0). The addition of lanthanum
on BST films results in a decrease of the diffraction peaks but also contributes to the occur-
rences of new peaks at a diffraction angle of 20: 32.09 and 76.22°, corresponding to Miller
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Figure 2. Absorbance curve for BST and BSLT thin films.
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Figure 4. XRD pattern of BST and BST doped La,O, (BSLT) thin films.
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planes of (110) and (21 0). The result shows that addition of lanthanum oxide affects the lat-
tice parameter value of BST, where the symmetry of BSLT is cubic.

Interestingly, this decrease-occurrences diffraction pattern is also obtained from the before-
mentioned work of Tran et al. in Figure 1 of Ref. [6]. Specifically, their XRD pattern shows
that the undoped BNKT-ST ceramic sintered at 1175°C for 2 h has a morphotropic phase
boundary mixture of tetragonal and rhombohedral symmetry. However, upon addition of
lanthanum, some of the peaks gradually decreased, indicating a phase transition from coex-
istence of rhombohedral and tetragonal phases to a pseudocubic phase. They suggest that
La successfully diffused into the BNKT-ST lattice and in turn forming a homogeneous solid
solution which seems to be the same as in our case.

The lattice parameters of BST and BSLT were obtained using the Rietveld method where we
obtained the values a=b=cand a = =y = 90° indicating that BST and BSLT films have cubic
Bravais lattice. Therefore, the films can easily be grown on a diamond cubic silicon substrate
due to their similar crystal structure [13].

4.2. La doped lithium niobate thin films

In addition to BST, we have also recently investigated the optical and structural properties of
lanthanum-doped lithium niobate (LiNbO,) thin films. Lithium niobate has a trigonal crystal
system. Such a system lacks an inversion symmetry; hence, surface characterization using
second harmonic nonlinear spectroscopic methods is not suggested due to radiation from
within the bulk. However, some nonlinear effects do occur such as the Pockels effect can be
observed. Lithium niobate possesses ferroelectrical behavior and is transparent when shined
by visible light.

Figure 5 shows the relationship between reflectance and wavelength of lanthanum-doped
LiNbQ, thin films. It can be inferred that the dopant concentration affects the reflectance
intensity, e.g., 5% lanthanum-doped films increase the reflectance intensity, but conversely,
10% lanthanum-doped thin films decrease the reflectance intensity. The reason why the
reflectance intensity decreases for the 10% lanthanum doping is due to the increase in the
constituent atoms, which in turn increases the collision between light particle and atoms;
therefore, it becomes more difficult for the light to pass through. The less transparent the film
leads to higher absorbance value and damping constant and thus the lower the transmittance
value [14, 15].

The optical properties of lithium niobate have been determined by Mamoun et al. using the
generalized gradient approximation (GGA) method with indirect bandgaps. They found that
the energy bandgaps of LiNbO, using the GGA method were 3.32 and 3.61 eV [16]. Figure 6
shows that the energy gap for undoped, 5, and 10% lanthanum-doped thin films were 2.75, 2.80,
and 2.43 eV, respectively showing that the addition of lanthanum does not produce a consis-
tent increase or decrease. As earlier, the energy gaps were determined using Tauc plot analysis.
wRemarkably, the small increase for small La-doping concentration and decrease for higher
La-doping concentration is in agreement with the results shown in Figure 10 of Ref. [17]. The
researchers argue that the observed lowering of energy gap with La doping could be due to
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Figure 5. Reflectance of undoped and doped LiNbO, thin films at several wavelength [10].

the combined effect of increased grain size and improved crystallinity with increase in dopant
concentration [17]. From the quantum mechanical point of view, the increase in the absor-
bance for a higher doping concentrated can be attributed to the decrease in the bandgap due
to overlapping energy levels which could in principle be calculated using Density Functional
Theory (DFT) or other ab initio methods. Up to now, the bandgap decreases—more light with
less energy can be absorbed resulting in an increase in absorption. The absorption is high in the
UV region and low in the IR region.

Furthermore, we also performed FTIR spectroscopic measurements on lanthanum-doped
LiNDbO, thin films to investigate the presence of functional groups: O-H, N-H, C=C, C-O, C-H,
and hexagonal crystal symmetry. The result is present in Figure 7. A higher dopant concentra-
tion leads to a smaller lattice parameter. It was found that the particle sizes of undoped, 5, and
10% lanthanum doped films were 1230.59, 977.5, and 741.51 nm, respectively, thus showing a
consistent decrease in the lattice parameter smaller than that of lithium niobate. The decrease
in crystal size is also influenced by the radius of its constituent ions. Ionic radii of Li*, Nb*,
and La* were 0.90, 0.78, and 1.172 A, respectively. We attribute this decrease to the follow-
ing: the ionic radius of La* is closer to that of Li’; therefore, La* can replace the positions of
Li* in the crystal structure. Because the replaced dopant size is smaller, it leads to an overall
decrease in the crystal size of doped LiNbO.,.

Figure 8 shows the XRD pattern of LiNbQ, thin films, which are deposited on the p-type sili-
con (1 0 0) substrate after the annealing process at 550°C. The data were collected with interval
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Figure 8. The XRD pattern of LiNbO, thin films [10].
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0.02° in the range of 10-80°C. Compared to JCPDS (Joint committee on powder diffraction
standard) data, the peaks of LiNbO, are formed in the (h k1) of (0 1 2) and (1 0 4). In addition,
the peaks are in the h k 1 of (1 00), (00 2), and (1 0 1) for thin films doped with lanthanum.
The lanthanum dopant also affects the quality of LiNbO, crystal, addition of 10% dopant
concentration is followed by a decrease in the crystal intensity peak at a Miller indices (hkl) of
(01 2), while 5% dopant (blue) results in the increases the intensity peak. However, a contrary
result is obtained for the 10% La dopant. The lattice parameters of LiNbO, and lanthanum
were calculated using the Cohen method [13]. From the calculation and database, it is known
that lattice parameter of lanthanum is smaller than that of lithium niobate, thus it can be said
that the dopant addition will decrease the lattice parameter of LiNbO,.

Very recently, we also performed 3D AFM imaging similar to the previous work on doped
BST to investigate the surface roughness. As expected, increase in La doping results in a
surface roughening as depicted in Figure 9. We attribute this roughening due to local strain
effects due to substitution atoms, which will affect the growth kinetic process. However,
an increase of dopants up to an optimal value may well lower the roughness if the spatial
variations of the local strain can become less. Further work is underway to understand the
fundamental physical process regarding this roughening, and the result will be reported
elsewhere.

4.3. La-doped lithium tantalite thin films

In the following section, we report the effect of La doping on lithium tantalite (LiTaO,) thin
films, which is based on our previous work [11]. LiTaO, is one of the widely used optoelec-
tronics materials due to its ferroelectric, piezoelectric, and pyroelectric properties. It is also an
attractive material for integrated-optic applications due to its nonlinear optical properties, large
electroptic and piezoelectric coefficient and its superior resistance to laser-induced optical dam-
age. Thus, LiTaO, is a ferroelectric crystal that undergoes high Curie temperature of 608°C, and
it also has high melting temperature at 1650°C [15]. Figure 10 shows that the energy gaps of
undoped, 5% La doped, and 10% La-doped thin films are 2.550, 2.020, and 2.199 eV, respectively.

Undoped LiNbO 4 5%LaDoped LiNbO 3 10%La Doped LiNbO 4

Figure 9. 3D AFM surface roughness of undoped LiNbO, 5% La doped LiNbO, and 10% LiNbO [10].

153



154  Rare Earth Element

ﬂ_mI {

0.08000000 * T

|
|
004200000 *

002000000 *

110 A R (R R )}

1550 1750 1950 21590 13%0 1550
hv (V)

25 00000000

5 00000000

1 [ R R} (R - R

hv [eV]

-~

— _
- !

=
5 |
000000000 = —
2159 2164 2169 2194 2179 2184 219 1M 299

hv (eV)

Figure 10. Energy gap of (a) undoped, (b) 5% doped, and (c) 10% doped LiTaO, thin films [11].



The Effects of Lanthanum Dopant on the Structural and Optical Properties of Ferroelectric...
http://dx.doi.org/10.5772/intechopen.69029

It can be concluded that the higher dopant concentration leads to the lower energy gap, which
means the electron will be easier to move from the valence band area into the conduction band.

The energy gap in lithium tantalite is smaller than that obtained in lithium niobate. In this
research, the overall values of energy gap of thin films from silicon substrate are in the range
of 2.0-3.45 eV for all concentrations. Ab initio quantum mechanical calculations focusing on
overlapping of eigen energy levels between the La upon Na and Ta energy bands should be
performed to investigate the energy gap more comprehensively, but it is beyond the scope
of our work.

It is well known that the energy gap of pure silicon is typically 0.7 eV. Silicon itself is usually
used as a semiconductor material and has been applied on many electronic devices due to its
unique energy gap. We found that there is energy gap increase for a La dopant concentration
between 5 and 10%. This is in accordance with the other researcher-related work, which also
found the energy gap to increase after dopant addition [18, 19]. Indeed, this result is known
as the Burstein-Moss effect, which is the increase in the bandgap value of a thin film-doped
semiconductor due to electrons in the conduction band shifting the Fermi level and causes an
increasing bandgap [20]. The phenomenon of which the apparent bandgap of a semiconduc-
tor is increased as the absorption edge is pushed to higher energies is due to of all states that
lie close to the conduction band being already populated.

Figure 11 shows the XRD pattern of LiTaO, thin films with the p-type Si (1 0 0) substrate
after annealing at 550°C. The data were obtained within an interval of 0.02° in the range
of 20-80°C. These three patterns show a peak at 20 = 70° corresponding to the silicon sub-
strate. The XRD pattern shows that LiTaO, thin films have both crystalline and amorphous

Il

LiTaOs doped 10% La, 0

Intensity
8

LiTa0y doped 5% La.0s

o4 v " v ~
20 ¥ ) 5 0
2 Theta

Figure 11. The XRD pattern of LiTaO, thin film with p-type Si (1 0 0) substrate after annealing at 550°C. Li* in the crystal
structure [11].
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structures. The undoped LiTaO, thin films have mixed structure with lattice parameters
a=513 A and c = 1354 A. Meanwhile, for the 5% La-doped LiTaO, thin films, the XRD
pattern shows that the structure is not significantly different compared to that of without
doping albeit smaller lattice parameters: a = 4.92 A and ¢ = 14.19 A. Moreover, for the 10%
La,O, doped LiTaO, thin films, a peak of LiTaO, with a lattice parameter of a =5.11 A and
¢=13.30 A is present. We also argue that the decrease in crystal size is influenced by the radii
of its constituent ions.

We measure the ionic radii of Li*, Ta*, and La** to be 0.90, 0.78, and 1.172 A, respectively. The
ionic radius of La* is closer to that of Li+; therefore, we propose that the La* ion can occupy
the positions of the La-doped LiTaO, thin films. The difference of ionic radii between dopant
and replaced ion affects the formation of spinel phase. This leads to crystal size decreasing
due to the existence of dopant cations in the LiTaO, structure. Furthermore, investigation of
the composition using FTIR shows the existence of stretching vibration of OH group, C=C aro-
matic bonding, Li-O bonding, and Ta-O bonding at wave numbers of 3100-3900, 1650-1450,
1440-1420, and 610-945 cm™, respectively. The FTIR result is depicted in Figure 12.

The addition of 5% La-dopant significantly increases the refractive index compared to the
undoped thin films. However, at a 10% La dopant, the refractive index decreases with respect
to the undoped, as shown in Figure 13, the physical reason of this decrease is still not known
to us. Further work needs to be performed to explain this result, e.g., studying the band struc-
ture effect due to dopant at various wavelengths.

110

— | [Ta0y without La; 0y
g { = LiTa0;doped 5% La;0,

Transmittance (%6}

I\
Ta0s £ La. 0y C=C
LiTa0y doped 10% La 0y U0
0 9 i
Ta-0
50 4 - v v
&000 3000 2000 1000

Wavenmmber (cm™)

Figure 12. FTIR spectra of La doped and undoped LiTaO, [11].
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Figure 13. Refractive index variation due to La doping on LiTaO, [11].

5. Conclusion

We have showed that the effect of lanthanum doping on a ferroelectric thin film produces
significant changes in its structural and optical property. The optical and structural effects
of lanthanum oxide (La,0,) dopant on ferroelectric barium strontium titanate (BST) thin
film results in a decrease in the lattice parameter of La-doped BST thin films (BSLT) com-
pared to nondoped thin films. The addition of lanthanum oxide dopant on BST films results
in a decrease of the diffraction peaks but also contributes to the occurrences of new peaks
at a diffraction angle. The reason for this decrease is due to the insertion of La atoms as
substitutes of Sr** in the BST lattice. This preference is due to the close similarity of their
atomic radii. Meanwhile, addition of lanthanum dopant on lithium niobate thin films affects
the reflectance intensity, e.g., 5% lanthanum doped increase the reflectance intensity, but
conversely, 10% lanthanum-doped thin films decrease the reflectance intensity. From the
quantum mechanical point of view, the increase in the absorbance for a higher doping con-
centrated can be attributed to the decrease in the bandgap due to overlapping energy levels,
which could in principle be calculated using DFT or other ab initio methods. The 3D AFM
imaging on La-doped lithium niobate produced similar results as for doped BST, namely,
an increase in the surface roughening due to dopant. Finally, the addition of lanthanum on
lithium tantalite shows the energy gap decrease of La dopant thin films compared to the
undoped but increase slightly for the 10% La concentration. This is in accordance with other
researcher-related work, which also found the energy gap to increase after continuous dop-
ant addition confirming the Burstein-Moss effect. The phenomenon of which the apparent
bandgap of a semiconductor is increased as the absorption edge is pushed to higher ener-
gies is due to of all states that lie close to the conduction band being already populated thus
shifting up the Fermi level.
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Rare earth elements have significant physical and chemical properties, which have
been made indispensable in many magnetic, electronic, and optical applications. For
instance, rare earth magnets have high magnetic intensity that can be retained at
high temperatures, making them ideal for aerospace applications. Moreover, rare
earth elements allow to fabricate faster, smaller, and lighter devices such as cell
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technological possibilities have made sure that the rare earth elements are part of the
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