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Abstract: High-temperature carbothermal reduction experiments with graphite powder were
conducted to assess the dephosphorization behavior of Malaysian monazite concentrate.
Thermodynamic analysis of the possible dephosphorization reactions was conducted to evaluate the
feasibility of the carbothermal reduction of the monazite phases. The effects of temperature, particle
size, and monazite to carbon ratio were then investigated under different conditions. The carbothermal
reduction experiments were conducted based on the Taguchi design method, and up to 97% of
phosphorous removal was achieved under optimized conditions. The optimal conditions for
dephosphorization were determined as; a reduction temperature of 1350 °C, a particle size of -75 pm,
and monazite to carbon molar ratio of 0.3. Microstructural and phase characterization of the
dephosphorized products revealed that CeO,, Nd2O3, LaxO;, and Pr,Os oxide phases were prominent,
and no residual peaks of monazite remained in the reduced products. The information gained from the
study can aid in the design of a suitable post-dephosphorization hydrometallurgical treatment for
exploiting Malaysian monazite as a local source of REEs.

Keywords: malaysian monazite concentrate, dephosphorization, carbothermal reduction, rare earth
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1. Introduction

Monazite is a rare-earth phosphate group mineral with the general formula (Ce, La, Nd, Th)PO, that is
commercially extracted from hydrothermal and placer deposits in Malaysia, Thailand, China, India,
Australia, Brazil, and some parts of North America. The recovery of monazite is mostly obtained as a
by-product of cassiterite mining and from rutile, zircon, and ilmenite-bearing heavy mineral sand
deposits. Monazite is a refractory mineral having high thermal stability and exhibiting high resistance
to natural weathering processes. The amount of phosphorous in monazite varies from 24.5-30 wt.%
depending upon the geological environment in which it formed; however, the primary use for monazite
is as a source for light rare earth elements (LREEs) and radioactive species such as thorium and uranium
(Krishnamurthy and Gupta, 2015; Nriagu, 1984). The refractory behavior of monazite means that
aggressive chemical leach processes are usually applied in the extraction of RE elements; however, the
success of these processes depends critically on the properties and mineralogical composition of the
monazite concentrate being processed. The current study emphasizes the importance of understanding
the mineralogy and chemistry of a monazite concentrate sourced from Malaysia to identify an
appropriate process for recovering the contained RE elements.

Existing conventional chemical methods for processing monazite concentrates on extracting RE
elements involve either acid leaching or alkaline digestion processes. In the acid leaching process,
monazite is reacted with mineral acids such as sulphuric acid, nitric acid, or hydrochloric acid at
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elevated temperatures for several hours to decompose (‘crack’) the phosphate structure. The acid
leaching is followed by a series of hydrometallurgical processes for rare earth recovery (Berry et al.,
2018; Karshigina et al., 2018). In contrast, the alkaline digestion method is a fusion process that uses
caustic soda as the cracking agent for decomposing the monazite at high temperatures (Kumari et al.,
2015; Sadri et al., 2017). Apart from the above-mentioned industrially practiced methods, alternative
methods of processing monazite for recovering the REEs include high-temperature reduction (Merritt,
1990a; Merritt, 1990b; Kemp and Cilliers, 2016) and roasting (Zheng et al., 2017a; Franken, 1995),
mechano-chemical decomposition (Kim et al., 2009), and other unconventional methods (Xing et al.,
2010; Berry etal., 2017; Ha, 1979; Huang et al., 2016; Zhang and Lincoln, 1994; Zheng et al., 2017a; Keekan
et al., 2017). In most methods proposed for processing monazite, there is a possibility of phosphide
(complexes containing the 3- anion) formation which can remain stable in acid or alkaline environments
resulting in contamination of the end products and thereby affecting their functionality. Therefore, there
is a need to remove phosphorous from monazite by employing pre-treatment processes, usually
involving decomposition of the phosphate matrix. The nature of the decomposition process is usually
determined by the physical and chemical characteristics of the monazite mineral concentrate, which
includes knowledge of the chemistry, mineralogy, and chemical reactivity.

One of the potentially effective ways of decomposing monazite to remove phosphorous is by
carbothermal reduction using reductants such as coke, activated carbon, and charcoal. The carbothermal
reduction approach combines the reducing properties of carbon with high temperatures to produce a
reduction phenomenon in the reacting system. Previous studies have demonstrated that charred coal is
an effective reductant to dephosphorize monazite concentrates under high-temperature conditions
(Xing et al., 2010). For example, monazite dephosphorization behavior was compared using charred
coal and coking coal for mixed RE concentrate from a Baotou, China, wherein charred coal was more
effective due to its higher carbon content and lower volatile and ash content (Pengfei et al., 2010). A
novel and environment-friendly Coal-Ca(OH)>-NaOH roasting decomposition approach was used for
Bayan Obo RE-containing magnetite tailings by varying the roasting parameters (Zheng et al., 2017b).
The findings optimized the process for producing RE elements and oxides in the roast products.
Another study investigated the roasting of the Bayan Obo magnetite-rich RE tailings using CaO-Coal,
and the decomposition kinetics and phase transformations of the RE elements and oxides were studied
(Yuan et al,, 2017). Note that for the Bayan Obo deposit, carbon roasting is performed for a different
reason, i.e., for the removal of iron. The nature of the ore (Bayan Obo tailings) is Fe-rich; therefore, the
carbon-based reduction is necessary for the recovery of Fe, thereby aiding the reduction of the REEs in
the subsequent activation roasting.

Although the studies in the literature have demonstrated several forms of carbon to have the capacity
to reduce the monazite-rich concentrates to their oxides at high temperatures, a major issue with
carbothermal or high-temperature reduction is the formation of RE carbides which may also form solid
solutions with oxygen and nitrogen (e.g., oxycarbides and oxycarbonitrides). In order to avoid the
possible formation of highly stable carbides, appropriate conditions of temperature, CO/CO; molar
ratios, and high vacuum need to be chosen. However, there is insufficient experimental data available
to construct Pourbaix-Ellingham diagrams for these systems, and as a result, it is challenging to predict
and control the reaction (Gupta and Mukherjee, 1990, Kemp, 2017). Moreover, the recovery of
phosphate from monazite has not been of significant interest in the past, and the separation of REEs
(and/or Th) from the reduced product has not been investigated in detail. These factors have made
high-temperature reduction processes for REE recovery from monazite a less preferred option over
existing hydrometallurgical methods in commercial usage. Several forms of carbon, such as coke, coal,
char, deposited carbon, and activated carbon, can be used for the reduction of monazite. In the current
study, graphite was chosen as the reducing agent. Graphite is a pure form of carbon, with a higher
amount of fixed carbon and low ash content, which becomes highly crystalline at high temperatures
wherein it becomes increasingly reactive and should, therefore, enhance the reducibility of monazite
(Suérez-Ruiz and Crelling, 2008). Despite the high temperature required, the process using carbon is
highly efficient, repeatable, convenient, and pure graphite is available at a low cost. Pure graphite acts
as an effective reducing agent for higher temperatures, especially above 1100°C, compared to coal, coke,
and activated carbon (Tripathy et al., 2012; Wang and Yuan, 2006). The graphite particles are very fine,
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i.e., high specific surface area, meaning that there would be many contact points and higher surface
activity between the mineral and reducing agent, so the kinetics of reduction would be worth
investigating. Limited research has been carried out so far using carbon-based reducing agents for
processing monazite, and the potential of graphite as a reducing agent in REE production has not been
explored.

The effect of graphite as the reducing agent was investigated within a range of parameters, including
the reduction temperature, the particle size of the monazite concentrate, and the molar ratio of monazite
to graphite. Thermodynamic evaluation of the monazite decomposition/dephosphorization process in
both the absence and presence of carbon was used to complement the experimental findings and form
the background for designing the experiments and understanding the mechanism of reduction of the
REE’s. The research will provide a basis for understanding the pyrometallurgical approach using
graphite for processing monazite to recover RE elements.

2. Thermodynamic analysis of monazite decomposition

Thermodynamic analysis of the decomposition reaction of the major constituent phases of Malaysian
monazite, CePOs;, LaPOs, and NdPO; into the oxides CexOs;, LaxOs, and Nd»Os plus a phosphorus-
containing compound was performed using Outokumpu HSC v6.0 software (Roine et al., 2006). Note
that natural monazite is typically a complex solid solution between all three end-member components;
however, no REE-based solid solutions were considered in the thermodynamic analysis due to a lack of
data for the solid solution phases. The thermodynamic analysis was conducted for graphite-free and
graphite-present conditions.

2.1. Monazite decomposition (graphite-free)

The general reaction of decomposition of monazite in the absence of a reductant is expressed using Eq.
(1):

2REPO, = RE;O3 + yX + zO; @)
where RE = Ce, La, Nd, Y; X = P>0s5, P2Os5(g), PO(g), PO2(g), P1+Os (g), P(g); v, z indicate stoichiometry.
Results for the pure end-member compositions are shown in Fig. 1. The values of AG® for CePO4
indicate decomposition commences between 1500 and 1600 °C, wherein either P,Os or P4Os is formed.
In comparison, the decomposition temperatures were found to be significantly higher (up to 2300 °C)
for pathways producing PO(g), POx(g), and P(g) as products. Both theoretical (Figs. 1b and 1c) and
experimental TG-DTA studies (see below) indicate that LaPOs and NdPO; decompose at relatively
higher temperatures than CePOy. A diagram contrasting the changes in standard Gibbs's free energy
(AG®) for the decomposition of the three distinct RE phosphates CePO;, LaPOy, and NdPOjy to produce
the RE oxide and P>(g) is shown in Fig. 2. Results indicated that the decomposition reaction occurs only
when temperatures reaches higher than 2100 °C. The dissociation of the RE phosphates to its constituent
oxides and P»(g) requires a large amount of energy because of the high ionic and crystal lattice strength
of monazite (Kemp and Cilliers, 2016). The higher chemical bond strength of the phosphate structure
(P-O) can also be attributed to the ability of the crystal lattice to resist thermal decomposition even at
elevated temperatures (Cottrell, 1958). The thermodynamic analysis also revealed that different
varieties of cerium oxide compounds were formed during the reduction process, which may pose
difficulties during subsequent processing as the cerium ions (e.g., Ce** in CeO,) exhibit a selectively
soluble behavior, resulting in incomplete dissolution when leached even in strong mineral acids (Abreu
and Morais, 2010).

2.2. Monazite decomposition (graphite-present)

In the presence of excess carbon, monazite dissociates to produce RE oxides, phosphor gas, and carbon
monoxide (Xing et al., 2010). The general reaction for the high-temperature carbothermal
dephosphorization of monazite using graphite is given by Eq. (2):

2REPO4 + 5C = RExO5 + P2(g) + 5CO(g) )
All possible reactions are listed in Table 1, along with the calculated change in Gibbs free energy, AGe,
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Fig. 1. Reaction feasibility diagrams for the dissociation of: a) CePO4 into Ce203 and X, b) LaPO, into La;Os and X,
and c) NdPO, into Nd>Os and X, where, in each case, X = P2Os, P2O5(g), PO(g), PO2(g), P1Os(g) and P(g)
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Fig. 2. Gibbs Free Energy diagram for the overall decomposition reactions for different end-member
components in monazite (graphite-free)
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Table 1. Relationship between Gibbs Free Energy (AG®, kJ/mol) and equilibrium temperature (T, °C) for
possible reactions involving different end-member components of monazite with varying amounts of graphite

Reaction Possible Reactions AG° Equilibrium
1D (kJ/mol) Temperature Teq (°C)
(a) 2CePO4 + 5C = Ce0;5 + Po(g) + 5CO(g) -1.3437T + 1408 1048
(b) 2CePO4 + 4C = 2Ce0, + Pa(g) + 4CO(g) -1.1203T + 1208 1078
(c) 2CePO4 + 12C = 2CeC, + Py(g) + 8CO(g) -1.9151T + 2610.9 1363
(d) 2CePOs + 11C = CexGs + Po(g) + 8CO(g) -1.9078T + 2545.9 1334
(e) 2Cex05 + Ox(g) = 4CeOs 0.2704T - 671.46 2483
@ 4Ce0;, + C = 2CexO; + COs(g) -0.2717T + 276.79 1019
(8) 2CePOy + 4.44C = 2CeOy 75 + 4.44CO(g) + Pa(g) -0.2717T + 276.79 1021
(h) 2CePOs + 4.56C = 2CeO1.72 + 4.56CO(g) + Pa(g) -1.2406T +1302.4 1050
@) 2CePOs + 4.66C = 2Ce01 67 + 4.66CO(g) + Pa(g) -1.1102T + 1294.5 1166
G) 2CePOq4 + 4.38C = 2CeOy 51 + 4.38CO(g) + Pa(g) -1.0432T +1224.4 1174
(k) 2CePOq4 + 4.34C = 2CeOy 53 + 4.34CO(g) + Pa(g) -1.1974T + 1263.9 1056
1)) 2CePO4 + 2.5C = Cey0; + 2.5C0O,(g) + Pa(g) -0.9063T +1099.7 1213
(m) 2CePO4 + 2C =2Ce0, + 2COx(g) + Pa(g) -0.7704T + 961.33 1248
(n) 4CePOy + Oy(g) = 4CeO, + 2P,0s5(g) -0.8413T +1172.1 1393
(0) 2LaPOy + 5C = Lax0s + 5CO(g) + Pa(g) -1.0768T +1289.5 1198
(p) 2LaPO, + 6C = 2LaO(g) + 6CO(g) + Px(g) -1.5769T + 2574.5 1633
(q) 2LaPOy + 6C = LayOx(g) + 6CO(g) + Pa(g) -1.4091T + 2240.4 1590
(¥) 2LaPOy + 4C = 2La0x(g) +4CO(g) + Pa(g) -1.275T + 1963 1540
(s) 2NdPO; + 5C = Nd2O;5 + 5CO(g) + Pa(g) -1.0855T + 1256.4 1157
(t) 2NdPO; + 6C = 2NdO(g) + 6CO(g) + Px(g) -1.6018T + 2550.4 1592

and the equilibrium temperature for each reaction. Note that the equilibrium compositions of the
reaction products formed were calculated for different molar ratios of phases of monazite (CePOs, Ce2Os,
CeOy, LaPOy, and NdPOy) to graphite (C). The large negative value of AG® with respect to increasing
temperature indicates that all reactions will occur only when the temperature is greater than 1000 °C.
However, in comparison to heating monazite in air, the results show that when the individual RE
phosphates within monazite are heated in the presence of carbon at different carbon to monazite ratios,
the dissociation temperature is significantly lowered compared to the carbon-free results.

For example, in the carbon-free system, CePO; dissociated to CexOs and P»(g) at ~2000 °C, whereas
in the carbon-present system, results indicate dissociation occurred at temperatures ~1050 °C.
Furthermore, the thermodynamic functions calculated for reactions involving Ce-based compounds
highlight the relative instability of the Ce-based phosphate phase, which decomposed to its trivalent
and tetravalent oxide components at comparatively lower temperatures than NdPO, and LaPO,
monazites. While CePO, exhibited lower thermal stability, beginning to decompose around 700 °C,
LaPO; and NdPO, both remained stable up to a range between 1000 and 1400 °C in the reducing
environment. The analysis also showed that only oxide species were formed in the specified
temperature range, while no oxy-carbides or carbides were present. However, it can be noted that when
the ratio of monazite to carbon was increased significantly to about 1:10, i.e., well in excess of the
required amount, then Ce-carbides were formed above 1300 °C, whereas La and Nd monazites required
higher temperatures and carbon contents to form their corresponding carbides. Although both RE
oxides and carbides can be a source of reactive compounds for further RE element recovery processes,
both can be treated only using strong mineral acids.

3. Materials and methods

The monazite concentrate was obtained from tin mining tailings from the Ipoh, Perak region of
Malaysia. Monazite, a commonly occurring mineral in the heavy tin-tailings called ‘Amang,” was
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concentrated from the other by-product minerals (xenotime, ilmenite, and zircon) through physical
separation methods, namely gravity, magnetic and electrostatic separation and accompanied by
flotation process (Jordens et al., 2013). The monazite concentrate comprises small quantities of cassiterite
(SnOy), zircon (ZrSiOy), quartz (Si0y), rutile (TiO»), ilmenite (FeTiOs), xenotime (YPOy), Ca-apatite, and
K-feldspars (Udayakumar et al., 2020).

3.1. Characterization of Malaysian monazite

Chemical analysis of the bulk monazite concentrate in the form of a fused glass disc was carried out
using an XRF spectrometer. The diffraction data of the homogenized sample were collected from 5 -
140° 20 using a PANalytical Empyrean XRD instrument fitted with a cobalt long-fine-focus X-ray tube
operated at 40 kV and 40 mA. Phase identification was performed using PANalytical Highscore Plus©
software (V4.5), which interfaces with the International Centre of Diffraction Data (ICDD) PDF4+
database. Rietveld fitting was carried out using TOPAS software (V6). Scanning Electron Microscope
(SEM) images were obtained using an FEI Quanta FEG 400 Environmental Scanning electron
microscope (ESEM) instrument equipped with a single Bruker XFlash® silicon drift detector for
conducting energy-dispersive x-ray spectroscopy (EDX) and Esprit v.1.9 analytical software. Electron
Probe Microanalysis (EPMA) to examine the distribution of phases and elements within the monazite
concentrate was carried out using a JEOL 8500F microprobe. An area on the polished sample mount
was mapped using a combination of wavelength-dispersive and energy-dispersive (ED) spectroscopic
techniques. The elements mapped using the WD spectroscopic techniques were Ce, Nd, Th, and La.
Elements that were not measured by WD spectroscopy were measured using two energy-dispersive
(ED) spectrometers operating in parallel. After mapping, the element distribution data were
manipulated using the software package CHIMAGE (Harrowfield et al., 1993), which incorporates an
automated clustering algorithm that identifies chemical groupings (Wilson and MacRae, 2005). The
clustering procedure used was a multi-element data analysis approach whereby the groupings of
elements identified via the clustering algorithm represented statistically different chemical/mineral
phases. These phases were then overlaid onto the mapped region to provide a “phase-patched” map
showing the distribution of all chemical/mineral phases within the mapped area.

The as-received monazite concentrate was sieved using a sieve shaker apparatus to obtain
representative samples for three different size fractions: -75, -125, and -250 pm. The sieved samples
were then mixed with different amounts of graphite (<20 pm, Sigma Aldrich) and then composite
cylindrical pellets of dimensions 5 mm (h) x 10 mm (diam.) and each weighing about 2 g were prepared.
The ideal monazite to carbon stoichiometry was calculated to be 0.4 based on Equation (2) given above,
and therefore three different molar ratios (0.3, 0.5, and 0.7) of monazite concentrate to graphite were
prepared. Preliminary “proof-of-concept’ experiments were conducted at 900 to 1100 °C to test the
procedure and to confirm the dephosphorization temperatures indicated by the thermodynamic
analysis. Optimized dephosphorization experiments were then conducted at temperatures ranging
from 1250 to 1350 °C in a horizontal Lenton tube furnace at a heating rate of 10 °C/min. The ends of the
tube were exposed to the atmosphere to allow the CO gas formed during reduction to escape. In this
study, time was not considered as an experimental variable, and an experimental run time of 2 h was
selected based on previous work of Xing et al. (2010). Gravimetric analysis of the samples was
performed before and after dephosphorization to determine the percent weight difference.
Morphological and phase analysis of the reduced roast products was also conducted. The extent of
dephosphorization was determined based on the phosphorous content for the samples measured by
XRF analysis before and after dephosphorization. The percent dephosphorization (Dp) was calculated
based on the formula: (Pi-P¢/Pf)*100; where P; and Pt are the amounts of the phosphorous present in the
concentrate before and after the reaction, respectively.

3.2. Optimization of dephosphorization behaviour

The Taguchi experimental design was selected to determine the optimum process parameters and their
levels for obtaining the greatest extent of dephosphorization (Taguchi, 1986). Based on the review of
existing literature, the thermodynamic analysis, and preliminary test experiments (see below), the
following three parameters were expected to have a significant effect on the dephosphorization; (A)
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temperature, (B) particle size, (C) molar ratio of monazite to graphite. As indicated above, the
experimental run time was kept constant at 2 hrs. For the three factors, three different levels were
considered for optimization, as shown in Table 2. Response variables are the experimental outcomes
measured in the Taguchi model. As the present study involved the removal of the phosphorous content
from the monazite concentrate, a weight loss was observed, and therefore gravimetric change can
potentially be used as the response variable. However, a weight loss was also associated with the
removal of carbon as CO gas and from any volatile impurities present in the unroasted sample. Thus,
the change in overall phosphorous content (i.e., degree of dephosphorization) was the most appropriate
response variable to be used in this study. The individual effects of the parameters at different levels on
the experimental response were studied by comparing the means of S/ N ratios of different experiments.

Table 2. Experimental parameters and their levels

Experimental Units Levels Response Variable (Y)
Parameters 1 2 3
Reduction Temperature °C 1250 1300 1350
Particle Size pm -75 -125 -250 Degree of
Molar ratio of monazite - 0.3 0.5 0.7 Dephosphorization, Dy,
to graphite

4. Results and discussion
4.1. Characterization of Malaysian monazite

Monazite concentrates commonly contain 24.0-29.0 wt.% of phosphate (P20s), 55.0-60-0 wt. % rare earth
metal oxides, 5.0-10.0% thorium oxide (ThO;) and 0.2-0.4 wt.% uranium oxide (U3Os) (Gupta and
Mukherjee, 1990). Results from the bulk chemistry determination for the Malaysian monazite sample
are provided in Table 3. The data indicates a comparable composition to previous results obtained by
Ariffin (2009) for a similar sample from the same source region (Ariffin, 2009). The results in Table 3
indicate the monazite was relatively pure with a composition dominated by the ‘light’ rare earth
element oxides in order of abundance: CeO; (36.5 wt.%); Nd20s (16.5 wt.%); La2xOs (13.47 wt.%); PreO11
(5.60 wt.%), Sm20s (2.74 wt.%) and Gd20; (1.89 wt.%). The ThO, content was also high (6.58 wt.%),
consistent with monazite, also being a source for thorium. Minor impurities were also present in the
sample. These included: SiO» (2.05 wt.%) and ZrO; (1.18 wt. %), suggesting the possible presence of trace
to minor zircon. The elevated Y>O; level (2.11 wt. %) indicated the likely presence of xenotime, which is
the iso-structural equivalent of monazite. Other impurities such as TiO» (0.367 wt. %), FexOs (0.443 wt. %)
could indicate the presence of trace ilmenite, whereas CaO (0.923 wt.%) and WO; (0.479 wt.%) may
indicate scheelite. Clay coatings on particles may be partially responsible for the Al,O; content of 0.246
wt.%.

Table 3. XRF analysis results for the Malaysian monazite (wt.% of constituent oxides)

SiO; TiO; ALO; Fe;O3 MnO CaO P05 CuO PbO WO; Nd;O3 Pr¢On
2.05 0367 0246 0443  0.077 0.923  27.27 0.05 0162 0479 17.26 2.84
Y203 ThO, Us0s CeO, DY203 Er,O3 Gdx03 La,O3 SnO; ZrO, Sm,0; Tb4O7

211 6.58 0.342 36.48  0.574 0137  1.38 13.37 0406 1.18 217 0.118

The quantitative XRD results indicated that the sample contained mainly monazite (>99%). If other
impurity phases were present, they were likely at levels below ~1 wt.%. Fig. 3 shows the XRD output
from Rietveld modeling, showing the fit of the model to the observed data. Included in the model were
Ce, La, and Nd monazite phases. The crystal structure information in Ni et al. was used for the Ce, La,
and Nd monazite end-member phases (Ni et al., 1995). An examination of the monazite concentrate
using SEM confirmed that the material comprised predominantly single-phase monazite grains. Some
monazite grains contained small (5-10 micron) inclusions of phases, including ilmenite, zircon,
thorianite, xenotime, and apatite. Discrete gangue mineral phases were also observed in the sample in
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trace amounts. These included: zircon, ilmenite, an unidentified Ta/Nb/Fe/Ti phase, cassiterite,
scheelite, and wolframite. Representative backscattered electron (BSE) images of the sample and
individual monazite and gangue mineral grains are shown in Fig. 4. Examination of a three-color
element map produced from EPMA mapping of the concentrate showing the distribution of Ce, P, and
Th (Fig. 5a), revealed that all monazite particles were complexly zoned. Chemical clustering of the entire
dataset indicated that the sample contained several chemically distinct phases - many of these,
however, were single particles of tiny size and small areal extent. In Fig. 5b, the phase-patched map for
all phases with an area >1% is shown. Modal analysis results (as an area percent of the mapped area
shown in Fig. 5) showed that monazite (96.0%) was the dominant phase, followed by zircon (1.4%),
xenotime (0.6%), thorite (0.4%), and cassiterite (0.2%). Trace amounts of quartz, illite, wolframite, and
scheelite were also present.
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Fig. 3. Rietveld fit to the XRD dataset collected for the monazite sample. The observed data is the solid blue line;
the calculated pattern is the solid red line, and the difference pattern is denoted by the black line below

Thermogravimetric and differential thermal analysis (TGA-DTA) was carried out for the raw
Malaysian monazite concentrate in the ambient atmosphere until 1100 °C. The monazite concentrate
lost approximately 1.1% weight over the temperature range 100-600 °C. The DTA curve exhibited a
broad exotherm in the beginning and continued as a broad endotherm between 900-1100 °C. This
alternating profile of DTA can be related to two phenomena occurring at the same time of heating,
namely, the dehydration of the moisture content in the sample, usually the water of crystallization, and
the simultaneous crystallization of the residual amorphous phosphate phases in the mineral. A gradual
increase in weight at around 900 °C could be ascribed to the oxidation of the ferrous impurities in the
concentrate. The TGA-DTA analysis for a mixture of monazite with carbon (stoichiometric condition of
monazite: carbon = 0.4) was carried out to study the decomposition of the phosphate using graphite as
a reducing agent (Fig. 6). The thermal stability of the samples was studied for a soaking temperature of
1200 °C for 2 hours after initially heating the sample at a rate of 10 °C/min. An initial broad exotherm
in the DTA curve between 150 °C and 450 °C, associated with a weight loss of 2-3 %, was present as in
the graphite-free test. This could be due to the crystallization of the residual impurity and amorphous
phases in the weathered mineral coupled with the removal of moisture. As a result, a periodic trend
was observed until 600 °C with a constant derivative of weight change. Above 600 °C,
a very gradual increase in the weight was observed, which might be due to the oxidation of the ferrous
impurities present in the sample. Although natural monazite is a thermally stable mineral underhigh-
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Fig. 4. BSE images for the monazite sample. a) low magnification image showing the sample is mainly monazite
(bright phase); however, there are occasional discrete gangue mineral grains (darker) also present, b) three bright
contrast gangue grains composed of two columbite grains (bottom left and center) and one scheelite grain (top
right), c) a monazite grain containing cassiterite (bright inclusion) and an unidentified Ta/Nb/Fe/Ti phase
(medium grey), d) a zircon inclusion in monazite, e) a cassiterite grain, f) a wolframite grain

Il Monazite
[ ] Zircon

B Cassiterite
[ ] Xenotime
B Quartz
[] Wolframite
[] Thorite
[ Scheelite
I Muscovite

] mite

B 'menite

. mm 1 mm
Fig. 5. EPMA map results for the monazite sample showing a) three-color element map showing the

distribution of Ce, P, and Th, and b) a phase-patched map showing the types and distribution of mineral
phases present. Only phases with an area percent >0.1% are shown
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temperature conditions with its high melting point (above 2000 °C), the excess carbon available for
reducing the monazite tends to decompose the phosphate structure at a lower temperature - as
predicted by the thermodynamic analysis. At 950 °C, a sharp exothermic peak related to a weight loss
of 65wt.% was witnessed. A sudden spike in the derivative of weight change was also observed at the
same point. The overall trend of the thermogravimetric curve is consistent with a typical decomposition
process producing gaseous reaction products, which can be compared to the dephosphorization
reaction of monazite wherein carbon monoxide, and phosphorous gases are released. Thus, the DTA
curve shows that the breakdown of the monazite concentrate begins at about 950 °C, and the end of
breakdown is characterized by a gradual weight gain indicating the formation of rare earth oxides.
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Fig. 6. TG-DTA analysis results from the dephosphorization reaction between monazite with graphite
(stoichiometric ratio of monazite: carbon = 0.4)

4.2. Preliminary dephosphorization tests

Five preliminary experiments were conducted based on a small factorial design for examining lower
temperatures, namely 900, 1000, and 1100 °C. Thermodynamic predictions indicated that monazite
should still be stable under these conditions, and the lower temperature experiments were conducted
to check the model calculations. The duration of reduction and particle size of the graphite powder was
2 hours and 75 pm, using monazite: carbon ratios of 0.3, 0.,5, and 0.7. The extent of dephosphorization
was evaluated based on the weight loss of the reduced samples. Fig. 7 presents the weight loss results
observed for the low-temperature dephosphorization experiments. For all temperature conditions, the
weight loss was slight but increased slightly with temperature. Similarly, weight loss was influenced by
the monazite: carbon ratio, with lowering of the ratio accelerating the dephosphorization process. The
weight loss results for the different conditions were in line with the inferences from the thermodynamic
and thermogravimetric analysis, which indicated that effective dephosphorization begins to occur at
temperatures above about 1200 °C (although note that the DTA results suggested some decomposition
occurred beginning around 950 °C consistent with the slight weight loss changes occurring between
runs at 900 and 1100 °C). However, it should be noted that while an increase in the reduction
temperature promotes dephosphorization of the phosphate mineral, the operating temperature will still
be limited to 1350 °C and below, as the thermodynamic calculations indicate potential formation of
lanthanide carbides at higher temperatures.

4.3. Optimized dephosphorization tests

The results from the preliminary low-temperature exploratory experiments confirmed that tempera-
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Fig. 7. Weight loss analysis of low-temperature dephosphorization experiments;
M:C indicates monazite/carbon ratio

tures >1100 °C and within the range of 1200 to 1350 °C (based on the thermodynamic calculations) were
most suitable for dephosphorization under reducing conditions. Using these temperature conditions,
additional experiments were conducted with the additional variable parameters of grain size and
monazite: carbon ratio according to the Taguchi design matrix in Table 2. Table 4 shows the
experimental results for the optimized dephosphorization experiments and their corresponding S/N
ratio. The samples were dephosphorized to the extent of 97 % irrespective of the level of the parameters,
namely reduction temperature, the molar ratio of monazite to graphite, and the size of the monazite
particles. The results show that the decomposition reaction remained relatively insensitive to other
parameters such as molar ratio and average particle size once a critical temperature has been reached.
The results also indicated that a run time of 2 h was sufficient to induce almost complete
dephosphorization, although we note that there is still room for optimization of the time held at that
particular temperature.

The Taguchi method utilizes the signal-to-noise ratio (S/N) calculated from the experimental results
as an attribute for evaluating the optimal parameter condition. The main effects plot shown in Fig. 8a
gives the optimal experimental conditions within the scope of the current study for maximizing the
degree of dephosphorization where the more horizontal is the line for a given range of parameters, the
less significant is its effect on the dephosphorization. According to the analysis, the monazite to carbon
ratio has the most dominant effect, whereas the temperature and particle size have a relatively lower
effect on the dephosphorization of monazite. Fig. 8b shows the interaction plot for all parameters
examined in this study. Mutual interaction among all parameters is noticeable, with the most notable
interference between temperature and the molar ratio. Practically, the increase in temperature and the
excess reducing agent will increase the partial pressure of C and at higher temperatures, as the volume
ratio of the CO to P> produced will be larger than the stoichiometric volume ratio of 5:1. Also, the
impurities in the concentrate will produce reduction gases to the gaseous product mixture,
subsequently favoring dephosphorization to occur at higher rates at lower temperatures than the actual
dissociation temperature of the minerals in the concentrate (Xing et al., 2010). Although lowering the
particle size increases the dephosphorization rate, its effect is less extensive than the other two
parameters.

Therefore, based on the analysis of the main effects and interaction plots, the optimal parameter
levels for monazite dephosphorization in the presence of graphite are a reduction temperature of 1350
°C, a molar ratio of monazite to graphite of 0.3, and a concentrate particle size of 75 pm. An optimized
experiment (HTD Best) using these parameters was run and resulted in a dephosphorization percent of
97.86 %, which was comparatively higher than all the other experimental runs in the design.

44. Microstructural and phase characterization analysis of the dephosphorized products

The dephosphorized products from the nine experiments plus the optimized experiment were
characterized for microstructural and phase analysis using SEM, FTIR, XRD, and EPMA techniques.
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Table 4. Taguchi L9 (3%) experimental design, parameters, and results

Run Sampl Temperature Particle Molar ratio Degree of Degree of S/N
eID size (Monazite weight change dephosphorizatio Ratio
O (um) to (%) n,
Graphite) D,
(%)
1 HTD1 1250 75 0.3 75.61 97.1742 7.9502
2 HTD 2 1250 125 0.5 62.88 97.1892 7.9505
3 HTD 3 1250 250 0.7 58.75 97.0912 7.9487
4 HTD 4 1300 75 0.5 65.94 97.2054 7.9508
5 HTD5 1300 125 0.7 55.41 97.1048 7.9490
6 HTD 6 1300 250 0.3 74.34 97.1852 7.9504
7 HTD?7 1350 75 0.7 61.82 97.2548 7.9516
8 HTD 8 1350 125 0.3 75.44 97.8501 7.9622
9 HTD9 1350 250 0.5 58.40 97.3224 7.9529
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Fig. 8. (a) Main effects and (b) interaction effect plots for monazite dephosphorization

On visual inspection, after dephosphorization, the pellets were slightly deformed at higher
temperatures. There was a notable loss in weight, but the solid volume remained largely unaffected.
Fig.s 9a and 9b show typical changes in the morphology of the mixtures before and after
dephosphorization. The surface morphology of the monazite-graphite mixture before heating
comprised irregular flaky structures of graphite and minor agglomerations of monazite (Fig. 9a). Since
the molar concentration of graphite was in excess of the monazite present in the mixture, the flakes
occupy almost 95% of the image. Fig. 9b shows a porous mass of rare earth oxides devoid of graphite
flakes in their structure. The granular mass was highly porous due to the removal of P; as gaseous
products from the monazite structure.

The FTIR spectra for the different dephosphorized samples are presented in Fig. 10. Although only
slight differences were observed in the spectral bands between 450-680 cm?, the transmittance peaks
became more prominent and sharper in the dephosphorized samples, which indicated the formation of
rare earth oxides. A clear inflection was observed at 950-1150 cm? due to the breakdown of the
phosphate to oxides. The bands of major rare earth oxides of monazite (Ce, La, and Nd) show
similarities to the transmitted spectra of metal oxides studied by Sheibley and Fowler (1966). Fig. 11
shows the XRD patterns of the dephosphorized pellets obtained for three different conditions; HTD 8
(highest degree of dephosphorization), HTD 3 (lowest degree of dephosphorization), HTD Best
(Optimal condition) compared to that of the raw monazite concentrate. Peaks corresponding to
monazite were not present in the XRD spectra of the dephosphorized samples, confirming that the rare-
earth phosphate had decomposed to its constituent oxides. The dephosphorized products were
characterized by the presence of phases such as Ce2Os, CeO;, Pr20s, Nd203, and LaxOs.
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Fig.9. Secondary electron SEM images of a mixture of monazite concentrate and graphite; Sample HTD 8
(a) before and (b) after dephosphorization
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Fig. 10. Comparison of FTIR of dephosphorized products with raw monazite concentrate

5. Conclusions

The dephosphorization behavior of Malaysian monazite was studied using graphite as a reducing
agent. Characterization of the raw concentrate revealed it contained 24.0-29.0 wt. % of phosphate (P.Os),
55.0-60-0 wt.% RE oxides, 5.0-10.0 wt.% thorium oxide (ThO:) and 0.2-0.4 wt.% uranium oxide (UsOs).
Modal analysis using EPMA of the concentrate confirmed that monazite was the dominant phase (96%),
followed by zircon, xenotime, thorite, and cassiterite, which was also supported by quantitative XRD
analysis. Thermodynamic analysis of monazite dephosphorization in air and in the presence of graphite
indicated that reducing conditions promote decomposition at lower temperatures (1200 - 1350 °C)
compared to air. A Taguchi experimental design approach was used to investigate the
dephosphorization using graphite, and results showed a uniformly high degree of dephosphorization
(Dp > 97%). Detailed analysis of the results indicated that the reduction temperature was the most
significant parameter, and the particle size was the least significant parameter. The extent of
dephosphorization was 97.86% for optimal conditions consisting of a reducing temperature of 1350 °C,
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Fig. 11. Comparison of XRD patterns of selected dephosphorized samples with raw monazite concentrate

a molar ratio of monazite to graphite of 0.3, a particle size fraction of -75 um, and a run time of 2 h.
Microstructural and phase characterization of the dephosphorized products showed that the
dephosphorized products were in the form of a porous mass due to the removal of phosphorous.
Phasesof CeO,, Nd»0s, La;Os, and Pr,O3 were prominent, and no residual peaks of monazite were
identified. FTIR studies of the dephosphorized products confirmed the removal of the phosphate group
with the presence of dominant RE oxide bands. While the chosen parameters of size, monazite to carbon
ratio, and temperature were essentially independent, the effect of time at that temperature on the extent
of dephosphorization might be equally crucial. The rate kinetics of carbothermal dephosphorization
could be investigated in future studies. However, based on the results of this study, the carbothermal
dephosphorization method is a potential alternative processing route to produce RE oxides for
subsequent leaching and recovery processes.
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