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Synopsis

Monazite is a chemically inert, radioactive phosphate mineral that
contains the light rare earth metals (Ce, La, Nd, Pr and Y), thorium and
uranium. A new process, which improves the extraction efficiency of
monazite, is under development. The equilibrium mole composition, in
conjunction with the Gibbs free energy, indicates that as monazite is
heated in the presence of carbon to a temperature above 1400°C, it
decomposes into the rare earth oxides. These temperatures are within the
operational limits of a thermal plasma. When monazite is fed to a DC
plasma it forms amorphous plasma-treated monazite (PTM), which is more
susceptible to chemical attack. This increased chemical reactivity permits
dilute mineral acids to digest the PTM, which leads to higher extraction
efficiencies of the rare earth elements than when monazite is digested
using the conventional processes. When the conventional process for
digestion of monazite is adapted to PTM, the extraction of rare earth
elements, thorium and uranium is increased significantly.
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Introduction

South Affica is a resource-based economy with
an estimated in situ mineral wealth of US$2.5
trillion. This makes South Africa one of the
wealthiest mining jurisdictions in the world.
However, considerable amounts of South
Africa’s minerals are exported as raw or
partially processed ore. South Africa has
embraced a mineral beneficiation strategy to
develop the value chain for various minerals.
One such mineral is monazite (South Africa,
2011) which, until now, underwent minimal
industrial beneficiation in South Africa (Kemp
and Cilliers, 2014).

Monazite is a chemically inert, radioactive
phosphate mineral and is considered to be one
of the most important rare earth minerals in
the world (Hassan et al., 1997; Amaral and
Morais, 2010; Dill et al., 2012). Monazite is a
component of ‘black sand’ found in various
beach deposits worldwide (Dilorio et al., 2012)
in combination with varying concentrations of
ilmenite, magnetite, zircon, rutile and garnet
(Ashry et al., 1995; Sroor, 2003). Monazite
contains the light rare earth elements (LREE)
Ce, La, Pr, Nd and Y, which are in high
demand and the radioactive elements thorium
and uranium (Kim et al., 2009). Conventional
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High-temperature thermal plasma
treatment of monazite followed by

monazite processing is a complicated,
laborious and expensive process (Hurst, 2010)
that utilizes highly corrosive media like
concentrated sulphuric acid or sodium
hydroxide, at elevated temperatures for
extended periods of time (Zhu et al., 2015).
This process produces large volumes of
radioactive and acidic effluents (Xie et al.,
2014). For these reasons, China, which
produces 97% of the world’s rare earth
elements (Hurst, 2010), has prohibited the
exploitation of monazite deposits (Zhu et al.,
2015). This opens the market for new and
innovative technologies for the processing of
monazite

Zircon (ZrSiO,) is a mineral with a
chemically inert crystal structure, which
requires harsh alkaline treatment to extract the
zirconium metal (Biswas et al., 2010). To
overcome the chemical inertness of zircon
sand, the South African Nuclear Energy
Corporation SOC Ltd (Necsa) has developed a
process using a DC non-transferred plasma to
convert zircon into plasma-dissociated zircon
(PDZ - Zr0,.Si0,). PDZ is chemically more
reactive than zircon and can be processed
more efficiently (Havenga and Nel, 2012;
Rendtorff et al., 2012). The high temperatures
(10 000°C), good thermal conductivities and
high heat contents of thermal plasmas make
them ideal for the processing of materials like
zircon (Toumanov, 2003; Rendtorff et al.,
2012). It is hypothesized that a similar process
could increase the chemical reactivity of
monazite in order to improve downstream
processing efficiency. This would increase the
output of the REE, thorium and uranium while
simultaneously permitting the use of less
aggressive chemical processes (Toumanov,
2003).
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If plasma-treated monazite (PTM) can be processed using
less harsh chemicals, as hypothesized, it would create a
unique competitive advantage for future rare earth and
thorium developers. The new process reduces the environ-
mental and radioactive hazards of monazite processing by
treating monazite in a high-temperature thermal plasma
followed by low-temperature mineral acid leaching. This
paper provides a summary of the current development of this
process.

Experimental procedure

Thermodynamic data from HSC version 6.1, developed by
Outotec, was used to evaluate the Gibbs free energy, the
equilibrium composition of the dissociation of monazite and
to present alternative chemical processes that could require
further investigation, or need to be avoided. Monazite is
represented as the rare earth (RE) phosphate (REPO4, with
RE = Ce, La, Pr, Nd and Y).

We treated monazite in a DC direct arc plasma batch
reactor with the monazite housed in a graphite crucible. The
reactor produces a high-temperature electric arc which is used
to treat the monazite and produce PTM. The PTM product was
heated in a high-temperature oven at 650°C for 24 hours to
drive off excess graphite formed during the plasma
processing.

Crushed monazite (Mzc) was produced by hand-crushing
10 g of monazite for 10 minutes. Heat-treated monazite
(HTM) was produced by heating 20 g of monazite in an
alumina crucible at 1000°C for 3 hours, then rapidly cooling
the product with water. Inductive monazite (IMz) was
produced by heating 20 g of monazite in a graphite vessel to
1800°C in an induction oven. The product was cooled
naturally and removed.

Monazite and PTM were leached with various commer-
cially available mineral acids (32% HCI, 65% HNO; and 10%
H,S0,) at 80°C for 1 hour; concentrated H,SO, at 230°C for 4
hours, or by alkaline leaching (60% NaOH) at 140°C for 3
hours followed by mineral acid digestion (HCI or HNO5) at
80°C for 1 hour. The concentrations of the individual REE in
the leachate samples were determined by ICP analysis at an
external laboratory. These values were used to calculate the
extraction efficiency of the process.

Results and discussion

Theoretical decomposition of monazite

In order to evaluate whether monazite (rare earth
phosphates) would dissociate in a plasma, its physical
properties were compared to values from the literature and
theoretical simulations for a known mineral, zircon (ZrSiO,).
Monazite has a physically weaker crystal lattice than zircon
due to its lower chemical bond strength (Cottrell, 1958) and
melting point (Table I) (Pirkle and Podmeyer, 1988; Hikichi
and Nomura, 1987). From a physical strength perspective,
the monazite crystal is weaker and could be destroyed more
easily using less energy than required for zircon. As the
plasma can destroy the zircon crystal lattice, (Kock et al.,
2011; Havenga and Nel, 2012) it is probable that the
monazite crystal could be destroyed in a similar manner.
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The temperature at which monazite dissociates without
the use of a reagent is unknown at present. Monazite in the
presence of excess carbon dissociates into the rare earth
oxide, phosphor and carbon monoxide at a temperature
between 1200 and 1400°C (Equation [1]) (Peng-fei et al.,
2010). According to the literature, zircon dissociates into PDZ
at 1673 = 10°C. The dissociation temperature can be lowered
by 250°C when excess carbon is added in the presence of
oxygen (Kaiser et al., 2008; Telle, n.d.; Yugeswaran et al.,
2015).

2REPO; + 5C — REO3 + Pa(g) + CO(g) [1]

It is anticipated that the presence of carbon in the plasma
could have a similar effect on monazite, which would lower
its dissociation temperature by a few hundred degrees
Celsius. To determine the potential dissociation temperature
of monazite, the Gibbs free energy was used to estimate the
temperature at which the individual rare earth (RE = Ce, La,
Nd, Pr and Y) phosphates dissociate into the rare earth oxides
and a phosphor-oxygen complex.

The dissociation temperature of zircon without excess
carbon was accurately plotted using the Gibbs free energy at
1600-1700°C. Similarly, the Gibbs free energy of the
dissociation of monazite in the presence of excess carbon was
plotted for a dissociation temperature between 1100 and
1300°C. The Gibbs free energy of the dissociation of the rare
earth phosphates (Equation [2]) indicates that CePO,
dissociates at 1700°C, as predicted. However the remaining
rare earth phosphates dissociate between 2500 and 3000°C
(Figure 1), which is beyond the anticipated temperature
range compared to zircon and CePO,. This dissociation will be
investigated further.

2REPO; — RE,03 + POs(g) + O(g) [2]

Table |

Physical properties of monazite and zircon in
relation to crystal strength

Zircon Monazite
Melting point (°C) 2100-2300 2057
Chemical bond strength (kJ/mol) | Si—O: | 798 P—0O: 596
Zr—0: | 760 | RE-O: (av.)| 753
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Figure 1—Gibbs free energy of the dissociation of monazite (rare earth
phosphate) into the rare earth oxides and phosphor dioxide
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The formation of the rare earth oxides from monazite
would improve the leachability of the plasma-treated
monazite (PTM). This is because the highly inert monazite
crystal would have been destroyed enabling the rare earth
oxides to be leached using a diluted mineral acid, unlike the
rare earth phosphates (Peelman et al., 2014).

Plasma treatment of monazite

The starting material for all plasma cycles was monazite sand
obtained from an external source. The sand consisted of
69.55% monazite, 17.67% zircon and 4.85% ilmenite with
the remaining 7.93% consisting of other materials.
Examination of the monazite sand by optical microscopy
revealed a number of oval-shaped brown, red, white and
black particles (Figure 2). These oval-shaped particles are
reminiscent of this monazite sample and may differ from
other monazite samples.

X-ray diffraction (XRD) analysis of monazite sand
(Figure 3) and PTM was used to determine whether plasma
treatment induces any structural or compositional changes in
monazite. The XRD pattern of this monazite (Figure 3)
shows peaks at 26 = 26.5°, 28°, 35° and 47°, along with a
number of smaller peaks. The peak at 26 = 26.5° was
positively identified as that of the rare earth phosphates,

which are components of monazite. No further analysis for
this study was completed.

We produced PTM by placing monazite sand in a graphite
crucible and treating it in a DC direct arc plasma. We removed
the PTM graphite layer after plasma treatment by heating the
PTM in a conventional oven at 650°C for 24 hours, producing
plasma-treated monazite heated (PTMH). We found that
when monazite is treated incorrectly it behaves and looks like
monazite when viewed under an optical microscope and
analysed using XRD. If monazite is heated in the plasma for
too long it melts and forms larger, more inert monazite
particles. When monazite is treated correctly in the plasma
then the changes to the physical structure of the particles are
visible under an optical microscope, as all of the oval-shaped
particles are destroyed (Figure 4). For this reason, it can be
concluded that the proper treatment of monazite can be
verified partially through the use of an optical microscope.
Elemental X-ray fluorescence analysis on all PTM samples
indicated no statistical difference in the elemental
composition compared with the original monazite.

XRD analysis of PTMH confirmed the destruction of the
monazite crystal structure. The absence of the monazite
peaks (Figure 5) indicates that a completely amorphous
powder has been produced. This indicates that the inert

Figure 2—Optical micrograph of monazite
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Figure 3—XRD analysis of monazite sand
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Figure 4—Optical micrograph of plasma-treated monazite
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Figure 5—XRD pattern of amorphous plasma-treated monazite
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Figure 6—Extraction efficiency from various forms of monazite using 32% HCI at 80°C for 1 hour

phosphate crystal matrix, which is responsible for the inert
nature of monazite (El-Nadi et al., 2005), has been
destroyed. The disadvantage of the formation of the
amorphous substance is that the presence of the more
reactive rare earth oxides cannot be confirmed. Other
minerals, like zircon, have also been destroyed.

Chemical reactivity of plasma-treated monazite

In order to confirm the hypothesis that the plasma treatment
of monazite delivers a more reactive product, PTM and PTMH
were digested using a variety of different lixiviants multiple
times. The results indicate the quantity of the specific element
extracted, as a percentage of the original amount of that
element in the starting material. The standard deviation is
shown as error bars. In order to obtain a proper comparison
of the reactivity, additional samples were tested, like
monazite (Mz), crushed monazite (Mzc), heat-treated
monazite (HTM) and inductive monazite (IMz).

Digestion of PTM extracted on average 20 times more of
the REE, 7 times more thorium and up to 11 times more
uranium compared with untreated samples. Comparison of
the extraction efficiency from Mz, Mzc, HTM, IMz, PTM and
PTMH with 32% HCI (Figure 6) shows that simply heating
the monazite (HTM and IMz) in a graphite crucible, even to a
temperature above 1800°C, does not result in a more reactive
product. The phosphor content remained reasonably constant
throughout and cannot be used as an accurate indicator of
the efficiency of the extraction process.
> 904
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The results demonstrate the importance of using an
appropriate temperature and treatment time period in order to
increase the chemical reactivity of monazite. The plasma
treatment of monazite is the predominant reason for
improved REE and thorium extraction, as the plasma
treatment destroys the monazite crystal matrix and produces
amorphous PTM (Kemp and Cilliers, 2016a). Comparing the
REE extraction efficiencies between heat-treated (PTM;;) and
non-heat-treated PTM reveals a small but significant increase
in the extraction efficiency. The multiple experiments
conducted for this study were not optimized and the potential
advantage gained by removing graphite from PTM requires
further investigation.

In order to develop the process, the digestion of monazite
and PTMH with various reagents was compared. Each
experiment was repeated several times until a satisfactory
standard deviation was achieved. These reagent included
65% HNO; (HNO5) and 10% H,S0, (H,S0,d) at 80°C for 1
hour, 98% H,S0, at 230°C for 4 hours (H,SO0,c) and 60%
NaOH at 140°C for 3 hours followed by either 32% HCI
(NaOH/HCI) or 65% HNO; (NaOH/HNO5) at 80°C. The
average extraction efficiencies of the various digestion
processes over multiple experiments for monazite (Figure 7)
and PTMy, (Figure 8) show clearly that PTMy, is more reactive
than monazite. The optimum REE extraction using aqueous
digestion from PTMy, was obtained using 32% HCl, which
resulted in an average extraction efficiency of 38.44%.
Alkaline digestion followed by HNO; yielded the highest
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Figure 7—Extraction efficiencies of the rare earths, thorium and uranium from monazite for each reagent
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Figure 8—Extraction efficiencies of the rare earths, thorium and uranium from PTM,, for each reagent

possible extraction efficiency of 38.56% for the REE. larger, more inert particles. This can be accomplished with
Digestion using concentrated H,SO, did not result in any vast the use of an in-flight RF induction plasma or a DC non-
improvement on the process, but did indicate that thorium transferred arc plasma, whereby the monazite would be
was not extracted. Phosphor, which is still present in the subjected to the required rapid heating rate. After the rapid
PTMy, is a contaminant that reduces the percentage of heating of the monazite particles, the design of the in-flight
material extracted from the process (Kemp and Cilliers, plasma would allow the particles to cool fast enough to
2016b). prevent the formation of excessively large particles or
The simpler diluted mineral acid digestion delivered recombination as a rare earth phosphate (Boulos, 1985).
higher extraction efficiency values for the REE, thorium and
uranium from PTMy, - within 30% of those obtained using Conclusion
the conventional process — and has the distinct advantage of
being simpler, easier to work with and potentially more The objective of this study was to treat monazite in a plasma
economical. The conventional monazite digestion processes is in order to extract the rare earths, thorium and uranium more
more efficient at extracting the REE from PTM,, than the efficiently. Theoretically. when monazite, as a rare earth
diluted mineral acids, with varying degrees of success for phosphate, is treated in a thermal plasma at 1600°C, it
thorium and uranium. The extraction values obtained for Nd decomposes into chemically more reactive rare earth oxides.
and Y by the conventional H,SO4 process were consistently XRD analysis of plasma-treated monazite (PTM) indicated
high. No explanation can be given at this time and this that the monazite crystal matrix was destroyed to produce an
phenomenon will be investigated further. amorphous substance. It was determined that in order for the
Thorium is found in monazite worldwide and can be used monazite to become more reactive the temperature and
as fuel in a nuclear reactor (Greneche et al., 2007). 32% HCl duration of the plasma treatment are crucial, otherwise, there
extracted 16.89 % of the available thorium from monazite, would only be a minimal increase in chemical reactivity. PTM
PTM and PTMy,. The digestion of PTM;; with 60% NaOH can be leached using a dilute mineral acid at a lower
followed by HNO; obtained the highest extraction efficiency temperature and in less time, than in the conventional
for thorium along with the REE. This is surprising, as the monazite processes, while obtaining similar extraction
thorium should have been at a minimum due to it precipi- values. The overall conclusion of the study is that the plasma
tating out as Th(OH),. This phenomenon will be investigated treatment of monazite increases its chemical reactivity. This
further. knowledge can now be used to develop a more efficient and
To produce PTM the monazite sample must be rapidly economical process than the comparable conventional
heated to allow it to properly dissociate and cooled rapidly to chemical digestion methods currently employed to process
prevent the monazite particles from fusing together to form monazite.
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