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1 EXECUTIVE SUMMARY
The most promising resources were evaluated using the REE content, availability of the
material and effective volumes as the main criteria. It led to the choice of New Kankberg and
COVAS material as the most appropriate ones (out of 30 sites). The REE resources were
evaluated by analysing the total REE content either by total dissolution or volume specific
methods. Mineralogical characteristics that were not assessed at the initial stage will greatly
affect the beneficiation possibilities or the lixiviation solutions.
The New Kankberg tailings from Sweden were analysed for mineral processing purpose after
which the most suitable beneficiation routes were determined and tested at lab scale. They
consist of flotation, gravity separation and magnetic separation. Flotation was then conducted
on the whole material at pilot scale using the most appropriate combination of phosphate
flotation. Magnetic concentration was not carried out at pilot scale mainly to avoid producing a
large amount of monazite concentrate rich in U et Th. Flotation concentrate was then tested for
lixiviation. Lixiviation tests were done extensively on usual acids (HNO3, H2SO4) and
combinations with less regular acids and chemistries in order to either displace what appears to
be simply a strong limitation in solubility or prevent re-precipitation. In-situ observation of
lixiviation confirms these chemical limitations. All results seem in agreement with prior
bibliographic data.
Beneficiation of COVAS tailings was successfully carried out. Beneficiation options were
selected at lab scale and then conducted at pilot scale. A most appropriate combination uses
multi gravimetric concentration followed by magnetic separation. However, lixiviation using
solely non thermal processes gave yields under 2% for cerium, neodymium and lanthanum.
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2 INTRODUCTION
The ENVIREE project aims at obtaining a complete extraction process for secondary sources
of REE.
WP1 aimed at selecting the most promising resources, mainly by evaluating the REE content,
availability of the material and effective volumes. REE resources were evaluated by analyzing
the total REE content either by total dissolution or volume specific methods.
Two REE containing tailings were selected on the basis of material availability, amount,
mineral composition, REE content and former processing techniques that produced those
tailings. Those two tailing are coming from The New Kankberg mine (Sweden) and the
COVAS mine in Portugal.
Both were sampled and delivered at BRGM for beneficiation tests. The resulting beneficiated
material was then sent to CEA Marcoule for lixiviation test.
This document investigates the potential for beneficiation followed by, if necessary, less usual
leaching solutions.

3 BENEFICIATION
TAILINGS

LAB-TESTS

OF

NEW

KANKBERG

A mineralogy study made by Luleå University of Technology, confirmed that Apatite and
Monazite can also be found in Kankberg and New Kankberg deposits. An investigation on
Kankberg ore, where acid leaching had been applied, had shown promising results on
extracting REE from its mineral content. In this report, results of beneficiation tests carried out
on Kankberg tailings are also summarized. They include flotation tests, gravity separation tests
and magnetic separation tests on New Kankberg tailings to localize and concentrate Monazite
(and also apatite).

3.1 Material reception and preparation
2 barrels of 250 Litres containing tailings (tailings for sulphide flotation stage of Boliden
concentrator) from New Kankberg mine were delivered mid-December 2015. First, the barrels
were emptied in a stirred tank to ensure a perfect homogenisation of the material. Samples of
different size were collected to perform QEMSCAN analysis and lab-beneficiation tests

3.2 Reminder from WP1 characterization results
Investigations (mineral processing experiments) request to gather mineral composition and
mineral liberation data. These data were acquired through a thorough characterization of
selected samples including QEMSCAN analysis for revealing the liberation potential of
phosphates from samples (see Figure 1). QEMSCAN analysis was performed on a
representative sample (100 g) on New Kankberg tailings. The investigation aimed to identify
the occurrence of phosphates (including monazite and apatite) and their liberation potential.
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Figure 1 - QEMSCAN field image view (New Kankberg tailings)

The results of the mineralogical composition are given hereafter (see Figure 2)
Mineral

%

Mineral

%

Zircon

0.03

Garnet

0.07

K Feldspar

4.36

Anatase

0.27

Orthopyroxene

0.07

Rutile

0.65

Biotite

0.72

Goethite

0.03

Tourmaline

0.15

Hornblende

0.16

Pyrite

1.54

Muscovite

17.26

Quartz

61.37

Xenotime

0.05

Chlorite

1.05

Berlinite

0.01

Kaolinite

4.63

Apatite

0.32

Amphibole

0.18

Calcite

0.19

Magnetite/Hematite

0.02

Arsenopyrite

0.07

Others

0.11

Monazite

0.88

Plagioclase

1.05

Topaz

0.10

Leucoxene

0.08

Andalusite

3.69

Corundum

0.15

Beryl

0.69

Epidote

0.02

Sphalerite

0.03

Figure 2 - QEMSCAN analysis on mineral concentration in the sample from New Kankberg site
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QEMSCAN identified the majority of the phosphates, as monazite and apatite with minor
amounts of xenotime and berlinite. The analysis of each individual grain revealed that some of
the phospate particles are multi-grained. For example, apatite (with dark pink) is often
associated with monazite (dark pink) (see Figure 3).

Figure 3 - QEMSCAN analysis of phosphate particles, arranged by degreasing grain size

The association diagram depicting the specific mineral association (in surface %), with respect
to apatite, monazite, xenotime and berlinite, is presented in Figure 4. The association of a
mineral with the background corresponds to its free surface. Monazite is for 40% associated
with other minerals and has a free surface that totals 55%.

Figure 4 - Association diagram for the minerals from New Kankberg site (QEMSCAN analysis)
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Ce, La, Nd and P2O5 content per size class was also analysed to localise size fractions of
interest (see Table 1). Mean concentration of REE and phosphates are used to assess the
efficiency of beneficiation techniques. Results indicate that phosphate (and REE) are present in
all size class of the tailings even if a slight increase can be obersve in the -20+40 µm and 20 µm size classes. Overall, REE content of New Kankberg tailings remains quite low
compared to primary REE-ores.
Table 1 – Ce, La, Nd and P2O5 content per size fraction of New Kanberg tailings

> 100 µm
80-100 µm
63-80 µm
40-63 µm
20-40 µm
< 20 µm

% mass
4.9
4.0
8.1
16.0
27.6
39.5

Cumulative
passing, %
100.0
95.1
91.1
83.0
67.1
39.5
Mean

Ce, ppm
76
88
81
96
127
269
170

La, ppm
39
46
42
50
65
139
88

Nd, ppm
31
37
32
38
50
106
67

P2O5, ppm
876
1463
1390
1301
1431
1871
1555

3.3 Flotation tests
Flotation tests were carried out using a Denver flotation cell (batch, volume = 2.5 L). The
stirring speed was adjusted to 1500 RPM. The sample masse for each experiment was close to
1000 g. The solid concentration was 40%. Pulp conditioning include depressant (water glass,
10 g/L), collector (Resinoline BD2 (4g/L)), frother (Poly propylene glycol (A65).

Figure 5 – Expiremental set-up used for flotation lab-tests
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Operating conditions are described in Figure 6.

New Kankberg
sample
Depressant
(water glass) 500 to 1000 g/t
Depramin 267 500 g/t
Collector RBD2 50 g/t
Frother A65 50 g/t

Flotation 1
pH regul : Yes/No

Concentrate 1

Collector RBD2 50 g/t
Frother A65 50 g/t

Flotation 1
pH regul : Yes/No

Concentrate 2

Collector RBD2 50 g/t
Frother A65 50 g/t

Flotation 1
pH regul : Yes/No

Concentrate 3

Tailings

Figure 6 – Operating conditions applied for flotation tests carried out on New Kankberg tailings

Best flotation results obtained are given in Table 2. To maximize both recovery and grade of
monazite in the flotation concentrate, flotation has to include 2 stages (rougher + scavenging
stage). In optimized conditions, phosphates (apatite + monazite) recovery reaches 70 % with a
concentration factor of 10. In these conditions, REE recovery reaches 50% with a concentration
factor of 9.
Table 2 – Best flotation performance obtained on New Kankberg tailings (water glass = 500 g/t, RDB2 =
50 g/t, A65 = 50 g/t)
P2O5

Ce

La

Nd

Grade, ppm Recovery, % Grade, ppm Recovery, % Grade, ppm Recovery, % Grade, ppm Recovery, %

Concentrate 1

20372

27.4

1557

18.1

806

18.1

622

18.1

Concentrate 2

16176

39.1

1613

33.8

837

33.8

646

33.8

Concentrate3

6490

15.1

823

16.5

424

16.4

309

15.5

Tailings

329

18.4

65.4

31.6

34.0

31.7

27.0

32.6

100.0

100.0

100.0

100.0

Calculated
grade

1615

187

97.0

75.0

Measured
grade

1741

171

89.0

69.0

ENVIREE –Deliverable 2.1 - Report on the most suitable combined pretreatment, leaching and purification
processes
Page 10 / 37

3.4 Gravity separation tests
Gravity separation is the most well-proven and accepted technique of concentrating minerals
and has been used as a primary form of mineral concentration for centuries. Due to its high
efficiency and low cost, gravity separation is always the first consideration in any flowsheet
development program and always features in any flowsheet where there is sufficient differences
between the specific gravity of the valuable and gangue minerals or between minerals
themselves.
Gravity separation techniques are numerous. They include sluices, spirals, jigs, shaking tables,
high-gravity superbowl concentrators (Knelson and Falcon), multi-gravity separators. The
operating domains for each of the equipment mainly depend on the density contrast between
particles of interest and those which are not and the size distribution of these particles. To meet
the objectives of ENVIREE, shaking table and multi-gravity separator were tested and
operating conditions were optimized to maximize both the recovery and the content of minerals
of interest in the concentrates.

3.4.1 Shaking table
First tests were carried out on a Wilfley wet shaking table (cf. Figure 7) continuously fed with
the tailings. The characteristic of the table used to carry out the tests are the following:
-

deck surface area = 0.8 m2,

-

power = 0.37 kW

-

max throughput = 75 kg/hr,

-

sample = +40 µm fraction, feed dilution ~ 25-30% w/w solid,

-

dilution water flow rate = 100 L/h,

-

wash water flow rate : 300 – 500 L/h,

-

shaking pulse rate = 400 – 450 pulses/min, Stroke length = 10 mm.

Figure 7 – Wilfley table used for gravity separation tests and general principle of the separation process

It has to be noticed that the use of this equipement requires an upstream preparation of the
material. In particular, the presence of very fine particle impedes the separation of heavy
particles and as a consequence, the material has to be classified before being treated. The
material was screened at 40 µm and the only +40 µm was considered to perform the tests.
Recovery performances obtained with the Wilfley table remains rather poor (12 % for P2O5
and less than 20 % for REE, see Table 3). As well, concentration factors are very low in
comparison with other beneficiation techniques. This poor treatment performances are mainly
due to the fact that liberated monazite mineral is localised in heavy fine particles, that were
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partially removed by screening. The behavior of the remaining ones, that associate monazite to
other much lighter minerals, is very similar to the one of bigger and lighter particles and are not
recovered in the concentrate.
Table 3 – Best gravimetric separation performance obtained on New Kankberg tailings (Wilfley table).
Wash water flow rate = 500 L/h
P2O5

Ce

La

Nd

Grade, ppm Recovery, % Grade, ppm Recovery, % Grade, ppm Recovery, % Grade, ppm Recovery, %
Concentrate

6519

12.2

621

17.7

320

17.5

259

18.0

Middlings

1656

15.1

113

15.7

59.3

15.8

46.9

15.9

Tails 1

1125

72.8

67.2

66.5

35.2

66.7

27.4

66.1

100.0

100.0

100.0

100.0

Calculated
grade

1322

86

45

35

Measured
grade

1279

88

46

35

3.4.2 Multigravity separation tests
The Mozley Gravity Separator (MGS) is operated at a far lower G force than high gravity
superbowls concentrators. It is used for the recoevry of ultra-fine particles that have similar
specific gravities. It is often used when flotation is not selective or not possible. The separator
is an enhanced gravity device for the separation of fine particles down to one micron size. The
rotating action of the drum provides a high gravity force which pins the heavy particles to the
drum surface to be removed via the drum scrappers. The shaking motion combined with the
selective use of water gives an excellent cleaning effect for maximum particle concentration.

Figure 8 – Mozley multi-gravity separator used for gravity separation tests

The characteristic of the table used to carry out the tests are the following:
-

Throughput of pulp: 60 L/h,

-

Feed solids concentration: 30 % w/w,

-

Wash water flow: 50 to 120 L/h,
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-

Drum inclination: 2.5°,

-

Axial oscillation
o Amplitude : 10 mm,
o Frequency : 5 cps,

-

Drum rotation speed: 120 to 200 RPM.

MGS is far less sensitive to particle size than the Wilfley table. As a consequence, MGS allows
the recovery of very fine and heavy particles of monazite without the need of removing the
finest fraction of the material. Recovery performances obtained thanks to this technique are far
more better than with the wilfley table (see. Table 4) even if they remain poor compared to
flotation. In the best operating conditions tested, phosphates recovery in the concentrate equals
32%, REE recovery reaches 43% with a concentration factor of 6.
Table 4 - Best gravimetric separation performance obtained on New Kankberg tailings (MGS). Wash water
flow = 60 L/h, drum rotation speed = 155 RPM
P2O5

Ce

La

Nd

Grade, ppm Recovery, % Grade, ppm Recovery, % Grade, ppm Recovery, % Grade, ppm Recovery, %
Concentrate

10169

32.2

1368.0

43.0

711.0

43.3

564.0

43.4

Tail

1089

67.8

92.3

57.0

47.4

56.7

37.4

56.6

100.0

100.0

100.0

100.0

Calculated
grade

1529

154

80

63

Measured
grade

1730

211

109

71

3.5 Magnetic separation
Magnetic separation tests were carried out with a BoxMag High Intensity Magnetic Separation
batch cell (see Figure 9). Magnetic field intensity is adaptable from 0 to 18000 G (1.8 T). For
each test, a few tenths of grams is used. Magnetic separation tests were carried out directly on
New Kankberg tailings and on reprocessed material (flotation concentrate).

Figure 9 – BoxMag High Intensity Magnetic Separation batch cell
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Figure 10 – Schematic of wet magnetic separation

Tests were carried out on:
-

New Kankberg tailings without pre-concentration,

-

Flotation concentrate from roughing stage,

-

Flotation concentrates from roughing and scavenging stage.

3 intensities of magnetic field were assessed (see Figure 11):
-

3600 G,

-

9000 G,

-

14400 G.

New Kankberg sample OR flotation
pre-concentrate

Magnetic sep 1
3600 G

MAG 1

Magnetic sep 2
9000 G

MAG 2

Magnetic sep 2
14 400 G

MAG 3

Non MAG

Figure 11 – Magnetic treatment scheme of New Kankberg tailings

Best performances where obtained on flotation concentrates issued from roughing and
scavenging flotation stages. As shown in Table 5, magnetic concentrates contain 25% of the
phosphate (only monazite is magnetic, apatite is not) and 75% of the REE (see Table 5). While
recovering the three fourth of the REE content in 20% of the initial mass of the material,
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magnetic separation also allows to increase the REE content in the concentrate by a factor of
3.5.
Table 5 – Magnetic separation performances obtained on New Kankberg tailings (BoxMag batch)
P2O5

Ce

La

Nd

Grade, ppm Recovery, % Grade, ppm Recovery, % Grade, ppm Recovery, % Grade, ppm Recovery, %

MAG 1

19157

10.3

5019

42.8

2651

42.8

2233

44.5

MAG 2

26592

7.6

5623

25.5

2963

25.4

2343

24.8

MAG 3

35945

7.0

2819

8.7

1491

8.7

1182

8.6

Non MAG

18101

75.0

352

23.1

185

23.0

144

22.1

100.0

100.0

100.0

100.0

Calculated
grade

19358

1225

646

523

Measured
grade

18274

1585

822

634

3.6 Proposed process for the beneficiation of REE in the flotation
tailings from new Kankberg mine
Based on the different physical and physical & chemical separations carried out on New
Kankberg tailings, the following process treatment scheme is proposed (see Figure 12). Unit
operations include flotation followed by magnetic separation. The flotation process consists of
1 rougher step, 2 scavenging steps and froth is washed twice. Once completed, flotation allows
recovering 70% of the total phosphate content and 50% of REE while increasing the phosphate
and REE contents by a factor of 10.

Phosphates flotation
Sufides flotation tailings
0.17 % P2O5
170 ppm Ce
90 ppm La
70 ppm Nd

depressant : Water glass 700 g/t
Collector Resinoline BD2 + Aero 845 : 80 + 50 + 30 g/t

1 rougher step
2 scavenging steps
1 to 2 washing steps

Pre-concentrate
1.8 % P2O5 (recovery : 70%)
1600 ppm Ce (recovery : 50%)
800 ppm La (recovery : 50%)
650 ppm Nd (recovery : 50%)

Concentrate
2.5 % P2O5 (recovery : 17.5%)
5000 ppm Ce (recovery : 37.5%)
2800 ppm La (recovery : 37.5%)
2300 ppm Nd (recovery : 37.5%)

Magnetic concentration of Monazite

2 steps (4 000 & 15 000 G)

Figure 12 – Proposed process scheme for the beneficiation of REE in the flotation tailings from new
Kankberg mine
> 25
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Following the flotation stage, the concentrate that contains a mix of phosphates (apatite and
monazite) can be further enriched through magnetic separation thanks to the paramagnetic
property of monazite (apatite is non-magnetic). Two stages are suggested preventing from the
mechanical driving of unwanted particles in the concentrate. The first stage is carried out at a
magnetic intensity of 4000 G followed by a scavenging step carried out at 15000 G. Once
performed, magnetic separation leads to the production of a concentrate containing 17.5 % of
the initial phosphate content (monazite mainly) and 37.5 % of the total initial REE while
increasing the phosphate content from 0.17% to 2.5% and the REE content from 170 ppm to
5000 ppm for Ce (90 ppm to 2800 ppm for La and 70 to 2300 ppm for Nd). Based on the
results, a pilot was then operated on one ton of new Kankberg tailings so that to produced
several kilograms of concentrates that were then used to perform dissolution tests (work
achieved by CEA Marcoule) and production as planned in the project.

4 REPROCESSING OF NEW KANKBERG TAILINGS –
PILOTING OPERATION
4.1 Process flowsheet
Based on the results obtained at the bench scale, a flotation pilot was operated during two days
on a sample mass of 1 ton. The pulp feed rate was 135 L h-1 at a solid content of 30%. The
process flow-sheet is shown on Figure 13.
Sampling campaigns were organised to characterise the variability materials throughputs at the
roughing, scavenging and cleaning steps. Based on the measured flowrates, a coherent mass
balance was then calculated using BILCO data reconciliation software (see Figure 14).
Calculation uses data gathered on process sampling on each node of the circuit (input, flotation
froths and tailings, concentrate). Reconciliated mass balances show that with an input flowrate
of 46.2 kg h-1 and a monazite content in the feed of 0.68%, the flowrate of the flotation
concentrate reaches 4.4 kg h-1 with a monazite content of 5.77% (this means a recovery
efficiency of 80% while concentrating monazite by a factor of ten). The flowrate of the
flotation tailings is then 41.8 kg h-1 with a monazite content of 0.14%.
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4
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Process water
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Water
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26
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Crossflow sampler

Centrifugal vertical pump

2
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2

Level 0
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Unitec-Wemco froth flotation cells
(Scavenging)

17
36

New Kanberg flotation tailings
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18

Washing water Tailings

Figure 13 – Flowsheet of the flotation circuit operated on 1 ton of new Kankberg tailings

Waste

27

Cross flow sampler

Material Balance Graph of Project CASE1

Non floating
Feed

Tailings
3

1

5

1

2

Scavenging s tep
Rougher step

Floating from rougher step

Floating from scavenging step

6

2 4

7
3
Concentrate

Washing s tep

Figure 14 – Reconcilated mass balance of New Kankberg flotation pilot

5 BENEFICIATION LAB-TESTS OF COVAS TAILINGS

>6

The Covas tailings represents 30 years (1954-1984) of mining focused in tungsten
mineralization (mainly scheelite and minor wolframite) exploited by underground mining
works. This deposit consists of several lenticular skarn levels (each 1-3 metres thick) hosted by
schists. The skarn levels are constituted essentially by zones of massif sulphides (pyrrhotite,
pyrite, arsenopyrite and chalcopyrite) with associated wolframite, scheelite and ferberite
pseudomorphs after scheelite. The mineralization also comprises apatite, muscovite, chlorite
and quartz.
The ore was processed through electromagnetic, hydrogravitic, roasting and flotation
techniques.
Main minerals analyzed in ENVIREE WP2 (Rietveld analysis) are muscovite, quartz, kaolinite
and chlinochlore. W bearing minerals appears as ferberite (wolframite) and scheelite. The
sulfide content of the tailings reaches 6%. Main sulfide minerals are arsenopyrite (5.4%) and
chalcopyrite (0.5%). The presence of heavy magnetic (or paramagnetic) minerals (hematite,
chalcopyrite, ferberite and arsenopyrite) suggests that a gravimetric separation followed by a
magnetic stage would allow recovering both iron bearing mineral and tungsten bearing ones.
Flotation is mainly poorly selective owing to the presence of calcite (see Figure 15).

Figure 15 – Composition, densities and magnetic propoerties of the main minerals of COVAS tailings

5.1 Sample preparation
A big-bag of 1 ton of tailings was delivered at BRGM in February 2016. The particle size
distribution of the sample was between 0 and 30 mm. For beneficiation purposes, the sample
needed to be regrinded. First, the sample was dried and screened (2 mm) to remove coarser
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particles. Coarser particles were crushed to below 2 mm. The crushed particles and the
remaining of the sample were then grinded below 100 µm according to the circuit shown on
Figure 16.
2

7
1
COVA S TA ILINGS

Crushing
1

4
5

2

5
3

3

6

Grinding (ball mill)

Clas sification 2 m m

4
8

Clas sification 100 µm

9
6

Storage

Figure 16 – Crushing and grinding preparation circuit of Covas tailings

After regrinding, particle size d80 is equal to 63 µm (cf. Figure 17)

Figure 17 – Particle size distribution of Covas tailings after regrinding

Chemistry per size class indicates rare earth elements and tungsten are mainly located in the
finest particle (< 63 µm) (cf. Table 6).
Table 6 – Chemistry of Covas tailings per size class

As for New Kankberg tailings, beneficiation tests were carried out at the lab scale for Covas
tailings. These tests include flotation, gravity separation and magnetic separation. The results of
these test are given hereafter.
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5.2 Flotation tests
Flotation tests were a carried out with a Denver flotation cell (batch, 2.5 L) on 300 g of material
at a solid concentration of 30%. The conditioning include the use of water glass (10 g/L) as
depressant, xanthates collector for sulfides minerals, resinoline BD2 for oxides and Poly
propylene glycol (A65) as frother.
Several tests were performed in order to define the best operating conditions to concentrate
REE. All tests carried out lead to the same conclusion: flotation is not efficient to recover REE
from Covas tailings (cf. Table 7). Both recovery and grades of P2O5 and REE remain quite low
in the concentrates. No enrichment was observed whatever the operating conditions. This is
mainly due to the presence of calcite (14%) that hinders the flotation process.
Table 7 - Best flotation performance obtained on Covas tailings (water glass = 50 g/t, Xanthates = 25 g/t,
RDB2 = 50 g/t, A65 = 50 g/t)
P2O5

Ce

La

Nd

Grade, ppm Recovery, % Grade, ppm Recovery, % Grade, ppm Recovery, % Grade, ppm Recovery, %
Concentrate1

7404

2.7

23.8

3.0

12.0

3.1

15.0

3.7

Concentrate2

10384

7.2

32.4

8.0

16.7

8.2

11.6

5.6

Concentrate3

10092

3.4

34.6

4.2

17.8

4.3

15.5

3.6

Concentrate4

11284

2.0

33.6

2.1

17.3

2.2

18.2

2.2

Tailings

12510

84.7

34.5

82.7

17.1

82.2

18.2

84.9

100.0
Calculated
grade

11988

100.0
34

100.0
17

100.0
17

5.3 Gravity separation tests
As stressed by the characterization results obtained in WP1, REE may follow iron. In Covas
tailings, iron can be found in hematite, chalcopyrite, ferberite and arsenopyrite. These minerals
are heavy minerals and are likely to be recoevered thanks to gravimetric techniques. Scheelite
is also quite heavy (d = 6.1) and is of interest for its tungsten content.

5.3.1 Shaking table
Shaking table (deck surface area = 0.8 m2, max throughput = 75 kg/hr ) separation tests were
carried out on the +40µm size fraction. Operating conditions were as follows:
 feed dilution ~ 25-30% w/w solid,
 Dilution water flow rate = 100 L/h,
 Wash water flow rate : 150 – 250 L/h,
 Shaking pulse rate = 500 pulses/min, Stroke length = 10 mm
As shown on Table 8, REE recovery reaches 80% while concentrating elements by a factor of
2. In the concentrate, more than 86% of tungsten is also recovered while increasing its
concentration from 1745 ppm to 4000 ppm. This tehcnique could be implemented on site for
tailings reprocessing. Both CAPEX and OPEX would be very low. The only requirements are
water and power supply.
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Table 8 - Best gravimetric separation performance obtained on Covas tailings (Wilfley table). Wash water
flow rate = 150 L/h
Ce

La

Nd

W

Grade, ppm Recovery, % Grade, ppm Recovery, % Grade, ppm Recovery, % Grade, ppm Recovery, %
Concentrate

87.6

81.0

42.7

80.7

37.1

80.8

4026

86.4

Middlings

16.4

10.5

8.2

10.7

7.2

10.8

424

6.3

9.4

8.5

4.7

8.6

3.9

8.4

350

7.4

Tails 1

100.0
Calculated
grade

100.0

40

20

100.0
17

100.0
1745

5.3.2 Multigravity separation tests
As for New Kankberg tailings reprocessing the characteristric of the equipement and the
operating conditions are as follows:
 Pilot scale equipment (continuous feed),
 Throughput of pulp : 60 L/h,
 Feed solids concentration : 30 % w/w,
 Wash water flow : 50 to 120 L/h,
 Drum inclination : 2.5°,
 Axial oscillation,
 Amplitude : 10 mm,
 Frequency : 5 cps,
 Drum rotation speed : 120 to 200 RPM
As shown in Table 9, recovery yield obtained with MGS are also quite high. REE recoevery
exceeds 70% (50% for W). The concentration factor for REE equals 5.5 (2.5 for W).
Table 9 - Best gravimetric separation performance obtained on Covas tailings (MGS). Wash water flow =
120 L/h, drum rotation speed = 150 RPM
Ce

La

Nd

W

Grade, ppm Recovery, % Grade, ppm Recovery, % Grade, ppm Recovery, % Grade, ppm Recovery, %
Concentrate

175.0

73.2

87.1

72.1

76.3

72.7

3037.0

50.1

Tail

15.8

26.8

8.3

27.9

7.1

27.3

748.0

49.9

100.0
Calculated
grade

47

100.0
24

100.0
21

100.0
1201
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5.4 Magnetic separation
Tests were carried out on i) COVAS tailings without pre-concentration and ii) concentrates
from gravity separation (MGS). 4 intensities of magnetic field were tested:
 900 G,
 3600 G,
 9000 G,
 14400 G
The separation steps are depicted on Figure 18.

COVAS tailings OR gravity separation
pre-concentrate

Magnetic sep 1
900 G

MAG 1

Magnetic sep 1
3600 G

MAG 2

Magnetic sep 2
9000 G

MAG 3

Magnetic sep 2
14 400 G

MAG 4

Non MAG

Figure 18 – Magnetic separation steps of covas tailings

Best concentration results were obtained on gravity pre-concentrate (cf. Table 10). MAG 1
mainly concentrates ferro-magnetic minerals (here mainly ferberite). This explains why
tungsten concentration is the highest in MAG1. In the concentrate MAG 2 and MAG 3, it can
be observed that the concentration of REE increases. This confirms that hematite (paramagnetic) may bears REE. W content in MAG 3 decreases sharply in comparison to MAG 2.
This indicates that Ferberite can be recovered with intensity of magnetic field below 3600 G.
For intensity higher than 3600 G, W is mainly recovered in scheelite. With regards to REE, it
appears that they are reovered in MAG 2, MAG 3 and MAG 4 that is for intensities of magnetic
field between 900 and 14 000 G. This result indicates that REE are not only following hematite
but most certainly other iron oxides (ferberite) or sulfides (chalcopyrite and arsenopyrite).
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Ce

La

Nd

W

Grade, ppm Recovery, % Grade, ppm Recovery, % Grade, ppm Recovery, % Grade, ppm Recovery, %

MAG 1

80.7

3.3

43.9

3.3

72.9

5.8

26882

17.0

MAG 2

235.0

33.8

146.0

38.9

130.0

36.6

22842

51.4

MAG 3

287.0

30.7

140.0

27.7

124.0

25.9

6492

10.9

MAG 4

197.0

8.3

101.0

7.9

95.6

7.9

6439

4.3

36.9

24.0

18.4

22.2

18.7

23.8

1626

16.5

Non MAG

100.0
Calculated
grade

102

100.0
55

100.0
52

100.0
6498

Table 10 - Magnetic separation performances obtained on Covas tailings (BoxMag batch)

5.5 Proposed process for the beneficiation of Covas tailings
Based on the different physical and physical & chemical separations carried out on Covas
tailings, the following process treatment scheme is proposed (see Figure 19). Unit operations
include gravity separation followed by magnetic separation. Magnetic separation only stands
for tungsten concentration purposes. Gravity separation allows recovering 75% of REE (50%
of tungsten) while increasing REE contents by a factor of 5.5 (2.5 for W). Magnetic separation
allows increasing further the REE concentration (8 times more than the initial material) and
particularly the one of tungsten (12.6 times more than in the feed). Final recovery for REE is
55% (feed basis) and 35% for tungsten (feed basis).

COVAS tailings

32 ppm Ce
16 ppm La
15ppm Nd
1900 ppm W

Gravity separation

MGS

Pre-concentrate
175 ppm Ce (recovery : 75%)
87 ppm La (recovery : 75%)
76 ppm Nd (recovery: 75%)
3 000 ppm W (recovery: 50%)

Concentrate
250 ppm Ce (recovery: 55%)
140 ppm La (recovery: 55%)
120 ppm Nd (recovery: 55%)
24 000 ppm W (recovery: 35%)

Wet magnetic separation

Figure 19 - Proposed process scheme for the beneficiation of Covas tailings
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6 REPROCESSING OF COVAS TAILINGS – PILOTING
OPERATION
On the basis of the results obtained at lab scale, a continuous pilot was operated on 600 kg of
Covas tailings to produce a gravimetric concentrate and a magnetic concentrate. After
Plant Flowsheet of Project: USIMPAC
regrinding, tailings were reprocessed using a Mozley Gravity separator (cf. Figure 20). This
stage resulted in the production of a concentrate (stream n°9, Heavy) and a tailing (stream n°10,
Tails). Chemical elements compositions of the light fraction (residue) and the heavy fraction
(concentrate) are given in Table 11.
Then, the gravimetric concentrate was treated by magnetic separation (WHIMS, Box Mag rapid
SH1, intensity of magnetic field = 3000 G) producing a magnetic concentrate (stream n°11,
MAG), a middling (stream n°12) and non-magnetic tailing (stream n°13, Non MAG).

2

7
1
COVAS TAILINGS

Crushing

4

1

5

5

2

3

6

3

Classification 2 mm
Grinding (ball mill)

4
8

Classification 100 µm

Gravity separation (MGS)

6
9

10

Gravimetric concentrate

Gravimetric tailings
13

11
7

Magentic tailings

Magnetic concentrate

12
Middlings

Magnetic sepration (WHIMS)

Figure 20 - – Flowsheet of the flotation circuit operated on 1 ton of Covas tailings

Ce, mg/kg

La, mg/kg

Nd, mg/kg

W, mg/kg

Fe tot
(Fe2O3),
%

Light fraction
(tails)

14.6

8.0

6.6

727.3

6.5

0.8

Heavy fraction
(MGS
concentrate)

132

68.8

59.0

5947

14.4

7.06

S tot, %

Table 11 – Composition of the output streams of the gravity separation (MGS)

A thorough characterisation of the gravimetric concentrate was carried out using QEMSCAN
analysis technique.
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Figure 21 - QEMSCAN analysis of COVAS tailings, main minerals content

Magnetite – Hematite

Chalcopyrite

Arsenopyrite

Ferberite

Scheelite

Total sample

Figure 22 – QEMSCAN analysis of COVAS tialings, size distributions of minerals and of the total sample

The mass balance of the process is depicted on Figure 23. The production of gravimetric
concentrates represents 18.4% of the input. The magnetic fraction equals 2% of the input.
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Gravimetric tails and magnetic tails (Non MAG) amounts reach 85% (81.6% + 3.4%). The
magnetic fraction concentrates tungsten-bearing minerals. Middlings concentrate iron bearing
minerals and REE.

Figure 23 – Mass balance of the reprocessing of Covas tailings

Chemical elements compositions of the streams issued from magnetic separation are given in
Table 12

Ce, mg/kg

La, mg/kg

Nd, mg/kg

W, mg/kg

Fe tot
(Fe2O3),
%

S tot, %

Input (MGS
concentrate)

132.0

68.8

59.0

5947.0

14.4

7.1

Magnetic
fraction

138.0

71.0

60.2

9792.0

20.1

9.9

Middlings

145.0

73.5

62.1

7125.0

15.0

7.0

Non-magnetic
fraction

81.1

40.0

34.9

2114.0

12.1

8.4

Table 12 - Composition of the input and output streams of the magnetic separation (Box Mag rapid)
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7 LEACHING OF BENEFICIATED
MINING TAILINGS

NEW

KANKBERG

Leaching of beneficiated New Kankberg mining residues will be discused in the following
chapters bearing in mind the development of environmentally friendly leaching processes.
These processes may include alkaline, acid and concentrated salt solution leaching at
temperatures and pressures that do not require autoclave conditions. The main drivers are
environmental and economical aspects, which may restrict the use of expensive reagents and
solvents, through the testing to a certain degree of novelty solutions.
The end line product is pregnant liquor that is suitable or optimised for the separation processes
developed in WP3.
To start with, existing methods for phosphate dissolution have been reviewed .

7.1 Review of existing methods.
The existing publically available biography has been extensively reviewed and condensed
based on the starting information supplied by QEMSCAN analysis and chemical analysis, see
chapter 3.
This information states that phosphates are the main REE containing material and silicates are
the major co-product. The phosphate minerals are mainly Monazite, Apatite, Xenotime and
Berlinite. Moreover and most importantly, even though REE containing minerals are not
completely analyzed, the phosphate minerals deploy a free surface towards the solution.
Lixiviation would then consist in a direct dissolution attack of the REE containing material.
Beneficiation by flotation of this material has led to a concentrate which is the scope of the
following work, Figure 12. A few kilos of this material were sent to CEA for leaching trials.
Further beneficiation by magnetic separation lead to even more concentrated REE containing
material. However, the quantities produced were not compatible with the standard leaching
tests.
Leaching conditions are resumed on Figure 24, for some of the available bibliographical data,
which include conditions used at industrial scale. Figure 24 gives a quick overview of the
chemistry and temperatures involved. Assessing the wished performance of new leaching
routes can be done by comparing the industrial leaching conditions with the (rare) data obtained
with milder leaching conditions at 25 °C and higher pH, Figure 25. Lowering the leaching
temperature and acidity have been priory identified as the major parameters for progress.
Figure 25 shows that at 25 °C (data from C. Schmidt, Lithos 95, 2007, 87-102), at least two
decades in solubility are necessary in order to recover solubilities, or at least concentrations in
solution, obtained at over 400 °C.
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NaOH –
460°C
+
HCl 6N, 80
°C

NaOH 70 %
150 °C
+
neutralisation

NaCl – CaCl2
150 °C
6 N HCl 80 °C

H2SO4 98 %
200-230 °C
+
neutralisation

NaOH + 2 h
mechanochemical
milling
+ H2SO4- 1M

HNO3 –
autoclave
180-220 °C
+
neutralisation

HNO3 – HF –
HClO4
80 °C – 24 h

ENVIREE
Ideal ?
20 °C

Figure 24: overview of leaching conditions in publically available bibliography.

Furthermore, the primary New Kankberg mineral was treated for gold and tellurium most
probably using an alkaline oxidising leach solution at temperatures below boiling point. In
which case, at first glance, acid treatment seems the most pertinent route. A first series of
scoping tests were done to confirm existing data and the role of thermodynamic or kinetic
limitations.

7.2 First leaching trials
Leaching trials were done in thermostatic Teflon beakers with a total volume of 50 mL. The
beakers were vigorously agitated using a 4 cm magnetic bar. The overhead atmospheres of the
solutions in each beaker were re-condensed using a glass cover, if necessary and depending on
the evaporation rate and lixiviation time, refrigerated by water in a cold air flux.
REE in solution was estimated using regular ICP-AES calibrated with the appropriate standards
in sulfuric or nitric acid.
The first leaching trials were done in 2.5 and 5M HNO3 at 25 °C, Figure 26, with high liquid
over solid (L/S) ratios of 10:1 in order to limit the eventual variations of acidity between the
beginning and end of the test. These trials showed that low REE yields were attained at 36
hours with complete Nd, Ce and La congruency. REE yield calculated as Ce, La or Nd was
approximately 5 to 10 %.
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Figure 25: estimating the future performance of “friendlier“ leaching conditions. Data from C. Schmidt,
Lithos 95 (2007), 87-102.

Figure 26: first leaching trails with high liquid/solid ratio (10:1).

These results, Figure 26, also show a regular kinetic tendency, and seem to confirm that
thermodynamic solubilites, and not kinetics, are the real explanation for such low yields.

7.3 Further leaching trials: the role of phosphate solubility
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In order to give a more complete answer, further tests were undertaken with variable L/S ratio
of 10:1;5:1 and 1:2.5 and with increasing H2SO4 acidities. Kinetics were established for a L/S
of 5:1, Figure 27 (please note the break on the time scale). Figure 27 shows that approximately
50% of the final concentrations are obtained in less than 1 hour – faster than the kinetics
obtained at L/S=10:1 of Figure 26 – that could be explained mainly by the doubling of the
surface area and the same probable limitations due to solubility issues in spite the different
acids used.

36 H

50% in less
than 1H

Figure 27: Ce, La and Nd lixiviation kinetics in H2SO4 at 25 °C for L/S=5:1.

Figure 28 resumes the situation for the end solubilities at 36 hours and include acid lixiviation
with HNO3. It appears that whatever the S/L ratio, the major issue is solubility, either in HNO3
or H2SO4, explaining the low REE yields.
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Figure 28: end solubilites at 36 hour leaching in H2SO4 at 25 °C for 3 different L/S ratios.

The results obtained were compared to existing bibliographic data (Brisson et al., “Bioleaching
of Rare Earth Elements from Monazite Sand”, Biotechnology and Bioengineering, Vol. 113,
No. 2, February, 2016), Figure 29. Our results seem to confirm Brissons’ data when a measured
final pH is taken into consideration at least for the lower acidities used for our tests. Although
these corrections could not be done with all our experiments due to the lack of confidence in
pH measurements done on solutions at such high acidities and ionic strengths, the final pH for
all the acidic attacks above 1M was relatively close to the initial pH.

Figure 29: comparison with Brisson et al. with measured final pH.
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7.4 Static microscopic observations
With more soluble minerals, most leaching complications come from secondary
transformations of heavily loaded solutions. With static microscopic observations, such heavily
loaded solutions are present in the immediate diffusion boundary layer around dissolving
mineral compounds. Very high L/S ratios (>20 000) allow locating secondary phenomena due
to accumulation of dissolved products. These phenomena include recrystallizations, passivation
etc...

Figure 30 shows examples of such observations on NK flotation beneficiated material.
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Figure 30: static microscopic observations of dissolution with L/S >20 000.

Figure 30 shows that dissolution of particles of interest dissolve in a very regular way, with no
crystallisation or observable passivation. The same microscopic observations also show (not on
Figure 7) fast recrystallizations around silicon containing compounds. These observations
confirm the previous observations: REE leaching yield is most probably limited directly by
REE-phosphate solubility.

7.5 Promoting with organic acids (OA).
Organic acids can promote leaching by:
- Donating H+ to dissolution process,
- Reducing saturation by forming aqueous metal-ligand complexes,
- Dislodging structural metal by inner-sphere complexes.
The main problem with OA promotion is that relatively low acidities are necessary in order to
maintain OA complexing properties. Thus careful pH tuning (in addition also during the
leaching process) is required to get the most out of this approach in accordance with the pKa in
each and every situation. Such a tedious task was not possible in the scope of these studies. One
of the most complete studies in this is resumed by Brisson et al., Figure 31, where bacterial
activity was used (Brisson et al., “Bioleaching of Rare Earth Elements from Monazite Sand”,
Biotechnology and Bioengineering, Vol. 113, No. 2, February, 2016). In this study, pure REE
containing monazite phosphates were used void any other mineral. Without any other elements
except those leached from the phosphate, conclusions could be drawn by the sole measurement
of end pH. Analysis of the OAs of bacterial origin in the final solutions giving the most
promising results pointed a selection of OAs. These were among some which were purchased
and tested with beneficiated NK residues. Some OA combinations were also experimented.
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Figure 31: Brissons' study on phosphate bioleaching. From Brisson et al., “Bioleaching of Rare Earth
Elements from Monazite Sand”, Biotechnology and Bioengineering, Vol. 113, No. 2, February, 2016.

The following acids were tested, Figure 9. The numerous test trials were done by saturating the
solutions with OAs at a stabilized pH of 2 (using H2SO4), leaching at 25 °C with L/S = 10 for
36 hours. The pH during leaching was not monitored nor stabilized. The final solutions were
filtered and analysed for Ce-La and Nd content. Over all the OAs and OA combinations, only
citric acid gave the best, but still mediocre, leaching results with a maximal 20 mg/l total REE.
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Figure 32: : list of organic acids used for leaching trials.

7.6 Other leaching attempts
More innovative chemistries were tried out by:
-

-

Oxidizing and reduction chemistry were tried. Ce4+, Ag2+ and H2O2. No progress in
leaching yields.
Displacement of soluble free phosphate by adding large quantities of Ca2+ were tried
(Ca2+ forms a very strong metal phosphate complex). No avail. This could be explained
by the fact that phosphate content in leachate is already very low (< 1mg/L) and/or that
Calcium II is already present in monazite sands under (CaII-XIV)PO4 compounds.
Surprisingly the sole presence, without acid, of very large quantities of Ca2+ in water near Ca(NO3)2 saturation – give around 4 mg/L Total REE.

The use of a more specific aqua-soluble complexant, TEDGA , is being tried at the moment.

7.7 Attempts in maintaining oxalate complexes soluble.
REE can be maintained in solution with oxalates at high ammonium nitrate content – this was
proven on surrogate solutions. However, extensive dissolutions at various oxalate
concentrations and pH show no measurable REE in solution, and oxidative re-dissolution with
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oxalate destruction show no REE content in solids that could have been re-precipitated.
Dissolution with high ammonium content gives no result either. This suggests, as the
bibliography also suggests, that oxalate seems to passivate Monazite, most probably at the
molecular scale.

7.8 Attempts with TEDGA and TODGA
Tridentate hydrosoluble diglycolamide TEDGA (TetraEthylDiGlycolAmide) is a well know
ligand particularly effective with regards to specific complexation of lanthanides. TODGA is
its lipophilic organic counter-part [Charbonnel, M-C., Procedia Chemistry 7, 20-26, 2012].
NK beneficiated material was contacted at a weight ratio of approx. 1 to 1 with the following
solutions, Table 13, adapted in TEDGA and TODGA content to make sure of no possible REE
saturation of the ligand. The addition of 31R1 poloxamer, a block co-polymer, is necessary in
order to produce a clean stable solid-aqueous-organic emulsion with the TODGA in organic
phase.
The solutions with NK material were then diluted with the aqueous dilution solution, Table 13
for less than ½ an hour, in order to make centrifugation possible, followed by filtration before
ICP-AES analysis and also to extract REE content from the organic phase.
Table 13: composition of lixivition solutions and dilutions solution before centrifugation

Aqueous phase lixiviation, 1 day contact 1:1

Emulsion lixiviation, 1 day contact 1:1

TEDGA: 1g

TODGA 0.2 M in TPH + octanol 5%,
emulsified 1/1 with HNO3 2.5 M

HNO32.5M: 30 g

Addition of poloxamer 31R1
Aqueous phase dilution ½ hour before Aqueous phase dilution ½ hour before
centrifugation.
centrifugation.
HNO3 1M, TEDGA 0.2 M, Oxalic acid 0.5M

HNO3 1M, TEDGA 0.2 M, Oxalic acid 0.5M

The total REE content of the aqueous phase after dilution, centrifugation and filtration is in
both cases approx. 80 mg/L, thus nearing the best results obtained in literature so far to our
knowledge, see Figure 31.
However, if we were to consider that all the leaching were done before dilution, and the
dilution solutions were to have no effect on further leaching, in both cases, total REE content
approaches 240 mg/L. Yields are still low owing to the high solid/liquid rations used (1 to 1).
These results are not only to be confirmed but further investigations are needed to know for
first in which step, lixiviation or dilution, the total lixiviation yield was produced, but also to
increase total yield by decreasing the solid/liquid ration.

7.9 Conclusion on New Kankberg leaching and further trials
Bibliography shows that leaching of phosphate compounds seems to have regained interest in
recent years. With NK mining tailings, we obtain low dissolution yields not much higher than
5%. We have shown that the low REE yields are mainly due to the low solubility in usual acids.
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These yields are in compliance with bibliographic data, even data obtained with surrogate or
pure monazite materials.
Attempts in displacing the low solubilites by various methods were not conclusive. These
attempts include using organic acids and their combinations. A possible explanation could be
that the free phosphate is already strongly displaced by the ionic content of phosphate
compounds which include calcium and iron, therefore masking any further displacement.
Further attempts were undertaken aiming at keeping soluble probably one of the strongest of
the complexants, oxalate anions. Other attempts aimed at displacing not the REE forms in
solutions but the phosphate. These attempts were inconclusive although the range of acidities
used was probably not sufficient.
The best results were obtained using TEDGA or TODGA either as an aqueous acidic phase or
an organic-aqueous acidic emulsion with proper surfactants where at total REE content of at
least 80 mg/L was obtained.
Any definite conclusion on the complex chemistries of this composite material is almost
impossible without more specific work on the individual components. In-situ dissolution
studies on pure monazite material are most probably the best way to pursue research in the field
of monazite leaching.

8 LEACHING
TAILINGS

OF

BENEFICIATED

COVAS

MINING

COVAS concentrate was leached as received from BRGM. QEMSCAN failed to identify
clearly the REE containing material. Thus, try-and-see chemical testing was done using the
same methods and chemicals as for the New Kankberg material, extending the solutions to
alkaline ones. Although COVAS material has the advantage to be easily dispersed with
relatively high solid/liquid ratio, meaning that solid/liquid ratios of 1/5 up to ½ were obtained,
cerium, neodymium and lanthanum were analysis in solution showed on every sample less than
a 2% yield. Without knowing the REE mobilization, further trials would resemble more the
lottery than research work.

9 CONCLUSIONS
The most promising resources evaluated by the REE content, availability of the material and
effective volumes led to the choice of New Kankberg and COVAS material. However, REE
resources were evaluated by analysing the total REE content either by total dissolution or
volume specific methods without consideration about the beneficiation possibilities or
lixiviation solutions.
The New Kankberg tailings from Sweden were analysed after which the most suitable
beneficiation routes were evaluated and tested consisting of flotation, gravity separation and
magnetic separation. Beneficiation was then conducted on the whole material at pilot scale
using the most appropriate combination of phosphate flotation followed by magnetic
concentration. Flotation concentrate was tested for lixiviation. Lixiviation tests were done
extensively on usual acids and combinations with less regular acids and chemistries in order to
either displace what appears to be simply a strong limitation in solubility or prevent reprecipitation. In-situ observation of lixiviation confirms these chemical limitations. All results
seem in agreement with prior bibliographic data. Additional trials aiming at displacing the
phosphate or keeping oxalate complexes soluble failed. At last, best results were obtained with
TEDGA or TODGA with total REE concentrations of at least 80 mg/L.
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The beneficiation of COVAS tailings was successful. They were conducted at lab scale to
define the most appropriate treatment scheme. This scheme was then applied at pilot scale. A
most appropriate combination uses multi gravimetric concentration followed by magnetic
separation. However, lixiviation using solely non thermal processes gave yields under 2% for
cerium, neodymium and lanthanum.

