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1 EXECUTIVE SUMMARY
Commercial solvent extraction systems and novel extractants were tested to recover rare earth
elements (REEs) from model solutions of ore/tailings leachates. Two samples (Covas and New
Kangberg) were selected as the most promising source of REEs and were tested within the
WP3 for REEs recovery. System sulphuric acid/ D2EHPA/Cyanex 923 was selected for a scale
up trial performed in the mixer-settler equipment to recover REEs from Covas leachates.
The experimental work described in this section was performed at Chalmers University of
Technology, Göteborg, Sweden. The overall goal was to test the optional scaling up by
utilization of the selected parameters determined for commercial solvent extraction systems to
recover rare earth elements (REEs).
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2 GOALS
The overall goals were to optimize and test the recovery of valuable constituents from tailing
leachates at larger scale, using counter-current mixer-settler contactors.

3 BACKGROUND
3.1 Short summary of prior research
Valuable constituents, e.g., rare earth elements (REEs) can be recovered from tailing leachates
using solvent extraction. Solvating extractants (Cyanex 923 and TODGA) and acidic
extractants (Cyanex 572 and DEHPA) were studied to recover REEs from nitric, hydrochloric
and sulfuric acid solutions that resembled the composition of Covas and New Kankberg
leachates. Emphasis was placed on the sulfuric acid system due to the lower costs of this acid.
Recovery of REEs from Covas sulfuric acid solution was achieved with 1 M DEHPA by
controlling the equilibrium pH and the phase contact time. Dysprosium was recovered at low
pH (< 1) with good selectivity over the other REEs. Further recovery of the other REEs
(cerium, lanthanum and neodymium) required increasing the pH of the aqueous phase, e.g.,
addition of sodium hydroxide. Extraction of REEs occurred in the order: dysprosium,
neodymium, cerium, lanthanum. Iron was co-extracted by DEHPA but selective stripping was
possible with nitric acid or diluted hydrochloric acid. Moreover, iron extraction was found to be
time dependent.

ENVIREE –Deliverable 3.1 Report on the processes for REEs separation by liquid-liquid extraction
Page 6 / 18

3.2 Separation in mixer-settlers
Industrial solvent extraction of metals is often carried out using counter-current phase
contactors, e.g., mixer-settlers. In a counter-current separation process, the phase volumes are
constant. The schematics and principle of operation of a mixer-settler unit are presented in
Figure 1.

Figure 1 – Schematics and principle of operation of a mixer-settler unit.

As the name implies, the system comprises a part that achieves mixing of the aqueous and
organic phases, e.g., a chamber with propeller-assisted mixing, and a part that allows for the
mixed phases to separate. By combining multiple mixer-settler units together, multiple
separation stages are achieved (Figure 2).

Figure 2 – Counter-current mixer-settler setup for separation of metal ions. Dashed arrows show the
flow of the organic phase while continuous arrows show the flow of the aqueous phase. A similar setup,
with 5 extraction stages, was used in the present study.

Multiple-stage separation is an important aspect when it comes to achieving high product
purity. Individual separation of adjacent REEs with high purity often requires a high number of
separation stages, due to the similarities in chemical properties. The aqueous and organic
phases are fed in at opposite ends of the bank of contactors, which maximizes the driving force
for extraction (the solute concentration difference between the two phases).
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4 GENERAL DESCRIPTION OF THE EXPERIMENTAL
PROCEDURE
4.1 Optimization of the organic phase composition
4.1.1 Screening of mixed organic solvents
Mixed organic solvents were tested at bench scale to see if co-extraction of iron from Covas
sulfuric acid solution can be minimized. A synthetic Covas sulfuric acid leachate was used
(Table 1), pre-neutralized to pH 2 with solid sodium hydroxide.

Table 1 – The Covas sulfuric acid synthetic leachate investigated at bench scale

Ion

Desired content (mg/L) Measured content (mg/L)

Ce3+
Nd3+
La3+
Dy3+
Fe3+
Cu2+

50
25
25
5
10000
1000

Initial pH

41
22
17
6
9000
1000
0

Seven organic systems were tested (Table 2). The organic used was kerosene with low aromatic
content (Solvent 70, Statoil). The solvents were used as supplied by their respective producers,
without further purification.

Table 2 – Mixed organic systems investigated to minimize the co-extraction of iron during solvent
extraction of REEs from Covas leachate

Extractant and concentration (mol/L)
System

1 M DEHPA
0.5 M DEHPA
1 M DEHPA, 0.235 M C923, 0.2 M A336
0.5 M DEHPA, 0.117 M C923, 0.1 M
A336
1 M DEHPA, 0.235 M C923
0.5 M DEHPA, 0.117 M C923
0.5 M DEHPA, 0.1 M A336

DEHP
A
1
0.5
1

Cyanex
(C923)

923 Aliquat
(A336)

0.235

0.2

0.5

0.117

0.1

1
0.5
0.5

0.235
0.117
0.1

336
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Solvent extraction batch experiments were carried out in glass vials (3.5 mL) secured with lids.
The phase ratio used was 1 (1 mL organic phase and 1 mL aqueous phase). Phase mixing was
done for 2.5 min. using a thermostatic shaking machine set to 1500 vibrations per minute
(vpm), at 21 ± 1 °C. The tests were performed in triplicate, to account for possible experimental
uncertainties. The pH of the aqueous phases was measured before (pHin) and after extraction
(pHafter). To calculate the amounts of metals extracted/stripped, aliquots (0.1 mL) were
collected from the aqueous phases before and after extraction. A mass balance (quantification
of elements in the aqueous phase before and after extraction) was used to calculate the
distribution ratios/extraction percentages. Quantification was carried out using Inductively
Coupled Plasma-Mass Spectrometry (ICP-MS) (iCAP Q, Thermo Fischer). The aqueous
aliquots collected throughout this work were diluted for analysis using 0.5 M nitric acid
solution prepared from pure water and Suprapur nitric acid stock solution (65 %, Merck).

4.1.2 The influence of Cyanex 923 on the co-extraction of iron with DEHPACyanex 923 mixtures
A similar procedure as the one described in section 4.1.1 was used to study the influence of
Cyanex 923 on the co-extraction of iron when using DEHPA-Cyanex 923 mixtures. The
aqueous phase in Table 1 was studied. Ten organic systems were tested (Table 3). This time, a
shorter phase contact time was used: 1 min, instead of the previously used 2.5 min.

Table 3 – Mixed DEHPA-Cyanex 923 organic phases investigated

System
15 %vol. DEHPA
15 %vol. DEHPA, 5 %vol. C923
15 %vol. DEHPA, 10 %vol. C923
15 %vol. DEHPA, 20 %vol. C923
15 %vol. DEHPA, 30 %vol. C923
30 %vol. DEHPA
30 %vol. DEHPA, 5 %vol. C923
30 %vol. DEHPA, 10 %vol. C923
30 %vol. DEHPA, 20 %vol. C923
30 %vol. DEHPA, 30 %vol. C923

Extractant and concentration (mol/L)
DEHPA
0.5
0.5
0.5
0.5
0.5
1
1
1
1
1

Cyanex 923
0
0.117
0.235
0.47
0.705
0
0.117
0.235
0.47
0.705
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4.1.3 Extraction of metal ions using mixed DEHPA-Cyanex 923 at different phase
ratios
A similar procedure as the one described in section 4.1.1 was used to study the influence of the
organic:aqueous (O:A) phase ratio on the extraction of metal ions using mixed 30 %vol.
DEHPA (1 M)-10 %vol. (0.235 M) Cyanex 923. An organic phase containing only 1 M
DEHPA in kerosene was also studied. The phase contact time was 1 min. Table 4 lists the
phase ratios tested.

Table 4 – The phase ratios used to study the extraction of metal ions from Covas leachate using a
mixture of 30 %vol. DEHPA (1 M) and 10 %vol. (0.235 M) Cyanex 923.

Phase ratio O:A
4
3
2.5
2
1.5
1
0.66
0.5
0.4
0.33
0.25

mL organic phase used
2
1.5
2.5
2
1.5
1
1
1
1
0.5
0.5

mL aqueous phase used
0.5
0.5
1
1
1
1
1.5
2
2.5
1.5
2

4.2 Testing of the separation process in mixer-settlers
Based on the results obtained, a mixed organic phase consisting of 30 %vol. DEHPA (1 M) and
10 %vol. (0.235 M) Cyanex 923 was used. The organic diluent was kerosene (Solvent 70). 2
%vol. 1-nonanol was added to the organic phase as third phase inhibitor. A new aqueous phase
was prepared by dissolving appropriate metallic compounds in 0.1 M sulfuric acid solution
(Table 5).
Table 5 – The Covas sulfuric acid synthetic leachate used in the mixer-settler study

Ion

Compound used Metal content (mg/L)

Ce3+
Nd3+
La3+
Dy3+
Fe3+
Cu2+

Ce2(SO4)3
Nd2O3
La2(SO4)3
Dy2O3
Fe2(SO4)3
CuSO4

50
25
25
11.5
10000
1000
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Initial pH

1.19

Part of this aqueous feed was used as prepared (pH 1.19). Part of it was pre-neutralized to pH
1.95 using solid sodium hydroxide. This was to test how extraction of metal ions is affected by
a higher starting pH. Extraction was tested with these two aqueous phases in a mixer-settler
counter-current cascade with 5 extraction stages. This setup used can be seen in Figure 3.

Figure 3 – The 5-stage counter-current mixer-settler setup used.

The O:A phase ratio used was 1:3. The mixing speed in each chamber was 1000 rpm. The flow
rates for the organic and aqueous phases were 2 mL7min. and 6 mL/min., respectively. The
aqueous phase in each stage was sampled after the system reached steady state. The pH of the
aliquots was measured and the metal content in each solution was measured using ICP-MS. A
mass balance (quantification of elements in the aqueous phase before and after extraction) was
used to estimate the extracted percentages for each metal.
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5 RESULTS AND DISCUSSIONS
5.1 Optimization of the organic phase composition
One of the downsides noted during extraction of REEs from the Covas sulfuric acid leachate
was the co-extraction of iron by DEHPA (Table 6).

Table 6 – Distribution ratios for the solvent extraction of Covas synthetic feed with 1 M (30 %vol.)
DEHPA in Solvent 70. Conditions: O:A 1:1, 30 min. at 1500 vpm, 21 °C. Calculations using mass
balance, for a single sample replicate.

Feed

Feed description

Covas, No NaOH
H2SO4 + 25%vol. NaOH 6 M

Distribution ratios
pH after
extraction Ce
Nd
La

Dy P Fe

Cu

0.23

<0.01 <0.01 <0.01 2.6 -

0.6 <0.01

0.77

0.2

6

0.2

0.2

75

-

<0.01

Extraction of metal ions was found to be time-dependent, more iron being co-extracted as the
contact time between phases increased. For this reason, it was recommended to keep a low
contact time between the aqueous and the organic feeds. This leads to less co-extraction of iron
and higher distribution ratios for REEs. Although selective stripping of REEs from the coextracted iron was possible (Figure 4), it is desired to keep iron co-extraction to a minimum.
This simplifies the separation process, allows for higher product purity and leads to less
secondary wastes.

Figure 4 – Stripping of dysprosium and impurities after the extraction of Covas feed (sulfuric acid,
initial pH 1.65) with 1 M DEHPA in Solvent 70. Conditions: O:A 1:1, 1500 vpm, 21 °C. Copper data
for the 6 M systems not included. Calculations using mass balance, triplicate test.
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The premise tested here was that iron co-extraction can be minimized by mixing DEHPA with
other organic solvents. The mixtures in Table 2 were tested. Additional details for the solvents
tested (chemical name, structure and type) are given in Table 7. The obtained results are given
in Table 8.

Table 7 – Additional details for the solvents tested

Name

Chemical compound

Structure

DEHPA
D2EHPA
HDEHP

Bis-(2-ethylhexyl)
acid

Cyanex
923

Mixture of trioctylphosphine,
dioctylmonohexylphosphine,
dihexylmonooctylphosphine and
trihexylphosphine oxides

Solvating

Aliquat
336

Methyltrioctylammonium chloride

Ion pair

phosphoric

Type
Acidic

Table 8 – Distribution ratios for the solvent extraction of Covas synthetic feed with mixed organic
phases. Initial aqueous pH: 2. Conditions: O:A 1:1, 2.5 min. at 1500 vpm, 21 °C. Calculations using
mass balance, triplicate test.
System
1 M DEHPA
0.5 M DEHPA
1 M DEHPA, 0.235 M
C923, 0.2 M A336
0.5 M DEHPA, 0.117 M
C923, 0.1 M A336
1 M DEHPA, 0.235 M
C923
0.5 M DEHPA, 0.117 M
C923
0.5 M DEHPA, 0.1 M
A336

pHafter
1.39
0.05
1.51
0.04
1.33
0.03
1.52
0.01
1.65
0.03
1.72
0.04
1.50
0.01









Metal and corresponding distribution ratio
Fe
Cu
La
Ce
Nd
0.64 
3.39  10.44  15.24
< 0.01
0.14
1.73
5.10
8.40
0.38 
0.98  3.59  5.03
< 0.01
0.09
0.66
2.13
3.2
0.05 
0.04  0.07
< 0.01 < 0.01
0.01
0.01
0.01
0.08 
< 0.01 < 0.01
< 0.01
< 0.01
0.02
0.24 
5.77  14.49  20.09
< 0.01
0.04
1.04
2.22
3.52
0.20 
2.13  5.36  7.53
< 0.01
0.04
0.47
1.02
1.76
0.10 
0.22  0.02
< 0.01 < 0.01
0.01
0.01
0.01

Dy



> 100
> 100

 2.43 
0.23
1.45 
0.11

> 100


> 100

 1.76
0.10



Halving the concentration of DEHPA in the organic phase led to a decrease in distribution
ratios of REEs and iron, as expected. Addition of Aliquat 336 to the DEHPA system greatly
supressed extraction. Dysprosium was still extracted but its distribution ratios were
significantly lower than in the absence of Aliquat 336. By using organic phases consisting only
of DEHPA, Cyanex 923 and kerosene, iron co-extraction was reduced. At the same time, under
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the tested conditions, the distribution ratios of REEs increased. This positive outcome led to
further investigations of the DEHPA-Cyanex 923 system. We wanted to find out how much
Cyanex 923 can be added to the organic phase so that iron co-extraction is supressed without a
significant drop in REE distribution. The organic phases in Table 3 were tested. The mixing
time was reduced to 1 min. due to the prior observation that iron extraction increases with
increasing phase contact time. The results are presented in Figure 5.

Figure 5 – Solvent extraction of Covas synthetic feed with mixed DEHPA-Cyanex 923 organic phases.
Initial aqueous pH: 2. Conditions: O:A 1:1, 1 min. at 1500 vpm, 21 °C. Calculations using mass
balance, triplicate test.

The distribution ratios of iron decreased with the increasing concentration of Cyanex 923 in the
organic phase. Increasing the concentration of Cyanex 923 also led to a drop in the distribution
ratios of all REEs. It was priory noted that Cyanex 923 does not extract REEs from sulfuric
acid media. Best extraction of REEs was achieved here using DEHPA with 10 %vol. added
Cyanex 923. In this case, the distribution ratios of REEs were slightly higher than in the
absence of Cyanex 923 from the organic phase. This seems to be in agreement with the results
presented in Table 8. Based on these observations, a 30 %vol. (1 M) DEHPA/10 %vol. (0.235
M) Cyanex 923 organic phase was selected to be used in the mixer-settler experiments. To see
how extraction is affected at different O:A phase ratios, new experiments have been performed
using the feed volumes in Table 4. The results for 1 M DEHPA and 1 M DEHPA containing 10
%vol. Cyanex 923 are given in Table 9.
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Table 9 – Extraction with 1 M DEHPA and 1 M DEHPA containing 10 %vol. Cyanex 923 at different
O:A phase ratios. Aqueous feed: Covas sulfuric acid feed, pre-neutralized to pH 1.19. Conditions: 1
min. at 1500 vpm, 21 °C. Calculations using mass balance, single test.
Organic phase

1 M DEHPA

Phase ratio O:A

Metal and extracted percentage
Fe
La
Ce
Nd
Dy

4
3

26.5 64.7 82.6 87.2 98.7
22.6 61.1 80.4 85.9 99.1

2.5
2

26.1 42.3 62.7 72.2 95.2
32.2 48.0 69.3 79.0 99.0

1.5
1

20.4 47.6 69.0 78.4 98.2
14.8 39.3 62.5 73.0 97.8

0.67
0.5

21.5 31.3 51.0 63.2 95.8
20.5 19.9 35.6 48.0 96.4

0.4
0.33
0.25
4
3
2.5
2
1.5
1 M DEHPA, 10 %vol. C923 1
0.67
0.5
0.4
0.33
0.25

32.2
12.0
19.9
7.3
8.2
17.2
15.3
11.4
5.3
8.5
14.1
7.8

8.8
21.9
6.8
30.2
34.0
35.8
30.4
28.8
21.9
19.6
12.7
8.8

14.5
41.3
13.0
51.8
58.9
58.3
51.9
51.1
42.4
38.4
24.4
15.5

22.6
54.1
21.4
60.4
67.8
67.0
60.5
60.6
52.1
48.2
32.1
20.4

97.9
96.1
97.5
91.2
96.9
96.1
95.1
96.5
97.3
97.9
96.1
57.9

4.3
6.8

13.2 25.1 32.6 87.8
10.7 20.9 28.1 92.5

Again, it was clear that addition of 10 %vol. Cyanex 923 to the organic phase minimizes coextraction of iron. This was true for all phase ratios tested. Based on the calculated extraction
percentages, it was decided to use an O:A ratio of 1:3 for the mixer-settler study. Using less
organic phase is beneficial, as this leads to less consumption of chemicals and less secondary
wastes (higher metal load in the organic phase and lower volume of stripping solution needed).
Iron co-extraction was minimal at this phase ratio, while extraction of REEs was satisfactory.
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5.2 Mixer-settlers scale-up
Recovery of valuable constituents from the Covas sulfuric acid leachate was tested in a
counter-current mixer-settler system comprising five extraction stages (Figures 2 and 3). The
organic phase consisted of 1 M DEHPA with 10 %vol. Cyanex 923 (0.235 M). Two aqueous
feeds were tested, one with an initial pH of 1.19 and one with a pH of 1.95. The extraction
behaviour of iron and REEs in each separation stage is given in Figures 6 and 7.

Figure 6 – Solvent extraction of Covas synthetic feed with 1 M DEHPA and 0.235 M Cyanex 923 in
mixer-settlers. Initial aqueous pH 1.19. Conditions: O:A 1:3, 1000 rpm mixing speed, 21 °C, 2 mL/min
organic, 6 mL/min aqueous. Calculations using mass balance.

Figure 7 – Solvent extraction of Covas synthetic feed with 1 M DEHPA and 0.235 M Cyanex 923 in
mixer-settlers. Initial aqueous pH 1.95. Conditions: O:A 1:3, 1000 rpm mixing speed, 21 °C, 2 mL/min
organic, 6 mL/min aqueous. Calculations using mass balance.

Extraction of dysprosium was very efficient from both aqueous feeds. Three extraction stages
were sufficient to recover almost all dysprosium. For the feed with lower pH, extraction of the
other REEs was not significant during the first three stages but it started to become noticeable
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in the last stage. Iron co-extraction was around 8% during the first three stages and it reached
18 % in the last stage. Upon increasing the pH of the starting feed to almost 2, extraction of all
REEs improved, as expected (Figure 7). Less iron was co-extracted from the feed with higher
pH, likely due to competing effects with the REE ions. The extraction percentages of REEs
increased in the order: lanthanum, cerium, neodymium, dysprosium. The last one was
effectively recovered in the first two stages. During this time, co-extraction of the other REEs
was more preeminent compared to the feed with lower pH. A complete separation between
cerium and neodymium will require a large number of extraction/stripping stages. This is
because their extraction occurs concomitantly and the differences in extraction percentages at a
given pH is not very significant to easily allow selectivity. Lanthanum, on the other hand, is
less extracted alongside these two REEs, and its complete separation will require less
extraction/stripping stages.

5.3 Suggested processing options for the leachates
Dysprosium is the REEs which has the highest market value. Lanthanum and cerium are less
desirable and have quite low market value. They are used together with neodymium as
mischmetal alloy, which has applications in nickel metal hydride (NiMH) rechargeable
batteries. Given the lower concentration of REEs in the Covas leachate, it may be practical to
recover lanthanum, cerium and neodymium as a group for further use as mischmetal alloy. This
will negate the need for numerous solvent extraction/stripping stages to achieve their individual
separation. Dysprosium can be selectively recovered from the other REEs at low pH. Selective
stripping from co-extracted iron is easily achievable with nitric acid solution (Figure 4). This
stripping solution can be run in a loop so that dysprosium is concentrated up to tenths of grams
per litre. Afterwards, dysprosium can be precipitated as oxalate with oxalic acid (Equation 1),
filtered and optionally converted to oxide using thermal treatment (Equation 2).
2 REE3+(aq) + 3 C2O42-(aq) → REE2(C2O4)3 (s)
2 REE2(C2O4)3 (s) + 3 O2 (g) → 2 REE2O3 (s) + 12 CO2 (g)

(1)
(2)

The solution after the solvent extraction of dysprosium will contain copper, most of the iron,
and the other three REEs. Copper can be selectively extracted with copper-specific reagents,
e.g., commercial LIX or Acorga extractants. The REEs can be selectively precipitated from
iron (there is already a lot of research on this topic due to the high interest in recovering REEs
from REE-iron permanent magnet leachates). Optionally, the REEs can be processes using
solvent extraction at higher pH (group recovery or individual recovery). Finally, a solution
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containing high amounts of iron can be obtained. A flowsheet to process Covas sulfuric acid
leachate, which comprises the steps mentioned above, is given in Figure 8.

Figure 8 – Suggested flowsheet to process Covas sulfuric acid leachate.

The flowsheet details, in red, the amount of feed/chemicals needed to obtain 1 kg of
dysprosium oxalate (which contains 0.55 kg dysprosium). The numbers were calculated under
the assumption that no metal losses occur during processing. This is not unreasonable given
that complete metal recovery is possible if sufficient extraction/stripping stages are used. For
precipitation, the amount of oxalic acid listed is in the range: stoichiometric amount required
for complete REE precipitation - double this amount. Due to the large volume of aqueous feed
and low concentration of REEs in this solution, it is advised to run the organic phase and
stripping solutions in loops. This allows to concentrate the REEs in a smaller volume, which
leadis to less secondary wastes. Since the organic phase is regenerated, it can be returned back
into the process.
It should be noted that the pH of the feed needs to be >1 to get satisfactory extraction of all
REEs. This was not possible for the New Kankberg sulfuric acid leachate due to precipitation
of REE double sulfate salts at this pH. For this reason, separation of REEs was tested in mixer-
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settlers only for the Covas leachate. For the New Kankberg sulfuric acid feed, which contains a
significantly higher amount of REEs and no copper and iron, precipitation is a viable
processing method (Equation 3). It was shown in Deliverable 3.1 that precipitation of REEs
upon increasing pH does not lead to phosphate losses. The REEs can be recovered as double
sulfate salts upon addition of sodium hydroxide, even at pH 1.
2 REE3+ (aq) + 4 Na2SO4 (aq) + n H2O (aq)→ REE2(SO4)3·Na2SO4·nH2O (s) + 6 Na+ (aq)

(3)

6 CONCLUSIONS
Separation of metal ions from sulfuric acid-based mine tailing leachates was successfully tested
at larger scale, in counter-current mixer-settler contactors, using commercially-available
extractants. Co-extraction of iron was significantly reduced by blending DEHPA with Cyanex
923. At the same time, the distribution ratios of REEs increased compared to using only
DEHPA as extracting agent. A mixture of 1 M DEHPA and 0.235 M Cyanex 923 (30 %vol.
and 10 %vol., respectively) in kerosene was used to selectively extract dysprosium from copper
and the other REEs in solution. Three separation stages were sufficient to recover almost all
dysprosium from a leachate with a starting pH of 1.19. Recovery of the remaining REEs
(lanthanum, cerium and neodymium) is possible using solvent extraction with DEHPA-Cyanex
923 at higher pH, or by using selective precipitation. A flowsheet to process Covas sulfuric
acid leachate was proposed, together with the estimated consumption of chemicals needed to
produce 1 kg dysprosium oxalate.

