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Abstract

A recently discovered the rare-earth-rich site in Capacsaya, located at 123 km northwest of Cusco, at the south of Peru,
contains significant quantities of light and heavy rare-earth elements such as neodymium, lanthanum, cerium, europium,
and yttrium. This work reports the identification of rare-earth elements and their associated minerals using scanning
electron microscopy, energy-dispersive X-ray spectroscopy and X-ray diffraction analyses. Five (5) samples extracted from
different locations at the Capacsaya site were characterized and identified K-feldspar as the mineral associated with the
rare-earth elements in a representative sample with a high concentration of lanthanum and cerium. The results showed
rare-earth elements contained within the mineral phase monazite, being cerium the dominant element in the phase
(La, Ce, Nd)PO,. Finally, through the electrostatic separation process we demonstrate that it was possible to achieve an
efficient separation of the K-feldspar phase in the particle size range 75-150 pm.

Keywords Rare-earth minerals - K-feldspar - Electrostatic separation

1 Introduction

The wide variety of technological applications of rare
earths elements (REE) explain its economic growth and
political value [1]. Some industrial applications are related
to the petroleum refining processes (Lu), diesel engines
(Ce) [2], biofuels (La, Ce) [3], ultrafast opto-spintronic
memories (Tb, Gd) [4, 5], fabrication of high tempera-
ture superconductors (Y, Nd, Ce) [6, 7], luminescence for
telecommunications (La) [8, 9], nuclear reactors (Sm, Eu,
Gd), fabrication of screens (Y, Eu), permanent magnets
(Nd, Ce, Pr) [10, 11] and among many other applications

[12-15]. Only in medicine, in specific applications such
as the treatment of various types of cancer, the improve-
ment of magnetic resonance imaging, the creation of new
lasers and surgical instruments are involved different rare
earth elements: Y, Nd, Tb, Gd, Tm, and Ho. REE are only
found in mineral deposits in the form of minerals such as
oxides, phosphates or silicates, and additional physical-
and chemical-based techniques separation are required
for the obtention of REE as pure elements or as oxides.
After its discovery, more than 200 years ago [15], immedi-
ately faced the problem of separating one element from
another, representing a great challenge for the industrial
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and scientific community. Several physical techniques
including gravity [16-19], flotation [20-23], magnetic [24,
25], and electrostatic [26-28] separation have been used
during the last years for the beneficiation of REE. In a more
global context and for a long time, China has accounted
for more than 85% of the global rare-earth mining and
production [14] and the 50% of reserves worldwide. Apart
from China, only the USA, Australia, and Myanmar are the
three other countries that mine most of the rare-earth
every year. On the other hand, only Brazil from South
America is considered as one of the top 10 countries for
rare-earth metal production with a deposit of rare-earth
deposit discovered in 2012 at the Salobo copper-mine
project at Carajas in Para state. In this context, in 2015, it
was announced a recently discovered rare-earth-rich site
in Capacsaya, located at 123 km northwest of Cusco, at the
south of Peru [29] (Fig. 1). Preliminary geological studies
determined that the Capacsaya Project holds the highest
rare earth ranges in the country, being the total rare-earth
oxide values to a maximum of 1.2% and the light rare earth
values go up to a maximum of 3% [30].
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Fig. 1 lllustration of the location of Capacsaya site at northwest of
Cusco (yellow star). Inset: Map of Peru indicating the coordinates in
which Capacsaya site is located (red square)
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In this study, the results of the characterization, includ-
ing the identification and separation of rare-earth miner-
als of 5 samples extracted from different locations at the
Capacsaya site in Cusco were reported. For the identifica-
tion of the mineral phases, scanning electron microscopy
(SEM), electron dispersive X-ray (EDEX) spectrometry and
inductively coupling mass spectrometry (ICP-MS). For the
separation of the mineral phase containing the rare-earth
element a high voltage electrostatic separator was used.
The versatility of the high voltage-assisted particle separa-
tion is evidenced for the different industrial applications
that posses such as the separating stems and leaves in the
food industry or the recycling of printed electronic circuits
containing copper [31-33], among others. Over the years
researchers have investigated the electrical separation
processes [34, 35] focusing on optimizing the process
through computational methods or theoretical and experi-
mental analyzes. In this study, the electrostatic separation
was also used to concentrate the rare-earth indicator min-
eral (K-feldspar and monazite) obtained from the charac-
terization techniques.

2 Experimental details

The specimens were examined with a SEM-EDS TESCAN
model Vega, that was equiped with a detector XFlash
4010/LN2 SDD. Samples had a granulometry of less than
150 pm. Prior to the SEM analysis, a polished section (bri-
quette) of the sample was selected and a low vacuum
coating with graphite was performed to improve the con-
ductivity of the samples. X-ray diffraction measurements
(XRD) were also performed in a Bruker-D8 Advance dif-
fractometer in the Bragg-Brentano set-up with 280 mm
of primary and secondary radius, the 26 angular range
used was 6°-70°. The linear PSD 26 angular range and the
FDS angle were 2.94° and 0.34°, respectively. High elec-
tric field-assisted separation was performed with an elec-
trostatic high-tension roll (HTR) separator developed by
CARPCO, which consists of ionizing and a separator elec-
trodes supplied with high voltage between 1 and 50 kV.
The separator is assisted by an AC electric field to remove
the particles that remained in the rotor after passing the
high electric field region. All the samples were annealed
at 60 °C before the electrostatic separation process to
avoid conductivity changes due to humidity. An infrared
incandescent lamp was also used to heat the environment
previous to the electrostatic separation process to reduce
humidity in the chamber. The operating conditions of the
HTR used during the separation of the rare-earth miner-
als are: voltage of the ionizing electrode U =7 kV; angular
velocity w = 280 rpm; vibration of the feeder (in arbitrary
units) V¢ = 34.d,= 50 mm, 6, = 60°, ¢»; = 60° and ¢, = 40°.
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A schematics of the CARPCO HTR indicating the different
parameters can be found in the Supplementary data file.
The different parameters of the HTR that control the sepa-
ration process, such as the angular velocity of the rotor,
the diameter of the rotor, and DC voltage applied to the
ionizing and separator electrode were optimized previous
to the experiments.

3 Results

3.1 Identification of elements with Inductively
coupled plasma mass spectrometry

Five representative samples extracted from different loca-
tions at the Capacsaya site were analyzed via Inductively
coupled plasma mass spectrometry (ICP-MS) to determine
the concentration of rare-earth elements (in ppm). The
pre-treatment process of the samples in the ICP-MS test
was the following: samples were mechanically processed
using a crusher, to obtain a particle size of approximately
150 um in a first stage. This material was then taken to a
cracker and bring under a controlled pulverization until
the particle size reached approximately 75 pum. Then the
sample was attacked by four acids: hydrofluoric acid (HF),
nitric acid (HNO;), hydrochloric acid (HCl) and perchloric
acid (HCIO,). The test tubes with the prepared solution
were measured on the ICP-MS Aligent-540 inductively
coupled plasma mass spectrometry equipment. Table 1
presents the rare-earth element content for the different

samples labeled as PE-OX. As seen from Table 1, PE-02 sam-
ple has the highest content of the different rare-earth ele-
ments compared to the others, at least one order of mag-
nitude higher for the rare-earth elements La, Ce, Pr, Nd,
Sm, Gd and Dy. PE-04 sample also shows relatively high
concentrations of heavy rare-earth elements like Nd, Gd,
Dy, Ho, Yb, and Lu. In contrast, the lowest concentration of
lanthanum and cerium was determined for sample PE-05.
A similar concentration of Er, Tm, Yb and Lu were measured
in all samples.

From the ICP-MS analyses of the samples, it was also
possible to extract the different light elements within the
PE-0X samples. The concentrations, given in percentage,
of the elements Al, Ca, Fe, Mg, K, Na, S, and Ti are listed
in Table 2. Only the concentrations of Fe in PE-02 and Ca
in PE-04 are above 10%. Compared to samples PE-01 and
PE-03, the contents of PE-02, PE-04, and PE-05 samples had
larger quantities of Ca and Fe. On the other hand, the pres-
ence of elements such as K, Na, S, and Ti is significantly low
in all the samples with concentrations below 5%, being Ti
the only element with a concentration less than 0.2% in
all samples.

3.2 ldentification of rare-earth minerals
with SEM-EDS

Due to its highest content of light rare-earth elements,
such as La, Ce, Pr, Nd, Sm and Eu, sample PE-02 was
selected to identify additional elements and minerals
using SEM and EDEX spectroscopy. Figure 2 shows the SEM

Table 1 Concentration of rare earth elements obtained with inductively coupled plasma mass spectrometry in samples extracted from 5 dif-

ferent locations in Capacsaya site in Cusco, Peru

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
PE-01 111.8 155.3 12.15 36.8 6.4 0.79 5.83 0.98 6.29 1.25 3.64 0.56 3.67 0.56
PE-02 1489 2300 185.8 494.9 58.75 6.28 47.61 4.63 20.13 2.66 6.12 0.8 5.21 0.79
PE-03 123.6 183.9 16.13 48.9 7.64 1.04 6.28 0.89 5.44 1.0 2.84 0.43 2.88 042
PE-04 125.5 2374 239 81.6 12.71 1.17 12.57 1.71 10.25 67.92 5.82 0.86 5.92 1.3

PE-05 96.5 183 17.87 59.6 9.58 1.01

9.63 1.24 745 1.47 4.32 0.63 4.41 0.81

Quantities given are in ppm

Data in bold correspond to the samples with the highest (PE02) and with the lowest (PE-05) concentration of rare-earth elements

Table 2 Concentration of

Sample Al Ca Fe K M Na S Ti
different elements obtained P 9
with 'nductivfff'fy coupled PE-01 6.04 138 1.78 0.19 0.66 475 1.02 0.12
plasmain 5 different samples PE-02 242 9.63 12.38 144 356 0.13 2.11 0.08
extracted from Capacsaya site
PE-03 6.91 0.25 1.6 3.67 0.13 3.22 0.09 0.15
PE-04 0.47 135 6.71 0.05 6.91 0.2 0.02 0.07
PE-05 2.51 7.82 7.67 1.21 7.81 0.42 0.02 0.16

Quantities given are in percentage (%)
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Fig.2 a SEM image of a region of sample PE-02. b—p Element-specific energy dispersive X-ray spectroscopy images showing the presence
ofbO,cC,dCe ela fK,gCa hSiiCljAlLkPIMg mMn,nS, oFeandp Nainsample PE-02

image and the element-specific images of sample PE-02.
The SEM image presented in Fig. 2a which corresponds
to a region of 200 pm x 250 pm allowed to identify two
circularly-shaped features on a polished side of the sam-
ple. The EDS analysis on the scanned region indicate the
presence of a wide range of elements such as O, C, Ce,
La, K, Ca, Si, Cl, Al, P, Mg, Mn, S, Fe, and Na as also seen
in Fig. 2b—p. It is important to notice that light rare-earth
elements such as Ce and La only appeared in both central
circularly-shape features of the image as indicated by red
and orange circles in Fig. 2. High concentrations of oxygen,
potassium, silicon, phosphorus, aluminum, highlighted
with a red circle, allowed to identify the K-feldspar ortho-
clase (KAISi;Og) as the mineral associated to the rare-earth
minerals. According to Fig. 2d, e, n and o, lanthanum and
cerium elements might also be associated to pyrite (FeS),
as indicated by the orange circles.
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3.3 Identification of minerals with X-ray diffraction

X-Ray analysis was used for the determination of the differ-
ent minerals phases of the samples PE-0X . The presence
of different minerals such as dolomite, quartz, K-feldspar,
muscovite, hematite, pyrite, and calcite was determined
in almost all samples. A detailed table with the concentra-
tions of the different mineral phases in all the samples is
shown inTable S1 in the Supplementary data file. Figure 3a
shows the XRD pattern of a sample with a particle size
between 75 and 150 pm, in which the different peaks cor-
responding to the phases dolomite, hematite, and quartz
can be identified. Complementary to the XRD analysis, the
elements present in sample PE-02 were identified from the
EDS spectra (Fig. 3b) obtained from the region showed in
Fig. 2a). EDS spectra of the samples shows the elemental
composition of sample PE-02. EDS analyses of that area
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indicate that the concentration of the metallic elements
(C, Mg, Si, Al, Ca, K) screens the signal of the La and Ce.

A third mapping of sample PE-02 in a smaller region
of Fig. 3 (obtained from the zone highlighted with a red
circle) not only allowed us to identify the presence of light
rare-earths, but also the mineral associated with it. As can
be seen from Fig. 4a-f, the SEM image of a 50 um X 50 um
region and the element-specific EDS mapping of a smaller
area around 3 pm X 3 pm confirmed the presence of ele-
ments such as lanthanum, cerium, neodymium, phospho-
rus, and oxygen. Calcium and aluminum in smaller quanti-
ties were also identified (not shown in Fig. 4).

EDS spectra shown in Fig. 4g also detects the rela-
tively high contents of Ce, La, and Nd. The weight
percentage obtained from the EDS analyses for the
different elements extracted from Fig. 4b—g are the fol-
lowing: Ce—29.1%, 0—28.7%, La—24.8%, P—14.0%,
and Nd—3.4%. These values of weight percentage sug-
gest that the mineral being observed in Fig. 4 contains

2Theta (Coupled TwoTheta/Theta) WL=1.78897

relevant quantities of monazite. Therefore, assuming
that the elements observed in the mappings of Fig. 4
form the mineral (La, Ce, Nd),P,O, and the atomic mass
of each element: M° = 16, MP = 30.98, Me = 140.12, M2
=138.92 and MNd = 14427, it is possible to calculate
the values of x, y and z obtaining (La, Ce, Nd)PO,, which
demonstrate the presence of monazite, one of the princi-
pal rare-earth minerals exploited in the mining industry.
Due to cerium is the dominant element in this phase, the
mineral corresponds to monazite-Ce. As was also men-
tioned in the previous section the presence of elements
such as Si, Al, and K (as shown in Fig. 3f, j, h.) indicate
that the monazite-Ce is associated with the K-feldspar
(KAISi;Og).

3.4 Electrostatic separation of rare-earth minerals

As was demonstrated in the previous section sample PE-02
contains rare earth elements associated with monazite,
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Fig.4 a SEMimage of a 50

pm X 50 pm region of sample
PE-02. b Element mapping
images forb Ce,cLa,dNd, e O
and f P of the PE-02 sample in
a3pum x 3 um region indicated
by the yellow squarein (a). g
EDS spectra obteined from the
3 um X 3 pm region showed in
Fig. 4a

a SEM image
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being cerium the dominant rare earth. Due to monazite-Ce
is also associated to K-feldspar the electrostatic separation
was attempted to increase the concentration of rare-earth
minerals. To achieve this, samples PE-02 and PE-05 were
chosen due to they contained the highest and the lowest
concentration of REE, respectively. The conductivity of the
minerals identified from ICP, SEM-EDS, and XRD analyses is
well known and it is possible to classify them as conduc-
tive and non-conductive materials. Among the conduc-
tive phases present in PE-0X samples, pyrite, hematite and
chalcopyrite minerals were identified. On the other hand,
among the non-conductive minerals dolomite, quartz,
muscovite, calcite, actinolite, K-feldspar, plagioclase, titan-
ite, and chlorite were identified [36]. Due to the capacity
electrical separation is considerably small for fine particles
(<75 pm.), two group of samples were prepared accord-
ing to the size: <75 um-150 pm> and <150 pm-250 um>.
The electrical behavior of the different minerals identified
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in the sample PE-02 before the separation process is pre-
sented in the third column of Table 3.

From all the minerals listed in Table 3, hematite (con-
ductor) and dolomite (non-conductor) are the minerals
with the highest concentrations for both particle size
ranges. It is important to notice that the concentration of
K-feldspar (non-conductor), which is associated with the
monazite-Ce is less than 3% before the separation process.
After the separation process of the two range sizes, the
conductor and non-conductor particles were separated
and deposited into two containers labeled as conductor
(C) and not-a-conductor (NC). Columns 4 and 5 Table 3 list
the XRD results of the conductor, non-conductor fractions
after the electric separation for the two different particle
size of sample PE-02. The XRD spectra of the sample PE-02
before and after the separation process and for both par-
ticle sizes <75 pm-150 pm> and <150 pm-250 um> can be
found in section S5 of the Supplementary data file. After
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Table 3 Conductivity of the minerals found in sample PE-02 with XRD and concentration of the conductor and non-conductor fraction of

sample PE-02 after electric separation

Phase Formula Conduct.? Part. size (um) Initial®(%) C fraction (%) NC fraction (%)
Hematite Fe,0; C 75-150 16.1 30.2 14.2
150-250 159 38.6 14.3
Pyrite FeS, C 75-150 4.1 5.9 238
150-250 1.7 4.2 3.1
Chalcopyrite CuFeS, C 75-150 2.3 2.4 1.7
150-250 0.8 1.2 1.0
Dolomite CaMg(CO3), NC 75-150 48.4 29.5 42.8
150-250 46.2 25.0 40.9
Muscovite KAI3Si30,0(OH), Fq, NC 75-150 109 8.4 13.0
150-250 12.1 10.6 104
Quartz Sio, NC 75-150 8.5 7.8 6.9
150-250 13.7 11.74 11.5
Calcite CaCO, NC 75-150 4.1 34 5.7
150-250 2.8 0.7 5.7
Actinolite Ca,(Mg;Fe?")Sig0,,(0H),, NC 75-150 2.2 2.5 23
150-250 1.06 14 5.0
K-Feldspar KAISi;Oq4 NC 75-150 1.9 0.3 3.1
150-250 25 1.1 23
Plagioclase (Na,Ca)(Si,Al);04 NC 75-150 1.1 9.5 7.5
150-250 3.0 3.6 4.4
Titanite CaTiSiOs NC 75-150 - - -
150-250 0.07 0.01 0.02
Chlorite (Mg,Fe?*) sAl((OH)g/AlSi; 0, ) NC 75-150 - - -
150-250 0.1 1.8 1.3

The separation was performed for two particle sizes: <75-150 pm> and <150-250 pm>

@ Conductivity: C conductor, NC not a conductor

b Concentration of minerals in the sample PE-02 previous to the electric separation process

the electrical separation of the minerals the remaining
samples were analyzed using the XRD to determine the
concentration of the constituent mineral of both con-
ductor and non-conductor fractions. For the size range
<75 pm-150 um> the separation of hematite, pyrite, and
chalcopyrite was efficient, due to the conductor fraction
increased with respect to the initial concentration. On the
other hand, the non-conductor phases K-feldspar, calcite,
muscovite, and dolomite were separated into the non-
conductor zone as expected [37], according to the con-
centration shown in Table 3. Non-conductor minerals such
as quartz, actinolite or plagioclase within the size range
<75 pm-150 pm>, which present a higher concentration
in the conductor fraction after the separation, could be
associated to conductor phases. In contrast, for bigger par-
ticles of actinolite and plagioclase, <150 pm, 250 pm>, the
higher concentrations were observed within the non-con-
ductor fraction. After the separation, the concentration of
actinolite is the most efficient for bigger particles, chang-
ing the content into the non-conductive zone to 5.0% with

respect to 1.06% measured in the initial sample previous
to the separation. It is known that particle size influences
the separation behavior due to the surface charges of fine
particles is higher compared with the surface charge of
coarse particles, as was evidenced for the actinolite and
plagioclase, however, this was not observed for the case
of quartz in the electric separation of the samples in this
study. On the other hand, it is important to highlight
that the separation of the K-feldspar phase into the non-
conductive zone of the separator was more efficient for
smaller particles having 1.9% before the separation and
0.3% and 3.1% contained in the C and NC fraction, respec-
tively. The variation of the concentration of the mineral
phases was also evaluated for sample PE-05. The concen-
tration of the conductor and non-conductor fraction of the
sample PE-05 before and after electric separation is shown
in Table S2 of the Supplementary data file. In this sample
the separation was also performed for two particle sizes:
<75-150 pm> and <150-250 um>. In contrast to sample
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Fig. 5 Percentual difference between conductor and non-conduc-
tor relative concentration with respect to the initial relative concen-
tration of the minerals found in samples PE-02 and PE-05 after elec-
trostatic separation process.The percentage variation have been
obtained for two different particle sizes: <75-150 pm> and <150-

PE-02, K-feldspar separation was efficient only for a particle
size range <75-150 um>.

Finally, to evaluate the efficiency of the electrostatic
separation as a function of the mineral phases contained
in samples PE-02 and PE-05 we plot in Fig. 5 the percent-
age variation between the concentration of the minerals
in the conductor and non-conductor fraction after sepa-
ration with respect to its concentration before the sepa-
ration: according to %C - %Brut and %NC - %Brut. Filled
symbols in Fig. 5 correspond to %C - %Brut and empty
symbols to %NC - %Brut.
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250 pm>. Filled symbols correspond to %C - %Brut and empty sym-
bols to %NC - %Brut. The red solid line separates the conductor
(hematite, pyrite and chalcopyrite) from the non-conductor (dolo-
mite, quartz or albite) mineral phases

Plots in Fig. 5 will allow us to identify an efficient sepa-
ration across the different mineral phases for both parti-
cle size ranges. Filled circles located to the left of the red
solid line with a positive percentage variation, indicate
an efficient separation of the conductive mineral phase.
On the other hand, empty circles (to the rigth of the
red line) with a positive percentage variation indicate
an efficient separation of the non-conductive mineral
phases. Percentage variation obtained for pyrite, hema-
tite, and chalcopyrite in sample PE-02 according to %C
- %Brut (Fig. 5a, b) evidence an efficient separation of
these phases for all particle sizes. However, this is not so
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evident after the separation of pyrite and chalcopyrite
in sample PE-05 (Fig. 5¢, d), in which the concentration
of these phases in the conductor containers is similar to
the concentration before the separation. It is also pos-
sible to identify, that in sample PE-02 the mineral phases
albite, muscovite, actinolite, calcite, K-feldspar, chlorite,
and titanite suffered an efficient separation towards the
non-conductive containers during the electrostatic sepa-
ration for smaller particle sizes (Fig. 5a). Similar percent-
age variation values for dolomite and hematite might
suggest that these two phases are combined. In contrast,
separation of the different phases in PE-05 is not as effi-
cient compared with sample PE-02. Only hornblende,
calcite, and diopside increased their concentration in the
non-conductive container after the separation process
for a particle size range <75-150 um> (blue open circles
in Fig. 5¢).

4 Conclusions

5 samples extracted from different location in a recently dis-
covered rare-earth site in Capacscaya, Cusco in the south
of Peru were characterized in detail. Inductively coupled
plasma mass spectrometry (ICP-MS) allowed to identify
significant quantities of neodymium, lanthanum, cerium,
europium and yttrium, in the samples. The identification of
the elements performed with scanning electron microscopy
and energy dispersive X-ray (EDS) spectrometry also allowed
us to determine the K-feldspar orthoclase (KAISiO;) as one
of the mineral phases associated to the rare-earth minerals.
On the other hand, from the EDS spectra, it was also possible
to identify that the rare-earth elements is contained within
the mineral phase monazite, being cerium the dominant ele-
ment in the phase (La, Ce, Nd)PO,. Through the electrostatic
separation process, it was possible to achieve an efficient
separation of the K-feldspar phase in the particle size range
75-150 pm. The results for the electrosatic separation indi-
cated that rare-earth elements were with monazite-Ce and
K-feldspar as indicator minerals before the complementary
refining processes required during the extraction and pro-
duction of rare-earth oxide products of greater purity. Fur-
ther studies need to be performed in order to determine a
detailed mapping of zones within the Capacsaya site with
the highest concentration of rare-earth. The findings from
this study allow us considering the Capacsaya site as a prom-
ising deposit found in the region in recent years.
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