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Abstract

This paper examines the metallic rare earth element (REE) formations that
grow on ion exchange/chelating resins. Formation of these stabilized metallic
structures leads to composite particle destruction and appears to be the result
of the dynamic environment of the batch experimentation. Polymeric struc-
ture, electron availability, pH, kinetic factors, and the REE f-orbitals play sig-
nificant roles in the formation of the organometallic framework. f-orbitals are
largely still not understood to a great extent but this work serves to elucidate
the larger role they may play in ligand interactions. Molecular modeling was
utilized as a secondary component in investigating rare earth element (REE)
deposition onto ion exchange/chelating resins. Modeling of the f-orbital fron-
tier regions and the application of the HOMO-LUMO transition’s effect on
molecular transfer and stability is discussed. Advanced metallic loading, in the
manner of an organometallic structure, shows short-term stability resulting in
particle destruction as increased REE is adsorbed.
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1. Introduction

Researchers at Montana Tech of the University of Montana are looking for cost-

effective ways to recover and concentrate rare earth elements (REE). Ion ex-
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change/chelating resins have been widely used by the mining and wastewater
industries for selective recovery and concentration of metals. Research into Rare
Earth Element (REE) recovery is of increasing concern to the United States. A
major interested party is the United States Government, that utilises REE for de-
fense applications.

There has been a push, in the United States (US), to determine dependence on
rare earth metals. Rare earth metals are incorporated and used for a number of
applications including magnetic materials, battery components, alloying agents,
communications, transportation, and defense. From 1960 through the 1980’s,
the United States was the predominant producer of rare earth metals. As of a
study done in 2011, China accounts for 97% of global production; and the US
has one domestic processing company and no mining operations. [1]. As of 2015
the processing company, Molycorp, declared bankruptcy.

The process of REE absorption was found to follow: 1) initial ionic attraction
bonds rare earth elements to the surface of the composite material, 2) subse-
quent covalent interaction serves to transfer species through bridging with
neighboring ligand fields to the interior of the particle. HOMO and LUMO [2]
theory can be integrated to explain the transfer mechanism. The organometallic
network formed delocalises electrons but does result in concentrations. Result-
ing bridging of ligand fields provides a substrate for metallic bonding to form.
Parallel to the bridging formations a failure of inner electron transfer networks
may activate an attempt to establish a new electron network through metallic
formation and deposition. Eventually metallic conformations and inner or-
ganometallic electron transfer network failure induce stress and result in break-
age of the particle but metallic components are capable of staying intact, but are
now limited in bonding due to loss of organometallic properties.

Montana Tech is seeking to expand this technique to REE processing by test-
ing several silica and polystyrene composites having multiple functional groups.
Initial investigation showed atypical behavior in resins when loaded with REE
instead of transitional metals. While metal REE structures formed on the surface
of the ion exchange resins, particle destruction followed in specific cases. Work
to characterize the root-causes and mechanisms of metallic deposition and
breakage continues.

Previous work at Montana Tech has shown REE self-assembling on both ion
exchange and chelating resins. The intent of the experimental phase reported
here was to broaden both the spectrum of resins being used and the REE being
loaded to determine whether this phenomenon was occurring across the spec-
trum of resins and REE, and to determine the form the REE take on the resins
and compare that with other types of metals. Molecular modeling was used to

possibly provide information explaining the phenomena being seen.

2. Experimental

Batch experimentation in this phase of work provided a comprehensive data set

DOI: 10.4236/jmmce.2018.61007

73 J. Minerals and Materials Characterization and Engineering


https://doi.org/10.4236/jmmce.2018.61007

S. Dudley et al.

for characterization. Batch experiments were done on a table-top shaker set at

200 rpm. Solutions adjusted to pH 2, 5, 8, and 10 were measured into scintilla-

tion vials at 20 ml. The REE chlorides were added to solutions to produce con-

centrations of 1000 ppm REE. The batches were shaken and sufficient contact
time allowed for full loading to occur. The material was sampled at three differ-
ent stages: 24 hours, 48 hours, and after several days.

Previous research has shown that pH and contact time are the primary means
of controlling the adsorption process. Key results of the studies, which in some
cases are contradictory, are:

e Chromium(VI) onto silica—Adsorption qualities are highly dependent on
pH conditions [3]. Most adsorption occurs within 20 minutes [4].

e Praseodymium onto pyridine/phosphate—Adsorption rate is governed by
interdiffusional kinetics—rates at which elements can travel and find adsorp-
tion sites [5].

o Cerium(III) onto D151—Higher pH conditions are optimal for, suggesting
that adsorption is ion- and ligand-specific [6].

e Ytterbium(III) onto weak acid gel—Low and high pH conditions inhibit re-
covery, while optimum recovery was seen at pH 5.5 [7].

e The adsorption process is dependent on acid (HNO;) concentration and
temperature, indicating that an increase in temperature was not beneficial to
adsorption.

On the basis of those studies, we chose solution conditions of pH 2 and pH 10
as boundaries. Because composites become unstable at extremely low or high
pH, we used pH 5 and pH 8 as midpoints. We found that pH after contact time
settled around 2, and that adsorption was sufficient. This was consistent with the
work of Yao, which found that as pH increased recovery decreased [5].

The REE we studied were chosen because of their availability and to compare
REE adsorption between light and heavy elements. REE chlorides were chosen
because chlorine would likely remain a bystander in chemical reactions. Tem-
perature was not considered an important factor in this stage of experimenta-
tion.

Primary analysis for this phase of work consisted of scanning electron mi-
croscopy (SEM) with energy dispersive x-ray spectroscopy (EDS) and x-ray
photoelectron spectroscopy (XPS).

3. Results & Discussion

3.1. Characterization of Metallic Formation

A number of depositional morphologies were seen on both silica- and polysty-
rene-based ion exchange/chelating resins, depending on resin, REE, and solution
pH. The effect of the metal type on depositional morphology is addressed here
with only a small portion of the work presented. Transitional metals, precious
metals, and REE metals were compared. Note that these are general comparisons

where characterization between SEM EDS and XPS may not be from the same
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particles.

Three common types of morphology seen with REE deposition are presented.
Figure 1 shows dysprosium on polystyrene/aminophosphonic ion exchange
resin. Present are the circular deposits indicative of close contact between resin
particles, flake deposits only loosely bound to the surface, and connected depos-
its where nonrandom deposition is evident.

Figure 2 shows SEM EDS analysis of the flake structure (crosshair shown in
Figure 1) and represents a common pattern for REE metal deposition onto the
polystyrene/aminophosphonic ion exchange resin. In this case, all the metals
identified are included even if they cannot be present. This is to illustrate the dif-
ficulties of surface analysis on round particles where linear depositions have
further complicated the matter. The counts are low for standard EDS scans, but
given the nature of the material, the peaks were compared. Polymer substructure
and functionalization peaks are present and may, in fact, be misidentified as
other minor peaks such as lutetium, gold, and uranium due to difficulties ana-
lyzing curved surfaces. Dysprosium is present in significant amounts as indi-
cated by the peaks. Both carbon and oxygen are also identified in this case, indi-
cating to some extent the thickness of the metal layers and how complete the
coverage is. The oxygen present is not associated with the REE, as further analy-
sis showed, but is associated with the structure of the polymer. The presence of
oxygen peaks in the SEM/EDS data, but the confirmation that the REE are not
oxidised highlights the complex nature of the ORP system in which the polymer
was tested. Further testing may control the atmosphere utilizing an inert condi-
tion and controlling the dissolved oxygen in solution.

Figure 3 is a SEM of holmium on polystyrene/aminophosphonic ion ex-
change resin. Flake structures are also present in this image, as is the edge of a

large circular deposition in the bottom left particle.

Figure 1. SEM of dysprosium on polystyrene/aminophosphonic ion exchange resin at pH
10.
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Figure 2. EDS of dysprosium on polystyrene/aminophosphonic ion exchange resin at pH 10.

Figure 3. SEM of holmium on polystyrene/aminophosphonic ion exchange resin at pH
10.

Figure 4 shows the EDS analysis of the holmium deposit (crosshair in Figure

3). Another complete identification is shown. In this case, sodium and oxygen
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Figure 4. EDS of holmium on polystyrene/aminophosphonic ion exchange resin at pH 10.

are identified. It should be noted that the particles are cleaned and dried before
analysis so that remnants of several steps may be present. The counts are low for
standard EDS scans, but given the nature of the material, the peaks were com-
pared. Peaks of the polymer substructure and functionalization are present,
again with possible interference due to difficulties analyzing curved surfaces. Of
importance is the predominant holmium peak at increased counts.

Since EDS analysis showed other elements, such as oxygen, carbon, and chlo-
rides, that may indicate nonmetallic depositions, XPS was done to confirm
whether the formations within and on the surface of the ion exchange compo-
sites were metallic. Several resins were analyzed, including the polystyrene/
aminophosphonic resins. The surfaces of the particles were sputter cleaned to a
depth of no more than 2 nm to remove any contamination due to handling.

Figure 5 and Figure 6 show the XPS spectra. The positions of the dysprosium
and holmium 4 d and 3d5/2 peak positions are principally where the neutral
elemental peak positions of these elements would be expected. Otherwise, these
peak positions would have shown large chemical shifts if these elements were to
be oxidized. For example, +3 oxidation state of Dy4d peak position would be lo-
cated at 168 eV instead of 153 eV and Dy3d5/2 would be at ~1289 eV instead of
~1296 eV. Holmium is expected to show similar chemical shifts. Our measure-

ments suggest that both dysprosium and holmium are not oxidized. The indium
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Figure 5. XPS spectrum for dysprosium on polystyrene resin at pH 5.
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Figure 6. XPS spectrum for holmium on polystyrene resin at pH 5.

peak is correlated to the foil used for mounting. The oxygen and carbon peaks
are associated with the underlying polystyrene structure. The two dysprosium
peaks identify the formation as metallic because no shift occurs. The shift would
be associated with the presence of oxymetallic compounds.

Figure 6 shows the XPS spectrum for holmium on polystyrene/aminophosphonic
resin. Although no holmium XPS plot is readily available for holmium oxide, it
is assumed that it would act much the same as dysprosium. The oxygen, carbon,
and sodium peaks are associated with the underlying polystyrene structure. The

presence of dysprosium is a result of accidental resin mixing. The two holmium
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peaks show no shift from metallic holmium peaks and are therefore assumed to
be metallic in nature. The XPS spectra confirm the evidence from calorimetry,
XRD, and SEM EDS that metal forms.

To further test that REE deposition is unlike that of other metallic groups, we
tested both transitional and precious metal depositional states starting from the
chloride form and under the same experimental protocols. SEM and SEM EDS
analyses of the palladium experiment are presented—results from all the non-
REE metal types tested showed similar results. Figure 7 shows the deposition
onto a polystyrene/aminophosphonic resin sampled at 24 hours. Note the circu-
lar formations, commonly seen on REE metallic depositions.

Figure 8 shows the deposition onto a polystyrene resin sampled at 48 hours.
The deposition has assumed a random pattern with most of the surface involved

in the deposition event.

Figure 7. Palladium experiment at 24 hours.

Figure 8. Palladium experiment at 48 hours.
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Figure 9. EDS of palladium on polystyrene resin.

Similar depositional structures are seen with other transitional and precious
metals, where the final result is complete covering of the surfaces by a thick,
platelike form. As Figure 9 shows, the deposits are chlorides, resulting from
conventional redox reactions in the solution that cause surface plating of the re-

constituted metal chloride form.

3.2. Characterization of Phenomena through Molecular Modeling

MarvinSketch, Version 7.0 (ChemAxon) was used for molecular modeling. The
model’s algorithms for conformational optimization and stress localization are
proprietary and are discussed in the company’s literature. In this section we ex-
pand on the steps taken to model the stress state of the composite structure with
metallic loading in a simplified state.

Molecular modeling uses algorithms and experimental data from multiple
sources to predict how species will interact given structural and chemical con-
straints input by the user. The modeling in this project assumes the basic princi-
ples set forth by the MarvinSketch program and the governing proprietary algo-
rithms. These principles include the best available information and incorpora-
tion of established theory regarding:

e Bonding type and conditions;

¢ Charge transfer;
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o Electron localization and densification;
¢ Conformational accommodations;
e Calculation of stress states.

There are limited publications on composite anomalies similar to those seen
in this research program, making molecular modeling an important tool in at-
tempting to ascertain the mechanisms of loading, the resulting structures, and
the rupturing mechanisms.

Loading was occurring as nodules, island growths, sheets, upward tree and
branch growth, and circular formations. Our simplified modeling assumed a
base structure of polystyrene with no functional ligands. Since previous testing
showed ligand structure appearing to play a major role in initial attachment but
a minor role in subsequent unrestrained metallic surface growth, the primary
consideration for this phase was the interaction of REE loading and base poly-
styrene structure. That structure is a limited polymer unit consisting of a finite
amount of monomer units.

Modeling of the REE loading proceeded as:

1) Point attachment;

2) REE bridging;

3) REE growth and metallic formation;

4) Halting REE loading after sufficient (as deemed by the user) metallic
growth and outward repetition—simulating the loss of available material.

Modeling was in 3-D view and the structure optimized using the proprietary
applications of MarvinSketch.

It was initially found that the structure is able to accommodate increased me-
tallic formation of the REE. The resulting setup appeared to act like a metallic
back-donation bonding structure capable of transferring electrons around a bulk
structure for stabilization. This is consistent with the transition from the highest
occupied molecular orbital to the lowest unoccupied molecular orbital (HOMO-
LUMO) and subsequent metallic formations after electronic failure. Modeling
was expanded to basic silica and polystyrene structures to show the stages of
progression and the complexity of the molecular modeling. The f-orbital systems
serve to increasingly complicate matters due to their sizes and multiple coordi-
nation sets.

Although our modeling included both polystyrene- and silica-based polymer
structures, polystyrene is the focus of this report. The polystyrene structure was
modeled with loading of dysprosium, a generalized polystyrene that is nonspe-
cific to the composites used in this research program. Steric conditions were op-
timized using the program’s algorithms to seek a low-energy state. Subsequent
calculations were on the basis of this low-energy state.

The loaded polystyrene structure has relatively uniform outer species distribu-
tion of charge and electronegativity, except for oxygen acting as a concentrator.
Xiong et al. (2012) attribute this to lanthanide ions having “a lack of stereo

chemical preference, a handful of high coordination numbers and small energy
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variations among their various coordination geometries.” [4]. The parallel na-
ture of the charge and electronegative concentration establishes interior vacan-
cies as the polystyrene conforms to accommodate the incoming REE species.
The network is preferentially attaching more REE atoms, rather than stopping
adsorption at point attachment, modeling the HOMO-LUMO transition. The
electronic balance is coming from the internal network, including vacancies.
Because conformational changes result in steric stress, a fracture plane is estab-
lished. The fracture plane’s epicenter is on the oxygen species that has been
placed in an increased stress state. The first breakage event will result in a cas-
cade of failures along the polystyrene backbone as the electronic transfer net-
work is disrupted. The exact break point is the result of a number of factors, in-
cluding steric considerations, volumetric and 3-D conformation, and internal
force energy. This breakage appears to cause crazing, in which an REE-loaded
outer shell breaks away from the inner particle.

The polystyrene system, depicted in Figure 10, occupies a van der Waals
volume of 3535.33 A, Energetically, the setup has a Dreiding energy of 1763.74
kcal/mol (basic cyclohexane is 7.72 kcal/mol [as calculated by MarvinSketch]).
The energy state indicates that the limited loading on the short-range polysty-

rene backbone is leading to heightened stress. Increased loading and geometric

Figure 10. 3-D molecular model of polystyrene loaded with dysprosium.
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considerations in pore space conformation serve to multiply stress effects.

3.3. Mechanisms

Two important composite modifications are evident from SEM analysis: particle
rupture and metallic deposition onto the particle. SEM images show a progres-
sion of REE loading on the ion exchange/chelating resins, subsequent metallic
formation, and in many cases, particle fracture.

Typical loading mechanisms, for most adsorption purposes, are point attach-
ments at specific engineered sites. Continued interaction is not known to widely
occur. Functional site REE attachment on the ion exchange/chelating resins
phase from point loading to self-assembling metallic formation, in some cases
unrestrained.

These formations indicate a second adsorption mechanism. The presence of
metallic formations, is indicating that both organometallic adsorption and me-
tallic adsorption are occurring. Instances of this type of metallic adsorption and
subsequent growth have not been previously reported. The phenomenon is
thought to be the result of free electron coordination with REE species, setting
up an electron pump created by interactions between the highest occupied mo-
lecular orbital and the lowest unoccupied molecular orbital (HOMO-LUMO)
that changes band gaps and conduction behaviors.

After sufficient surface deposition of REE, a secondary metallic mechanism of
delocalized charge is activated, with unrestrained surface growth of metallic spe-
cies. The codependence of these mechanisms is centered on the ability to trans-
fer an electric charge. The polymer structure initially acts as both a source of
electrons and a dispersion network routing electrons in need of stabilization to
areas at the surface. Localized stress states and charge centers result due to the
random nature of the underlying polymer network.

Modeling has shown that stress states or charge localization occurs in the in-
terior of the polymer chains. This process is analogous to oxidation of polymeric
systems. HOMO-LUMO excitation and subsequent conduction in an excited
polymer network leads to localized stress states, which causes polymer corro-
sion. As the metallic loading begins, stress localization occurs, followed by
polymeric crazing, and finally breakage along preferred attachment formations
or substrate weaknesses.

Oxidation-reduction is occurring due to reduced metallic formation, but there
are no apparent oxidized species in the solution or polymer. A five-step process
is proposed to explain the presence of metallic species:

1) The HOMO-LUMO interaction in polymers acts as an initial organic
semiconductor process.

2) Energy associated with the REE-organic bond drives the electronic poten-
tial available from the nonreacted end-mers on the polymer chains.

3) The electronic interacts with REE orbitals once sufficient metal atoms are

on the polymer surface as coordinated species.
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4) Reduction occurs directly on the surface rather than in the near-surface so-
lution as the electrons are pumped in manner similar to fuel cell electron trans-
fer.

5) Deposition rates increase as bonding sites multiply.

The dynamic nature of metallic interaction with organic frameworks is ad-
dressed to some extent in the literature. Gold nanoparticles were controlled
through strict procedures using capping agents and reducing agents, and block
copolymers displayed a metal-reducing function and self-stabilizing ability [8].
The reduction of gold can be analogous to the reduction of REE. Self-reducing
metal species and the ability to self-regulate chemical stability is a basis for ar-
guments. The variable coordination numbers exhibited by REE metals give them
a higher affinity for hard donor atoms, increasing the likelihood for stability [9]

The f-orbital’s ability to accommodate multiple conformations is a primary
driver for creating the electronic network that stabilizes REE on polymeric
structures in the metallic state.

The deposition of metals versus chlorides in these cases can be seen clearly.
Chlorides are also seen in a small percentage of the SEM EDS analyses. In some
cases, both types of depositions occur. It is thought that deposition may transi-
tion to a solution-reduced chloride when the source of electrons availed in the
polymeric ion exchange resin structure is consumed or when the internal net-
work enabling electron transfer within the ion exchange resin is disrupted. Oxy-

gen did not appear to play a part in metallic deposition.

4. Conclusions

Attachment and growth occurs on the atomic scale then transitions to a nano-
scale phenomenon but can extend to the microscale or macroscale. Extension is
limited only by the capability of the internal networks, both ionic and electronic,
to transfer species within the structure, and the ability to supply REE to the sur-
face.

HOMO-LUMO theory and the f-orbitals in organometallic frameworks may
explain the type of electron transfer and on-surface reduction seen in this pro-
ject. A key component to the problem presented is that the bonding and electron
transfer between REE and organic frameworks is centered on the f-orbital. The
f-orbital is little studied and its interaction on the HOMO-LUMO front is little
understood.

This work does not propose a new framework for electronic sharing or bond-
ing, but rather a possible explanation for the occurrences being seen.

Proof of concept was achieved, showing that REE can be recovered from pure
solutions. Expansion of research must confirm recovery from leach liquor solu-
tion. Research diverged when observations were made of the composite materi-
als behaving differently than behavior reported in interaction with transition
elements. Cracking and agglomeration led to further experimentation and sub-

sequent theories as to further research and implications.
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Further experimentation and analysis focuses on the ability to control the rate
at which adsorption occurs. If rate can be controlled, then the adsorption could
preferentially be turned off and on. This switch will allow self-assembly of mul-
tiple species on a single particle through advanced processing. Applications such

as an in-situ alloy formation process can then be developed.
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