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ABSTRACT

This study describes the beneficiation of monazite mineral from heavy mineral sands deposit of Dubaydib, South Jordan. The heavy mineral sand sample
contained 1.80% monazite [(Ce,La,Nd,Th)PO,] based on chemical composition of light rare earth elements such as cerium (Ce), lanthanum (La) and
neodymium (Nd). It contained low contents of 0.23% La (0.26% La,0O3), 0.50% Ce (0.59% Ce,0s), 0.21% Nd (0.24% Nd,0O3), 0.08% Y (0.1% Y,03), 0.13%
Th (0.15% ThO,), 0.015% U (0.018% U30g) and 0.66% P,0s. The major elemental composition of 64.4% SiO,, 6.9% Al,O3, 6.0% Fe,0s, 6.5% TiO, and
3.49% Zr (4.72% ZrO,) are present in the sample. The monazite sand sample contained quartz, plagioclase, mica, rutile, limenite and zircon as major
minerals with monazite as minor mineral. For beneficiation studies, the density separation (hydrocyclone and Wilfley shaking table) and froth flotation
techniques were used to produce monazite concentrates from heavy mineral sand. The produced monazite concentrate-1 contained 5.5% La,Os, 10.6%
Ce,03, 4.8% Nd;03, 0.54% Y,03, 0.97% ThO, and 0.11% U;Os; whereas the concentrate-2 contained 10.3% La,Os, 21.8% Ce,03, 9.2% Nd,O5 and 1.33%

Y203.
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1. Introduction

Monazite is a reddish-brown crystalline phosphate
mineral [(Ce,La,Nd, Th)PO,] and a major natural source of
light rare-earth elements (Ce, La and Nd) and thorium (Th)
extraction on commercial scale. Monazite, among 250
known minerals containing rare earth elements is one of the
most important minerals as the primary source of Refs [1-4].
The total rare earth oxide contents of monazite exist in the
range of 49.60-73.14% REE,O; with average value of
64.31% REE,O;. It isa radioactive mineral due to the
presence of thorium (Th) and less content of uranium (U).
Monazite contains a significant amount of helium (*He) due
to alpha (a) decay of Th and U, which can be extracted on
heating [5]. It is formed when igneous rocks undergo
crystallization and clastic sedimentary rocks undergo
metamorphism and occurs as small heavy crystals in granitic
and gneissic rocks and their detritus as called monazite
sands. Monazite is considered as a group of minerals due to
variability in rare earth elements composition. There are five
most common species of monazite, depending on the relative
amounts of rare earth elements in the mineral; monazite-
(Ce), (Ce,La,Nd, Th)PO, (the most common member),
monazite-(La), (La,Ce,Nd)PO,, monazite-(Nd), (Nd,La,Ce)PO,,
monazite-(Sm),  (Sm,Gd,Ce,Th)PO, and  monazite-(Pr),
(Pr,Ce,Nd, Th)PO, [6]. The most common species of the group
is monazite-(Ce) which  occurs usually in  small
isolated crystals. Monazite is commonly mined in placer
deposits, which are masses of loose sediment mainly
consisting of sand. The large deposits of monazite sand
occur in Australia, Brazil, China, India, Malaysia,
Madagascar, Vietnam and South Africa. Indian beach
placers are an important source of monazite [7-11]. It is
often mined as a byproduct of heavy mineral deposits.

Monazite and zircon minerals are found in the middle
member of Dubaydib Formation (DB2) from the Ordovician
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age. Dubaydib area is characterized by flat sandy-clayey of
alluvial sediments. The sand deposits were transported over
a gentle slope from the Arabian-Nubian shield and deposited
in the middle member of Dubaydib Formation over a huge
area in the south of Jordan [12, 13]. It covers an area of 900
km? and is located about 350 km south of Amman city and
100 km north of Agaba (Fig. 1). The thickness of heavy
mineral sand deposit bearing monazite and zircon ranges
from 1.5-4.2 meter. The host rock is mainly composed of
quartz  (SiOp),  plagioclase  [(Na,Ca)AI(SIANSLOg,  biotite
[K(Mg,Fe)sAlSizO(F,0H);], muscovite [KAIL(SizA)O(OH),]
and zircon (ZrSiO,), with small amounts of rutile (TiO,),
monazite [(Ce,La,Nd,Th)PO,] and tourmaline (a crystalline
silicate mineral group in which boron is compounded with
Al, Fe, Mg, Li, Na and K) [12]. The Dubeydib heavy
mineral sand deposit contained an average concentration of
1% rare earth elements.

In mineral processing sector, beneficiation studies are
being used to separate target minerals from gangue minerals
by applying differences in their physical properties such as
density and magnetic properties. Physical separation
techniques can be used to upgrade or to concentrate the ore
prior to hydrometallurgical process when the target minerals
are present in low concentration. Currently, extensive goal-
oriented research work has been conducted to develop
beneficiation flowsheet of various REE-bearing deposits
[14-20]. In particular, the beneficiation process for placer
deposits is well established and includes a combination of
gravity, magnetic, electrostatic and flotation beneficiation
processes [21-23]. For beneficiation of monazite from heavy
mineral sands, shaking table and spiral density separation
[24, 25], magnetic [26, 27], electrostatic [28] and froth
flotation [29] separation techniques are being used. The
quality of monazite is important for the hydrometallurgical
process to extract high purity end products of La, Ce, Nd
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Fig. 1: A simplified Jordan map showing the Dubeydib heavy sand formation (yellow color).

and Y. The present study was conducted to produce
monazite concentrate from Dubeydib heavy minerals sand
by using density separation (hydrocyclone and shaking
table) and froth flotation techniques.

2. Materials and Methods
2.1  Heavy mineral sand sample

The heavy mineral sand sample (200-kg) was collected
from the Dubeydib deposit site. The sample was crushed,
homogenized and the whole sample was pass through 35-

mesh size sieve (<500 pum particle size). A representative
sub-sample (20 kg) was prepared by thoroughly mixing,
coning and quartering technique for chemical and
experimental beneficiation studies. Fig. 2 shows the physical
appearance of the heavy mineral sand in the field of
Dubeydib formation. The mineralogical composition of the
heavy mineral sand with mineral formula and specific
density is reported in Table 1. X-ray diffraction analysis was
carried out to determine the minerals present in the sample.

Fig. 2: Dubeydib heavy mineral sands formation — DB2 area
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Table 1: Mineralogical characterization of Dubeydib Monazite concentrate

Mineral name Mineral formula Specific density (g cm™)
Ce-Monazite (Ce,La,Nd,Th,Y)PO, 4.98-5.43

Zircon ZrSiOy 4.60-4.70

Rutile TiO, 423

Hafnon (Hf,Zr)SiO, 6.97

Hematite Fe;05 5.26

IImenite FeTiOs 4.70

Quartz SiO, 2.65

Plagioclase NaAlSizOs - CaAlSi,0s  2.60-2.80

2.2 Beneficiation studies

Hydrocyclone separator was used to separate a stream of
particles into fine and coarse size fractions. A water sand
slurry (1kg sand in 30-litre water; <500 pum particle size)
was pumped at 1 bar pressure to enter at the top of the
conical wall of hydrocyclone through a vortex finder which
created tangential flow and therefore, a strong vortex in the
hydrocyclone. The slurry in the cyclone spined in a high
velocity vortex and the fine particles capable of remaining in
suspension exit out from the top central pipe (overflow) and
the coarse particles spiral down to fall through the underflow
at the narrow vortex base. Both the fractions (overflow and
underflow) were collected, de-watered, dried and weight
fractions calculated and analyzed for chemical composition.
Fig. 3 shows the hydrocyclone unit and the process of
separation fine size and coarse size fractions.

Holman-Wilfley shaking table (Holman Wilfley Ltd,
UK), a gravity separation process was used to recover
monazite from heavy mineral sand sample. The batch test
was conducted using 2 kg of feed sample at 5° angle of the
shaking table, 20 mm shaking amplitude and 2-litre/min
water flow rate. Three fractions (light, middling and heavy)
were collected, dewatered, dried, weighed and analyzed for
rare earth elements. Fig. 4 shows the shaking table unit used
for present studies.

Feed sample

. Feed box
Dressing water

Motor drive

Clean Liquid
Overflow

Fluted
Vortex

Pressurized .

Feed Inlet

Hydrocyclone classifier unit

Fig. 3: Hydrocyclone classifier (laboratory scale) with overflow and
underflow fractions.

For froth flotation studies, 250-g sand sample was taken
in 2 litre water in the system, the slurry pH 12.0 was
adjusted with dil. NaOH solution, 1.0 g sodium silicate (as
conditioner), 1.0 ml oleic acid (as collector) and 2-drops of
Aero 619 (as frother) added for experimental studies. The
slurry was stirred constantly during the addition of
chemicals. The system was operated at 500-rpm with
aeration to froth the particles. Two fractions (sink and float)
were collected, washed with deionized water thoroughly, de-
watered, dried, weighed and analyzed for rare earth
elements. Fig. 5 shows the froth flotation unit and the
mechanism of operation.

2.3 Chemical analysis

Wavelength-dispersive X-ray fluorescence spectrometer
(Bruker S4 Pioneer WD XRF) was used for elemental
analysis of the sand sample and sand fractions obtained
during beneficiation studies carried out by hydrocyclone,
shaking table and froth flotation techniques. The finely
ground sample (0.6 g), less than 200-mesh (<73 um) or finer
was mixed with flux (lithium metaborate (LiBO,); 10:1 ratio
(0.6 g sample and 6.0 g flux) as the fusion material and

Heavy fraction

- ¢

5\

Y

T o oo

Middling fraction Light mineral fraction

Fig. 4: Wilfley shaking table unit used in the experimental studies and the sketch showing the light, middling and heavy fractions (left) collecting points

during beneficiation studies of heavy mineral sand.
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Fig. 5:

glass-forming agent) then placed into a platinum crucible.
The crucible was set onto melting position and then the
sample was fully automatically oxidized, melted at 1000-
1200 °C, stirred and cast. A high-frequency electromagnetic
induction heating and fusing machine (Bead Sampler NT-
2000; Nippon Thermonics) was used for glass beads
preparation. The platinum crucibles (CS-2 type; 95% Pt —
5% Au) were used for making glass beads from a mixture of
powdered rock sample and alkali flux. The cold fusion bead
was placed into the XRF for measurement.

3. Results and discussion
3.1  Feed sample analysis

The chemical composition of the heavy mineral sand
sample is given in Table 2. It contained 64.4% SiO,, 6.9%
Al,O3, 6.5% Ti0O,, 6.0% Fe,03, 4.7% ZrO, and 2.6% K,0 as
major constituents of the sand sample. The sample contained
low concentrations of light rare earth elements of 0.22% La
(0.26% La,03), 0.50% Ce (0.59% Ce,03) and 0.20% Nd
(0.24% Nd,03) with 0.08% Y (0.1% Y,03) as heavy rare
earth element.

Table 2: WD-XRF analysis of Dubeydib heavy mineral sand sample

@ Compressed air

e Ore particle
(float/ concentrate)

Water containing
pine oil

Gangue minerals

(taill sink) \yg

Froth bubbles carrying
ore particles

Froth flotation cell and phenomenon of flotation process for separation of minerals

It is indicated from the analytical data that the sample
contained total contents of 1.02% REE (1.20% REEO).
Cerium (Ce) concentration in the sample is double of the
contents of La and Nd (Table 2). It is indicated that the sand
sample contained monazite-Ce. Uranium (0.021% U) and
thorium (0.19% Th) as radioactive elements.

3.2 Hydrocyclone beneficiation

Hydrocyclone classified fine size particles (overflow
fraction) and coarse size particles (underflow fraction) of
heavy mineral sand during beneficiation process. The weight
fractions and chemical analysis data of rare earth elements
(La, Ce, Nd and Y) of overflow and underflow fractions are
reported shown in Table 3. The weight of overflow fraction
of 118.30 g (11.83% wt) and underflow fraction of 857.50 g
(85.75% wt) with weight loss of 24.20 g (2.42% wt) was
obtained. The overflow fraction (fine size fraction) contained
688 ppm Ce and 54 ppm Y with contents of La and Nd. The
concentrations of P,Os and SiO, in the overflow fraction
were decreased Al,O3, Fe,0O5 and TiO, contents increased as
compared to feed sample. The underflow fraction (coarse or
heavy fraction) contained higher concentrations of La, Ce,
Nd and Y than the feed sand sample. It contained 2309 ppm

Constituents Results(% Constituents Results(% Constituents Results(%

orstiuents  Resuls(f)  Comfiuents  Resuls®)  Consivens  ResWs®) ) 5 5496 ppm Ce and 2435 ppm Nd (Table 3). The rare earth
S10: 64.40 P20s 066 Ba 005 elements (La, Ce, Nd and Y) present in the sample are
AlOs 690 505 0.18 Y 0.08 constituents of monazite mineral [(Ce,La,Nd,Th)PO,] which
Fe20s 6.01 Mn 0.02 La 0225 is a phosphate mineral having high specific density of 4.98-
Tio, 6:50 z 3.50 Nd 0.208 5.43 g/cm®. The monazite mineral remained in the underflow
K0 2.60 Hf 012 Ce 0.50 fraction due to its high density resulted an increase in the
Na;0 0.43 v 0.04 Mo 0.05 concentrations of REE which is indicated from high
MgO 0.85 cr 0.03 Th 0.19 phosphate content in the underflow fraction (Table 3).
Ca0 118 sr 0.03 U 0.021
Table 3: Distribution of La, Ce, Nd and Y in overflow and underflow fractions of hydrocyclone beneficiation studies

Description Fraction weight Major elements (%) Rare earth elements (ppm)

(@ (%) Sio, AlO3 Fe,0s P20s TiO, La Ce Nd Y

Feed sample 1,000 100.0 63.4 6.9 6.0 0.66 6.5 2253 5001 2082 798
Overflow 118.3 118 29.0 20.6 6.5 0.13 15 N.D. 688 N.D. 54
Underflow 857.5 85.5 56.2 27.4 7.7 0.72 11.3 2309 5496 2435 857

Loss 24.2 24 -
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The high concentrations of Fe,O; and TiO, in the
underflow fraction correspond to high density minerals of
hematite (5.26 g/cm®), ilmenite (4.70 g/cm®) and rutile (4.23
g/cm®) (Table 1). The hydrocyclone is gravity separation
device used in slurry pulps to separate a stream of particles
into coarse and fine particles fractions based on mineral
particle density. Hydrocyclone separators are used
worldwide in mining and mineral processing industries for
classification, de-sliming and de-watering applications.
Zircon (4.60-4.70 g/cm®) and hafnon (6.97 g/cm®) are high
density minerals and quartz (2.65 g/cm®) and plagioclase
(2.60-2.80 g/cm®) are low-density minerals.

Distribution of rare earth elements in overflow and underflow
fractions of hydrocyclone beneficiation studies

100
9 93
88

100

80

60

40

20
0 16 0 0.8
-— - -— —

La Ce Nd Y

Metal concentration (%)

Underflow fraction
Overflow fraction

Rare Earth Elements

Fig. 6: Distribution of rare earth and radioactive elements in overflow and
underflow fractions of Dubeydib heavy mineral sand.

The distribution of La, Ce, Nd and Y in the overflow and
underflow fractions of the hydrocyclone beneficiation of
Dubeydib heavy mineral sand is shown in Fig. 6. It is
indicated that overflow fraction contained negligible amount
of rare earth elements. The rare earth elements are mainly
>88% present in the underflow fraction. It contained 88%
La, 94% Ce, 100% Nd and 93% Y distribution of these
elements in the underflow fraction. It is indicated that the
rare earth elements are concentrated in the overflow fraction
(Fig. 6).

3.3. Wilfley shaking table beneficiation

A standard laboratory scale Wilfley shaking table to
utilize

the gravity concentration process to fractionate both particle
density and particle size into light (waste), middling and
heavy (monazite concentrate) fractions of Dubaydib heavy
mineral sand. During shaking table beneficiation process,
five fractions of light, middling-1, middling-2, heavy-1 and
heavy-2 were obtained. The weight fractions and chemical
analysis of these fractions are reported in Table 4. The
weight fractions of 11.1% light, 71.2% middling (middling-1
and middling-2) and 15% heavy (heavy-1 and heavy-2)
fractions obtained from heavy mineral sand during Wilfley
shaking table beneficiation process. A weight loss of 3.0%
wt was also observed.

It is indicated from the analytical data that the light rare
earth elements (La, Ce and Nd) are not present in the light
fraction of the heavy mineral sand by gravity separation
shaking table (Table 4). Only, 125 ppm Y content was
observed in the light fraction. The low content of phosphate
(0.12% P,0s) corresponds to less amount of phosphate
mineral (monazite) present in the light fraction. The weight
fraction of middling-1 (10.2% wt) exhibited the presence of
1006, 2275, 857 and 408 ppm La, Ce, Nd and Y,
respectively. The phosphate content of 0.48% P,Os is also
high as compared to light fraction (0.12% P,0s). The weight
fraction of middling-2 fraction was 61% wt with low
contents of rare earth elements as compared to middling-1
fraction. It is indicated from the low phosphate content
(0.38% P,0s) in this fraction. The concentrations of La, Ce,
Nd and Y are higher in the heavy-1 fraction as compared to
middling-2 fraction. The rare earth elements concentrated in
the heavy-2 fraction which contained 36763 ppm La (3.68%
La), 66459 ppm Ce (6.65% Ce), 30192 ppm Nd (3.02% Nd)
and 6172 ppm Y (0.62% Y) (Table 4). The monazite-rich
heavy-2 fraction contained total rare earth elements of
13.96% YREE (16.32% YREO) and 8.20% P,Os. It is
indicated from the beneficiation data that the concentration
of REE increased with an increase of phosphate content in
the heavy fraction which is mainly attributed to monazite-
rich fraction. The shaking table gravity separation process
has to be re-tabled to produce monazite-rich concentrate
from heavy mineral sand. The gravity separation recovered
76.6% monazite from Senegalese heavy mineral sands
deposit [30, 31].

Table 4: Chemical composition of light, middling and heavy fractions of Wilfley shaking table beneficiation studies of Dubeydib heavy mineral sand
Description Fraction weight Major elements (%) Rare earth elements (ppm)

) (%) SiO, Al,O5 Fe,0O3 P,0s TiO, La Ce Nd Y
Feed sample 2000 100 63.4 6.91 6.01 0.66 6.51 2253 5001 2082 798
Light fraction 222 11.1 31.8 18.13 19.68 0.12 4.20 N.D. N.D. N.D. 125
Middling-1 204 10.2 64.7 7.69 5.93 0.48 6.72 1006 2275 857 408
Middling-2 1219 61.0 71.2 5.96 4.58 0.38 6.13 489 1153 474 319
Heavy-1 224 11.2 52.0 3.90 4.47 0.61 13.30 1402 2806 1218 1291
Heavy-2 70 35 22.0 1.15 1.87 8.20 7.62 36763 66459 30192 6172
Loss 61 31 - - -

N.D. = Not detectable (below detection limit)
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Distribution of rare earth elements in light, middling and heavy
fractions of Wilfley shaking table beneficiation studies
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1 2
Shaking Table Fraction
Fig. 7: Distribution of La, Ce, Nd and Y in various fractions of Wilfley

shaking table beneficiation studies of Dubeydib heavy mineral
sand.

The distribution (%) of rare earth elements (La, Ce, Nd
and Y) in the various fractions obtained from heavy mineral
sand during shaking table beneficiation process is shown in
Fig. 7. It is indicated that monazite-rich concentrate fraction
(heavy-2) contained the highest contents of 57% La, 47%
Ce, 51% Nd and 27% Y. The light fraction (waste) contained
1.7% Y with no contents of La, Ce and Nd. The middling-2
fraction having 61% weight fraction contained 13-27% rare
earth elements. This fraction and middling-2 and heavy-1
fractions required re-tabled process to separate REE to
produce monazite-rich concentrate. The monazite rich
fraction cannot be concentrated to a salable grade by single
step or solely separation technique. Hence, monazite fraction
has to be re-tabled to separate high recovery from the treated
sand. The shaking tabletop strip part is treated for monazite
recovery.

3.4. Froth flotation beneficiation

Rare earth elements are floatable using cationic
collectors such as oleic acid and sodium oleate in the pH
range of 7-11 [32]. Zirconium minerals are depressed at a pH
greater than 10 by using sodium silicate and oleic acid for
flotation of monazite ore sample to concentrate Zr. The
conditioning time for flotation was 6 min and 2 drop of aero
float (Aero 619) was added into sample water slurry. The tail
(sink) fraction of 48 g and float fraction of 201 g were
recovered. The tail fraction has the 1/5" weight of the float
fraction. The rare earth elements (monazite mineral) were
separated and recovered in the tail fraction which contained
737 ppm Ce (0.97% Ce), 4389 ppm La (0.44% La), 3992 Nd
(0.4% Nd) and 1092 ppm Y (0.11% Y) (Fig. 8). The float
fraction (major fraction by weight) has negligible amounts of
REE. It is indicated that the REE containing monazite
mineral is separated and recovered in the tail (sink) fraction
in froth flotation beneficiation studies.

A monazite-rich concentrate (concentrate-1) was
produced by combining hydrocyclone and shaking table
density separation techniques (Table 5). In the first step,
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Concentration of rare earth elements of tail (sink) and float
fractions of froth flotation beneficiation studies
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Fig. 8: Concentration of Ce, La, Nd and Y in heavy mineral sand (feed
sample), tail (sink) and float fractions of froth flotation
beneficiation studies.

heavy mineral sand was separated into overflow and
underflow fractions using hydrocyclone and then underflow
fraction was used as feed material for Wilfley shaking table.
The shaking tabletop strip part was used for the separation
and recovery of heavy fraction to produce of monazite-rich
concentrate. The chemical analysis of the concentarte-1 are
reported in Table 5. It contained 5.48% La,0s;, 10.54%
Ce,03, 4.78% Nd,O5 and 0.55% Y,03. The total rare earth
elements in the monazite concentrate were 21.40% Y REEO.
The high phosphate content of 10.80% P,Os indicated the
monazite-rich mineralization in the concentrate sample. It is
indicated that the hybrid gravity separation process
(hydrocyclone + shaking table) produced concentrate
containing high content of 21.40% Y REO as compared to
monazite-rich fraction (heavy-2) solely produced by shaking
table experiment which contained 16.32% Y REO (section
3.3). The existence of 1.05% Al,Os, 3.9% TiO, and 1.53%
Fe,O5 in the concentrate indicated the presence of minerals
containing Al, Ti, and Fe as impurities.

Table 5: Chemical composition of produced monazite concentrates from
Dubeydib heavy mineral sand
Description Beneficiatio ~ Metal concentration (%)
n process
La,03 Ce,03 Nd203 Y,03 ZREEO
Feed sample - 0.26 0.59 0.24 0.10 1.20
Concentrate-1 Hydrocyclo  5.48 10.54 4.78 0.55 21.40
ne +
Wilfley
shaking
table
Concentrate-2 Hydrocyclo  10.3 21.82 9.15 1.33 53.60
ne +Wilfley
shaking
table +
Froth
flotation

Similarly, a monazite-rich concentrate (concentrate-2) was
produced from the Dubeydib heavy mineral sand by the
combination of two gravity separation techniques
(hydrocyclone+shaking  table) and  froth  flotation
beneficiation process. The overall schematic presentation of
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the combined beneficiation studies is shown in Fig. 9. The
monazite-rich heavy fraction of sand sample produced by
hydrocyclone and shaking table was used as feed material
for the separation and recovery of monazite concentrate by
froth flotation. The monazite-rich concentrate was separated
and recovered in the sink (tail) fraction, de-watered, washed
with ethanol to remove adhering organic compound(s) from
the surface of the particle, dried and analyzed by WD XRF.
The chemical analysis of the produced monazite-rich
concentrate is reported in Table 5. The analysis data showed
the presence of 8.76% La (10.3% La,0;), 18.63% Ce
(21.82% Ce,03), 7.84% Nd (9.15% Nd,O3) and 1.05 % Y
(1.33% Y,03). The total rare earth contents present in the
concentrate are 45.7% Y REE (53.6% Y REO). It is indicated
that the concentrate-2 produced by the combination of three
beneficiation techniques (hydrocyclone+ shaking table +
froth flotation) exhibited high contents of rare earth elements
as compared to concentarte-1 produced by combined gravity
separation techniques (hydrocyclone + shaking table).

Overflow

(Light fraction)
€
Sample Crushing/ grinding Hydrocyclone
Underflow
(Heavy fraction)
Froth :E::;:nym r— (ororessed st
5 c
. S
> —— O *+ 9
p— P L
pine oll B ; h
£
Gangue minerals k .
(tail sink)

Froth flotation unit Shaking table

Fig. 9: Schematic presentation of the overall beneficiation process for
production of monazite concentrate-2 from Dubeydib heavy
mineral sand

From the beneficiation studies, it is observed that the
separation and recovery of REE from Dubeydib heavy
mineral sand in the concentrates produced by solely
hydrocyclone, shaking table, combined hydrocyclone +
shaking table and combined hydrocyclone + shaking table +
froth flotation techniques contained rare earth contents of
1.30%, 16.32%, 21.40% and 53.6% Y REO, respectively. It
is indicated that the monazite-rich concentrate cannot be
produced to a salable grade by single step or solely
separation technique. Generally, monazite contains about
70% > REO, with REE fraction constituted by 20 to 30%
Ce,03, 10 to 40% La,05 and significant amounts of Nd, Pr
and Sm [33].

4, Conclusions

Dubaydib heavy mineral sand contains monazite-Ce
mineral as source of light rare earth elements (La, Ce and
Nd) and yttrium (Y). A number of experimental
beneficiation studies were carried out to produce monazite-
rich concentrate from heavy mineral sand by using

hydrocyclone, shaking table and froth flotation. The results
showed that the separation and recovery of monazite from
Dubaydib Formation by shaking table is much higher than
hydrocyclone gravity separation technique under present
experimental conditions. The best combination of two
gravity separation techniques (hydrocyclone+shaking table)
produced monazite-rich concentrate containing 21.4%
>REO) and the combined three  techniques
(hydrocyclone+shaking table + froth flotation) gave high
values of monazite mineral which contained 53.6% > REO.
The results obtained proved that the increase of phosphate
content, the concentrations of La, Ce, Nd and Y increased in
the recovered concentrate.

Acknowledgments

The authors would like to thank Jordan Atomic Energy
Commission (JAEC) and the technical staff for their
assistance and cooperation during experimental studies and
analytical support.

References

[1] Y. Kanazawa and M. Kamitani, “Rare earth minerals and resources in
the world,” Journal of Alloys and Compounds, Vol. 408-412, pp.
1339-1343, 2006.

[2] G.J. Simandl, “Geology and market-dependent significance of rare
earth element resources,” Mineralium Deposita, vol. 49, pp. 889-904,
2014.

[3] A. Golev, M. Scott, P.D. Erskine, S.H. Ali and G.R. Ballantyne, Rare
earths supply chains: Current status, constraints and opportunities,
Resource Policy, vol. 41, pp. 52-59, 2014.

[4] K. Zglinicki, K. Szamalek and G. Kono, “Monazite-bearing post
processing wastes and their potential economic significance,”
Gospodarka  Surowcami  Mineralnymi  — Mineral Resources
Management, vol. 36, issue 1, pp. 37-58, 2020.

[5] H. Chaudhuri, B. Sinha and D. Chandrasekharam, “Helium from
geothermal sources,” Proceedings World Geothermal Congress 2015,
Melbourne, Australia, 19-25 April 2015.

[6] A.R. Chakhmouradian and R.H. Mitchell, “Lueshite, pyrochlore and
monazite-(Ce) from apatite-dolomite carbonatite, Lesnaya Varaka
complex, Kola Peninsula, Russia,” Mineralogical Magazine, vol. 62,
pp. 769-782, 1998.

[7] S.K. Haldar, “Mineral exploration principles and applications,”
Elsevier: Waltham, USA, pp. 55-57, 2013.

[8] D.M. Hoatson, S. Jaireth and Y. Miezitis, “The major rare-earth-
element deposits of Australia: geological setting, exploration and
resources,” Geoscience Australia, p. 204, 2011.

[9] K. Szamaftek, G. Konopka, K. Zglinicki and B. Marciniak-
Maliszewska, ‘“New potential source of rare earth elements,”
Gospodarka  Surowcami  Mineralnymi  — Mineral Resources
Management, vol. 29(4), pp. 59-76, 2013.

[10] B.S.V. Gosen, D.L. Fey, A.K. Salah, P.L. Verplank and T.M. Hoefen,
“Deposit model for heavy-mineral sands in coastal environments,”
Scientific Investigations Report 2010-5070-L. U.S. Geological
Survey, Reston, VA, p. 51, 2014.

[11] W. Chen, H. Honghui, T. Bai and S. Jiang, “Geochemistry of
monazite within carbonate related REE deposits,” Resources, vol. 6,
51, 2017.

[12] A. Al Malabeh, Z. Al-Smadi and J. Alali, “Mineralogy, geochemistry
and economic potential of zircon and associated minerals in Dubaydib
sandstone formation, Jordan,” Iraqi Geological Journal, vol. 50, No. 1,
pp. 1-11, 2017.

[13] B. Friedrich, “Geology of the Arabian Peninsula Jordan,” United
States Government Printing office, Washington, 1975.

118



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

119

O.A. Twaiq et al. / The Nucleus 60, No. 2 (2023) 112-119

H. Cui and C.G. Anderson, “Alternative flowsheet for rare earth
beneficiation of Bear Lodge ore,” Minerals Engineering, vol. 110, pp.
166-178, 2017.

A. Jordens, R.S. Sheridan, N.A. Rowson and K.E. Waters, “Processing
a rare earth mineral deposit using gravity and magnetic separation,”
Minerals Engineering, vol. 62, pp. 9-18, 2014.

A. Jordens, C. Marion, R. Langlois, T. Grammatikopoulos, N.A.
Rowson and K.E. Waters, “Beneficiation of the Nechalacho rare earth
deposit. Part 1: Gravity and magnetic separation,” Minerals
Engineering, vol. 99, 111-122, 2016.

A. Jordens, C. Marion, R. Langlois, T. Grammatikopoulos, R.S.
Sheridan, C. Teng, H. Demers, R. Gauvin, N.A. Rowson and K.E.
Waters, “Beneficiation of the Nechalacho rare earth deposit. Part 2:
Characterisation of products from gravity and magnetic separation,”
Minerals Engineering, vol. 99, 96-110, 2016.

L.Z. Li and X. Yang, “China’s rare earth ore deposits and
beneficiation techniques,” In: Proceedings of the European Rare Earth
Resource Conference, September 4-7, 2014, Milos Island, Greece.

R. Panda, A. Kumari, M.K. Jha, J. Hait, V. Kumar, J.R. Kumar and
J.Y. Lee, “Leaching of rare earth metals (REMs) from Korean
Mmonazite concentrate,” Journal of Industrial and Engineering
Chemistry, vol. 20, 2035-2042, 2014.

X. Yang, JV. Satur, K. Sanematsu, J. Laukkanen and T.
Saastamoinen, “Beneficiation studies of a complex REE ore,”
Minerals Engineering, vol. 71, pp. 55-64, 2015.

M.l. Moustafa and N.A. Abdelfattah, “Physical and chemical
beneficiation of the Egyptian beach monazite,” Resource Geology,
vol. 60, pp. 288-299, 2010.

G.R. Rajan and M. Sundararajan, “Combined magnetic, electrostatic
and gravity separation techniques for recovering strategic heavy
minerals from beach sands,” Marine Georesources & Geotechnology,
vol. 36, pp. 959-965, 2018.

W.L. Xiong, J. Deng, B.Y. Chen, S.Z. Deng and D.Z. Wei, “Flotation-
magnetic separation for the beneficiation of rare earth ores,” Minerals
Engineering, vol. 119, 49-56, 2018.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

M.I. Moustafa and N.A. Abdelfattah, “Physical and chemical
beneficiation of the Egyptian beach monazite,” Resource Geology,
vol. 60, issue 3, pp. 288-299, 2010.

S. Routray and R.B. Rao, “Beneficiation and characterization of
detrital zircons from beach sand and red sediments in India,” Journal
of Minerals and Materials Characterization and Engineering, vol. 15,
issue 11, pp. 1409-1428, 2011.

K. Kim and S. Jeong, “Separation of monazite from placer deposit by
magnetic separation,” Minerals, vol. 9, 149, 2019.

X. Yang, N. Heino and L. Pakkanen, “Beneficiation studies of a rare
earth ore from the Olserum deposit,” Natural Resources, vol. 10, pp.
346-357, 2019.

C.C. Gongalves and P.F.A. Braga, “In-depth characterization and
preliminary beneficiation studies of heavy minerals from beach sands
in Brazil,” The Tenth International Heavy Minerals Conference, 16-17
August, 2016, Sun City, Southern African Institute of Mining and
Metallurgy, pp. 289-302.

A. Jordens, Y.P.Cheng and K.E. Waters, “A review of the
beneficiation of rare earth element bearing minerals,” Minerals
Engineering, vol. 41, pp. 97-114, 2013.

M. Dieye, M.M. Thiam, A. Geneyton and M. Gueye, “Monazite
recovery by magnetic and gravity separation of medium grade zircon
concentrate from Senegalese heavy mineral sands deposit,” Journal of
Minerals and Materials Characterization and Engineering, vol. 9, pp.
590-608, 2021.

I. Park, Y. Kanazawa, N. Sato, P. Galtchandmani, M.K. Jha, C.B.
Tabelin, S. Jeon, M. Ito and N. Hiroyoshi, “Beneficiation of low-grade
rare earth ore from Khalzan Buregtei Deposit (Mongolia) by magnetic
separation,” Minerals, vol. 11, 1432, Dec., 2021.

A. Jordens, Y.P. Cheng and K.E. Waters, “A review of the
beneficiation of rare earth element bearing minerals,” Minerals
Engineering, vol. 41, pp. 97-114, 2013.

C.K. Gupta and N. Krishnamurthy, “Extractive Metallurgy of Rare
Earths, CRC Press, Florida, 2005. Print ISBN: 978-0-415-33340-5.
eBook ISBN: 978-0-203-41302-9.


https://onlinelibrary.wiley.com/authored-by/Moustafa/Mohamed+I.
https://onlinelibrary.wiley.com/authored-by/Abdelfattah/Nasr+A.

