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To overcome the low recovery, generally obtained for the heavy and middle rare earth elements (HREE
and MREE) by sodium double sulfate precipitation, the recovery of the MREE and HREE as phosphate salts was
investigated. High recovery yields (≥95%)were obtained even for sulfate solutions containing low concentrations
of REE and a high concentration of iron(II). The influence of many industry-relevant parameters (temperature,
pH, stoichiometric excess of phosphate, aluminum contamination, residence time) is discussed in order to
optimize the REE recovery and to minimize the precipitation of iron. The developed process was also validated
in continuous operation at a pilot scale. Finally, the REE phosphate concentrate could be converted into REE
hydroxides which allows its dissolution into diluted HCl. Taking into account the phosphate precipitation, the
conversion into hydroxides and the dissolution in HCl(aq), high recovery yields were obtained for Y, Gd and La
(68%, 77% and 86% respectively). The results show that it is possible to economically obtain purified REE solutions
starting from industrial solutions which are usually discarded.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Rare earth elements (REEs) namely, scandium, yttrium and lantha-
nides, play a critical role on the global economy due to the numerous
applicationswhere those elements are used. Rare earth-basedmaterials
are used in electronic industry, steel industry, household batteries, fluo-
rescent lamps, permanent magnets, and lasers for surgical and nuclear
technologies (Alonso et al., 2012; Gupta and Krishnamurthy, 2005).
The global consumption of REE exceeded 100,000 t in 2011 and is
expected to double by 2020 with an annual growth rate of 4 to 9%
(Alonso et al., 2012; Tan et al., 2014). Among the rare earth elements,
some are more critical for industrial applications and their supply
might be threatened in the next decades. In particular, Nd, Eu, Tb, Dy
and Y are expected to become highly strategic metals in the future
(Golve et al., 2014; U.S. Department of Energy, 2011). For instance, the
global demand for Nd and Dy is projected to grow by 700% and 2600%
in the next 25 years (Alonso et al., 2012).

Even if an intensive effort is being made worldwide to recycle
REE from waste electronic equipments, magnets or waste fluorescent
lamps (Binnemans et al., 2013; Tan et al., 2014; Yang et al., 2014), the
REEs are still mainly recovered from natural minerals like monazite
[(Ce, La, Y)PO4], xenotime (YPO4) and bastnasite [(La, Ce)CO3F].

Since the early 2000s, the recovery of REE from a Gabonese ore,
called Maboumine, has been studied by ERAMET. The Maboumine
deposit not only accounts for one of the main sources of Nb for the
Beltrami).
future but also contains other valuable elements as given in Table 1
(Chakhmouradian et al., 2015; Mitchell, 2015). In the hydrometallurgic
process developed by ERAMET, almost 90% of the light REEs (LREE:
La, Ce, Pr and Nd) and 50% of the medium REEs (MREE: Sm, Eu, Gd,
Tb and Dy) are precipitated as double sulfate salts (Belair and Weigel,
2014). Nonetheless, only 10% of the heavy REEs (HREE: Ho, Er, Tm,
Yb and Lu) are recovered by this process and, as a result, nearly
400 mg L−1 REEs remain in solution after the double sulfate salt
precipitation.

In this paper, a brief review of REE recovery from leach liquors pro-
duced by acid or alkaline decomposition is presented. Experimental
work was conducted on a process for the recovery of yttrium and lan-
thanides from sulfate solutions containing low concentrations of REE,
a low content of aluminum and a high excess of iron as previously
reported in a patent (Vincec, 2014). The influence of many industry-
relevant parameters is discussed like the residence time, the tempera-
ture of the media, the aluminum contamination, the pH of precipitation
and the stoichiometric excess of the reagent. The effect of these param-
eters on the quality of the precipitate is studied and pilot-scale tests on
industrial solutions were performed in order to demonstrate the valid-
ity of the proposed process. Finally, purification steps of the REE concen-
trate, i.e. caustic soda conversion into REE hydroxides and dissolution
into chloride media, were investigated.

2. Process for REE recovery

Monazites generally contain 35–71% of rare earth oxides (REO)
whereas xenotime and bastnasite commonly contain 52–54% and 70–

http://crossmark.crossref.org/dialog/?doi=10.1016/j.hydromet.2015.07.015&domain=pdf
http://dx.doi.org/10.1016/j.hydromet.2015.07.015
mailto:denis.beltrami@erametgroup.com
http://dx.doi.org/10.1016/j.hydromet.2015.07.015
http://www.sciencedirect.com/science/journal/0304386X
www.elsevier.com/locate/hydromet


Table 1
Typical composition of the Maboumine Ore.

Element Fe Al P REE Nb Ta U

% (w/w) 35 6.1 2.7 1.4 1.2 0.03 0.03
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74% of REO, respectively (Jordens et al., 2013; Kanazawa and Kamitani,
2006). After ore beneficiation by physical treatments (gravity separa-
tion, desliming, magnetic separation, electrostatic separation or froth
flotation), the recovery of REE from natural ores is performed by hydro-
metallurgical processes. Conventional hydrometallurgical processes for
the recovery of REE can be classified into two main classes:

(i) acid decomposition of the natural minerals and dissolution of
the REE in acidic media (generally H2SO4(aq)). Then the valuable
elements are precipitated as oxalates (REE)2(C2O4)3, nH2O(s)

or double sulfate salts NaREE(SO4)2, nH2O(s) as described in
Eqs. (1) and (2) (Abreu and Morais, 2010; Anvia et al., 2015;
Kul et al., 2008). Those precipitates are then purified to obtain a
REE concentrate or a REE commercial salt (chloride, carbonate,
fluoride etc.). It should be noted that solvent extraction can
also be implemented directly after the ore leaching to produce
a REE concentrate or to directly separate the REE (Xie et al.,
2014).

2 REE3þ þ 3 C2O
2−
4 þ n H2O ¼ REEð Þ2 C2O4ð Þ3;nH2O sð Þ ð1Þ

REE3þ þ 2 SO2−
4 þ Naþ þ n H2O ¼ NaREE SO4ð Þ2;nH2O sð Þ ð2Þ

(ii) alkaline decomposition of the natural ores to produce a REE
hydroxide concentrate that can then be dissolved selectively in
acidic media (generally HCl(aq)) as given in Eqs. (3) and (4)
(Panda et al., 2014). After precipitation of the remaining impuri-
ties, the REE solution can feed a solvent extraction process in
order to separate the REE.

REEPO4 sð Þ þ 3 NaOH aqð Þ ¼ REE OHð Þ3 sð Þ þ Na3PO4 aqð Þ ð3Þ

REE OHð Þ3 sð Þ þ 3 HCl aqð Þ ¼ REECl3 sð Þ þ 3 H2O ð4Þ

For bastnasite ores [(La, Ce)CO3F], a mixture of the two routes
described above can also be used (Bian et al., 2011; Gupta and
Krishnamurthy, 2005; Kul et al., 2008). This consists of the carbonate
removal by acid treatment followed by the alkaline decomposition of
the remaining REEF3, as described below.

3REEFCO3 sð Þ þ 6 Hþ ¼ REEF3 sð Þ þ 2 REE3þ þ 3H2Oþ 3CO2 ð5Þ

REEF3 sð Þ þ 3 NaOH aqð Þ ¼ REE OHð Þ3 sð Þ þ 3NaF aqð Þ ð6Þ

Rare earth elements can also be recovered, as by-products, from the
uranium or phosphoric acid productions (Beltrami et al., 2014; Bunus,
2000; Bunus and Dumitrescu, 1992; Bunus et al., 1994). For example,
yttrium has occasionally been recovered as a by-product of uranium
ores from Ontario. Other mining sites like Olympic Dam, which pro-
duces copper, uranium, gold and silver, could also produce REE in the
next decades (Esdale et al., 2003). In these particular systems, the
concentration of REE is rather low compared to the traditional REE
ores and the impurity content is high. Hence, the classical routes of pre-
cipitation (i.e. REE oxalate and REE double sulfate salts) would not
be economical, especially to recover the middle and heavy rare earth
elements.

The REE precipitation by the addition of oxalic acid is effective owing
to the strong affinity of the oxalate ion for hard ions like REE3+ and due
to the low solubility of REE oxalate precipitates. Nonetheless, oxalic acid
is an expensive reagent and the release of carbon dioxide during the
calcination of (REE)2(C2O4)3,nH2O(s) could raise environmental con-
cerns. Regarding the REE double sulfate salt precipitation, the quantita-
tive recovery of HREE requires a very high excess of sodium ions. Little
detailed information is available on REE double salt precipitation but it
seems that the solubility of NaREE(SO4)2,nH2O(s) increases with the
atomic number of the REE (Lokshin et al., 2005, 2007). To treat these
low REE concentration solutions, ion exchange and solvent extraction
systems have been extensively studied (Radhika et al., 2010, 2011;
Reddy et al., 2009).

3. Experimental

3.1. Materials

Powder XRD spectra were collected using Cu Kα1 radiation with a
wavelength of 1.54053 Å. Diffraction patterns were obtained using a
Panalytical X'Pert Pro diffractometer and identified with the software
HighScore (Panalytical).

The concentrations of aluminum (Al), iron (Fe), phosphorus (P),
sulfur (S), cerium (Ce), lanthanum (La), neodymium (Nd), gadolinium
(Gd), praseodymium (Pr) and yttrium (Y) were determined by ICP–
OES using an iCAP 6000 series spectrometer (Thermo Scientific).
Other REEs were determined by ICP–MS using an Aurora M90 spec-
trometer (Bruker). Samples were diluted in 2% (v/v) HNO3 for analysis.
Quantitative analyses were performed at 308.215 nm, 238.204 nm,
177.434 nm, 180.669 nm, 446.021 nm, 333.749 nm, 410.945 nm,
336.224 nm, and 371.029 nm spectral emission lines for Al, Fe, P, S, Ce,
La, Nd, Gd and Y respectively. The limit of quantitation of our method
was 0.5 mg L−1 in the initial sample. Sodium (Na) concentrations were
determined by flame absorption spectroscopy using an AA 220 spec-
trometer (Varian) and 589.6 nm spectral emission line.

The pH measurements were performed with an 827 pH-lab
(Metrohm) pH-meter and low alkaline error combined electrode
(Unitrode, Metrohm). The pH-meter was calibrated with NIST stan-
dards at pH 4.00, 7.00 and 12.00. The electropotential was measured
with a Mettler Toledo type 1120 device, the reference electrode was a
Ag/AgCl, KCl (3 mol L−1).

3.2. Reagents

Sodium phosphate dodecahydrate (Sigma Aldrich, 96%), aluminum
sulfate octadecahydrate (VWR, 97%), phosphoric acid solution (Sigma
Aldrich, 85%), sulfuric acid solution (VWR, 96%), sodium hydroxide
solution (VWR, 50%), nitric acid solution (VWR, 65%) and calcium
hydroxide (SigmaAldrich, 96%)were used as received. The REE solution
used in this study was provided by ERAMET Research (France) and
comes from the Maboumine hydrometallurgical process (Agin et al.,
2012; Belair and Weigel, 2014; Donati et al., 2014). The major part of
the REE, initially present in the solution, was precipitated by double
sulfate salt precipitation as described elsewhere (Vincec, 2014). Then
an aluminum bleed was performed with a 20% (w/w) Ca(OH)2 slurry
in order to precipitate the major part of the aluminum (AlOHSO4(s),
AlPO4(s) and Al(OH)3(s)). The elimination of aluminum avoids the high
consumption of phosphate during the precipitation of the REE (Vincec,
2014). During the aluminum bleed, the concentrations of aluminum
and REE varied from 12.50 g L−1 and 0.40 g L−1 down to 0.03 g L−1

and 0.23 g L−1, respectively (Table 2). A part of the REE present in solu-
tion is lost by co-precipitationwith gypsum. This step is not described in
detail in this paper.

The filtrate is used as REE stock solution and its composition is given
in Table 2. The sodium concentration was found to be 5.0 g L−1 and
the pH was 4.3. The potential of the REE stock solution was 150 ±
20 mV (vs Ag/AgCl), meaning that iron was present as Fe(II).



Table 2
Elemental analysis of the REE stock solution used for precipitation tests.

Element Y La Ce Pr Nd Sm Eu Gd Tb Dy

mg L−1 61 18 73 4 14 13 b1 19 7 11

Element Ho Er Tm Yb Lu ∑REE Fe Al P SO4

mg L−1 b1 b1 b1 b1 5 230 32,300 30⁎ 30 75,000

⁎ Varied from 30 to 1000 mg L−1 (see text).

Table 3
Influence of the temperature on the recovery of REE for a fixed quantity of phosphates
added. Residence time: 1 h, nPO4/nREE= 15mol/mol, [Al]initial = 30mg L−1, pHinitial = 4.3.

Precipitation (%)

T (°C) Ce La Nd Gd Dy Sm Y Fe

40 97.1 89.4 88.6 90.5 83.6 87.7 97.3 3.0
70 99.1 ≥97.0 ≥96.2 96.6 ≥95.2 ≥95.9 98.9 3.1
90 ≥99.2 ≥97.0 ≥96.2 ≥97.2 ≥95.2 ≥95.9 ≥99.1 3.3

Final concentration (mg L−1)

T (°C) Ce La Nd Gd Dy Sm Y Fe

40 2.0 1.8 1.5 1.7 1.7 1.5 2.5 29,600
70 0.6 0.5a 0.5a 0.6 0.5a 0.5a 0.6 28,600
90 0.5a 0.5a 0.5a 0.5a 0.5a 0.5a 0.5a 27,700

a Limit of quantitation.

Fig. 1. Influence of thephosphate quantity on the REE recovery (×: Ce,○: Gd andΔ: Y) and
Fe (□). T = 70 °C, residence time = 1 h, pH= 4.0, [Al]initial = 30 mg L−1.
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3.3. Experimental procedure

Precipitation experiments were carried out by adding a mixture of
Na3PO4(aq)/H3PO4(aq) solution (0.5 mol L−1 HxPO4

x − 3, x = 1–3) at a
given pH to the REE stock solution under stirring at 500 rpm. A 1 L
glass reactor was used for precipitation experiments and a probe was
set inside the reactor to measure and maintain the temperature at the
desired value throughout the experiments. After precipitation, the sus-
pension was centrifuged at 5000 rpm for 15 min. The solid phase was
recovered, washed 2 times with 10 mL of water and dried at 60 °C
for 24 h. The mass of solid phase obtained was comprised between 0.5
and 12 g. The filtrate was immediately diluted by 2 with 10% (w/w)
nitric acid to avoid any precipitation before elemental analysis.

For precipitation experiments performed at different pH values,
micro-quantities of 1.5 mol L−1 NaOH or 96% (w/w) H2SO4 were
added in both stock solutions (REE and sodium phosphate solutions)
before precipitation to reach the desired pH. Due to the protons released
byHxPO4

x − 3 (1 ≤ x ≤ 3) ions during the precipitation of (REE)PO4(s), the
pHwas controlled during the precipitation by further addition ofmicro-
quantities of 1.5 mol L−1 NaOH.

To study the influence of aluminum on the REE precipitation, the
required amount of aluminum sulfate octadecahydrate was dissolved
in the REE stock solution so that the aluminum concentration varied
from 30 to 1000 mg L−1. The volume variation due to the aluminum
sulfate octadecahydrate dissolution was found negligible.

The stoichiometric quantity (SQ) mentioned in this work is defined
as follows:

SQ ¼
X

x
HxPO

x−3
4 added molð Þ

X
REE initial molð Þ :

The yields of precipitation were calculated from the elemental anal-
ysis of the solution before and after precipitation.

4. Results and discussion

The present study investigated the precipitation of yttrium and
lanthanides from low concentration sulfate solutions by the addition
of sodium phosphate solution. Due to the strong affinity of Y3+

(aq)

and Ln3+
(aq) ions for PO4

3−
(aq) compared to SO4

2−
(aq) (Firsching and

Brune, 1991; Kim and Osseo-Asare, 2012) the addition of Na3PO4(aq)

to a sulfate solution of yttrium and lanthanides was expected to trigger
the precipitation of REE phosphate (Eq. (7)) even at low concentration
of REE.

REE SO4ð Þ3−2n
n aqð Þ þ PO3−

4 ¼ REEPO4 sð Þ þ n SO2−
4 ð7Þ

4.1. Factors affecting precipitation efficiency

4.1.1. Effect of temperature and phosphate quantity
The precipitation of REE was investigated at different temperatures

between 40 °C and 100 °C (Table 3). High precipitation yields were
obtained (≥84%) even with a low excess of sodium phosphate (SQ =
15 mol/mol).
It should be highlighted that the sodium concentration resulting
from the addition of Na3PO4(aq) is not enough to obtain such yields by
precipitation of the REE double sulfate salts. The final concentration of
sodium in the filtrates was 0.31 mol L−1 compared to 0.22 mol L−1 in
the REE feed solution. Similar precipitation tests using Na2SO4(aq) with
the same final concentration of Na+ resulted in precipitation yields
lower than 2% (data not shown). This was confirmed by analysis and
characterization of the precipitate (see part 4.2).

For all lanthanides, the precipitation yield increases slightly from
40 °C to 70 °C but the yields obtained at 90 °C and at 70 °C are identical
within the experimental uncertainty. A similar effect was observed by
Wang et al. (2010) when leaching REE contained in phosphate rocks
with sulfuric acid. The solubility of yttrium phosphate and several lan-
thanide phosphates was also studied by Firsching and Brune (1991)
on synthetic samples. The lanthanide phosphates were found to be
weakly soluble with solubility limits ranging from 2.1 ∗ 10−5 mol L−1

for terbium to 4.0 ∗ 10−4 mol L−1 for praseodymium at 25 °C and at
pH 1.1. No noticeable trend was observed along the lanthanide series
and the reported pKs values are in the range of 25.1 for Tb to 26.2 for
Pr at 25 °C, where pKs = − log Ks and Ks is the solubility product of
the phosphate salt. It was also reported that the pKs values of the
LnPO4(s) increase very slightly with the temperature, in accordance
with the precipitation yields observed in this work.

To improve the cost-effectiveness of the developed process, the
quantity of phosphate vs. REE was studied at constant pH and tempera-
ture (Fig. 1). As expected, La, Ce and Nd have a similar behavior. For the
sake of clarity, only the analyses for Ce, Gd and Y are given in the next
parts of this paper. As expected, the recovery of all the REE is improved
when the ratio PO4/REE increases due to the displacement of Eq. (7) to



Fig. 3. Influence of the aluminum concentration in feed solution on the REE recovery (×:
Ce, ○: Gd and Δ: Y) for a fixed quantity of phosphates added. T = 70 °C, nPO4/nREE = 15
mol/mol, pHinitial = 4.3.
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the right. However, higher stoichiometric excess of phosphate ions trig-
gers the precipitation of iron (Eq. (8)).

3Fe2þ þ 2PO3−
4 þ xH2O ¼ Fe3 PO4ð Þ2:xH2O sð Þ ð8Þ

The precipitation yield of iron phosphate is rather low compared to
the REE phosphates (Fig. 1) but due to the large excess of iron in the
initial solution (Table 2), the precipitation of iron has to be kept as
low as possible in order to maintain the quality of the REE precipitate.
Interestingly, the phosphorus concentration in the filtrates after precip-
itationwas rather low (b30mgL−1) confirming that the excess of phos-
phate ions reacts with iron in solution.

4.1.2. Effect of residence time
The precipitation of iron under the conditions given in Fig. 1 was

surprising, knowing that iron was present in the form of Fe(II) in the
REE stock solution. Then, the influence of the residence time on the
precipitation of REE and iron was investigated at constant temperature.
No improvement of the REE precipitation yields was observed between
1 h and6 hmeaning that yttriumand the lanthanides are precipitated in
less than 60 min. Nonetheless, the precipitation of iron is favored by a
long residence time (Fig. 2). This can be explained by the slow oxidation
of Fe(II) by ambient oxygen and precipitation of FePO4(s) or Fe(OH)3(s)
as depicted below.

2Fe2þ þ 1
2
O2 þ 2Hþ ¼ 2Fe3þ þH2O ð9Þ

Fe3þ þ 3H2O ¼ Fe OHð Þ3 sð Þ þ 3Hþ ð10Þ

Fe3þ þ PO3−
4 ¼ FePO4 sð Þ ð11Þ

Hence, a short residence combined with a low excess of phosphate
ions reduces the precipitation of iron and, therefore, enhances the qual-
ity of the REE precipitatewithout impacting the recovery of the valuable
elements.

4.1.3. Effect of aluminum concentration
Another poisoning element that is often present in REE hydrometal-

lurgical processes is aluminum. Compared to ferric ions, which can be
easily reduced into ferrous ions, aluminum ion poses major difficulties
due to its similarity with REE(III) ions.

The aluminum concentration was varied from 30 mg L−1 to
1000 mg L−1 in the REE industrial stock solution. This corresponds
to a ratio Al/REE varying from 1.8 to 18.5 mol/mol. The results from
phosphate precipitation tests are given in Fig. 3. The increase of the
Fig. 2. Influence of residence time on iron precipitation. T=70 °C, nPO4/nREE=15mol/mol,
pH = 4.0, [Al]initial = 30 mg L−1.
aluminum content has a significant effect on the precipitation yield of
the REEPO4(s). Due to the hardness of Al3+ ion compared to the REE3+

ions, the precipitation of AlPO4(s) competes with the precipitation of
REEPO4(s) which is in accordance with the reported pKs values for
AlPO4(s) and REEPO4(s) (Table 4). The precipitation yields of the REE
thus drop to less than 30% with an initial aluminum concentration of
1000 mg L−1, whereas the precipitation yield of aluminum reaches
75%. This confirms that the economical recovery of the REE by phos-
phate precipitation could not be achieved in the presence of a high
excess of aluminum except if an aluminum-scrubbing step is added to
the process as described by Vincec (2014).

4.1.4. Effect of pH
Another relevant parameter that has to be studied while developing

hydrometallurgical processes is the solution pH. Concerning the system
investigated in this work, several proton-equilibria take place. Indeed,
the REE3+, Al3+ and Fe3+ ions can be easily hydrolyzed and the phos-
phate ion, used to precipitate the REE, can be simply, doubly or triply
protonated. Therefore, the pH of precipitation was expected to play a
major role on the precipitation of REEPO4(s).

Fig. 4 shows the speciation diagram for La(III) at 25 °C under the con-
ditionsused in this study. The speciation diagramof lanthanumcould be
calculated because it is the only REE for which the formation constants
of the sulfate and hydroxide complexes were published as well as the
solubility products of La(OH)3(s, am), LaPO4(s) and LaNa(SO4)2,H2O
(Lokshin et al., 2005; Smith et al., 2004). Fig. 5 gives the yields of precip-
itation of the REE and iron. The theoretical diagram and the experimen-
tal results are in good agreement (Figs. 4 and 5). As the pH decreases,
the yield of precipitation of the REEPO4(s) decreases, falling to 0% at
pH 2. This trend is due to the competition between the protonation of
the phosphate ions and their precipitation by the REE3+ ions. A total
Table 4
Ionic radius of Al3+, La3+, Ce3+ and Gd3+ (Shannon, 1976) and pKs values of AlPO4(s),
LaPO4(s), CePO4(s) and GdPO4(s) (Smith et al., 2004).

Metal Ionic radius (pm) pKs MPO4(s)

Al3+ 53.5a 18.3
(T = 37 °C, I = 0.15 mol L−1)

La3+ 103a

116a
22.43
(T = 25 °C, I = 0.5 mol L−1)

Ce3+ 101a

114b
26.3
(T = 25 °C, I = 0 mol L−1)

Gd3+ 93.8a

105b
25.6
(T = 25 °C, I = 0 mol L−1)

a For a coordination number of 6.
b For a coordination number of 8.



Fig. 4. Speciation diagrams of La(III) at 25 °C. (a): ∑ HxPO4/REE = 1 mol/mol. (b):
∑ HxPO4/REE = 15 mol/mol. [La]total = 10−4 mol L−1, [Na+] = 0.22 mol L−1

and [SO4
2−] = 0.78 mol L−1. The formation constants used to draw the diagrams are

given in Appendix I. Hyss software was used for the drawing of the diagram (Alderighi
et al., 1999).

Table 5
Composition of the REE precipitate obtained during the pilot campaign.

Element Y La Ce Gd ∑REE Al Fe P S Na

% (w/w) 5.8 1.7 7.5 2.0 22.1 1.8 12.5 10.0 1.4 0.2
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recovery is achieved for pH ≥ 4. In the case of iron, the precipitation yield
starts to increase at pH 3 due to the precipitation of Fe(OH)3, FePO4(s)

and Fe3(PO4)2.xH2O(s). Hence, precipitation at pH 4 gives the best
compromise between the quantitative REE recovery and iron con-
tamination. Regarding aluminum (30 mg L−1 in the feed solution), a
quantitative precipitation was observed in the pH range investigated
Fig. 5. Influence of the pH of precipitation on the REE (×: Ce,○: Gd and Δ: Y) and iron (□)
recovery. T = 70 °C, residence time = 1 h, nPO4/nREE = 15 mol/mol.
highlighting the need for the addition of an aluminum-scrubbing step
in the process.

4.2. Validation of REE recovery at pilot scale and characterization of REE
solid

In order to validate the precipitation process developed at the labo-
ratory scale, the recovery of REE from industrial sulfate solution
(Table 2) was tested in a continuous operation at the pilot scale. The
process was operated for 10 days at steady-state conditions. For the
reason mentioned above, the REE precipitation was performed at
pH 4.0 (±0.2), at 70 °C, with a residence time of 1 h andwith a stoichio-
metric excess (nPO4/nREE) of 4 to 5 mol/mol. The flow rate of the REE
stock solution was 25 L h−1.

A good REE recovery was obtained during the pilot campaign with
an average precipitation yield higher than 95% for all the REEs initially
present in the sulfate solution and about 6 kg of REE concentrate was
produced. The residual concentrations of the REE after phosphate
precipitation were lower than the limit of quantitation (0.5 mg L−1).
Regarding iron, the average precipitation yield was 0.35% during the
pilot campaign compared to 0.85% obtained in similar conditions at
the laboratory scale (Fig. 1). This is due to a better control of the oxida-
tion of iron(II) by the air when larger reaction vessels are used. The
average composition of the solid obtained by phosphate precipitation
is given in Table 5. Even if the REE concentration in the feed solution
was low and the iron concentration was high (Table 2), a REE concen-
trate was obtained. The ratio Fe/ΣREE was greatly reduced dropping
from 140 g/g in the initial solution to 0.6 g/g in the REE precipitate.
The presence of sodium in the REE concentrate, however low, indicates
that a small amount of REE has precipitated as sodium double sulfate
salts. This precipitation was not predicted by the speciation diagram
given in Fig. 4, where noNaLa(SO4)2,H2O(s) is formed. This could convey
the effect of the temperature on the precipitation of the REE double
sulfate salts because the processwas operated at 70 °Cwhereas the spe-
ciation diagram is given at 25 °C. Indeed, the decrease of the solubility of
the NaREE(SO4)2,nH2O(s) with increasing temperature was reported by
Pietrelli et al. (2002).

The XRD analysis of the REE concentrate indicates that the solid
is mainly amorphous (Fig. 6). It should be noted that xenotime or
Fig. 6. XRD spectrum of the REE precipitate obtained by phosphate precipitation at pilot
scale and dried at 60 °C.



Fig. 7.Residual phosphorous concentration in the REE concentrate after alkaline conversion
as a function of the residual NaOH concentration. T= 6 h. Temperature=NaOH(aq) boiling
point. The temperature varied from left to right as follows: 100 °C, 100 °C, 100 °C, 101 °C,
102 °C, 106 °C, 112 °C and 118 °C. The residual NaOH concentration was calculated accord-
ing to the following formula: [NaOH]residual =MNaOH ∗ (CNa − 3 ∗ CP − 2 ∗ CS − CAl) where
MNaOH and CM refer to the molecular weight and the molar concentration at equilibrium,
respectively. This formula considers the presence of NaAl(OH)4, Na2SO4 andNa3PO4 species
in solution. Initial solid to liquid ratio: 100 g of dried solid for 1 L of NaOH solution.
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monazite structures were not observed. Likewise, no diffraction peak
corresponding to NaREE(SO4)2,nH2O(s) was observed.
4.3. Purification of phosphate REE concentrate

As highlighted in Table 5, the REE concentrate obtained by phos-
phate precipitation contains a significant amount of iron and, as expect-
ed, phosphorous. Phosphate has to be removed from the REE precipitate
so that the valuable elements can be dissolved in the appropriate media
(Eqs. (3) and (4)).

The REE concentratewas treatedwithNaOH(aq)with the objective of
eliminating phosphorous by converting REEPO4(s) into REE(OH)3(s).
Batch conversions were performed on the precipitate obtained at the
pilot scale. The testswere done at boiling point under atmospheric pres-
sure with various NaOH(aq) concentrations so that the reaction temper-
ature can be increased. In order to follow the conversion of REEPO4(s),
Fig. 8. XRD spectrum of the REE conc
the phosphorous content in the solid was measured as a function of
the NaOH(aq) concentration at equilibrium.

Fig. 7 shows a clear decrease of the phosphorous content in the REE
precipitate with the increase in NaOH concentration due to the conver-
sion of the REE phosphates to REE hydroxides. The conversion was also
confirmed by XRD analysis of the solid after NaOH(s) treatment. The
XRD diffraction peaks are rather large due to the amorphous nature of
the precipitate but the XRD pattern is in accordance with the presence
of REE(OH)3(s) (Fig. 8). A small amount of Fe3O4(s) was also observed.

Finally, dissolution tests of the REE hydroxide concentratewere con-
ducted in dilute HCl as recently reported by Hadley and Catovic (2014).
Relatively good dissolution rateswere obtained at pH 3 and at 70 °C. The
dissolution yields were 72%, 81% and 91% for Y, Gd and La, respectively.
A small fraction of iron (0.5%) was also dissolved during this step.More-
over, only 18% of the cerium was dissolved. Indeed, Ce(III) is prone
to oxidation when in contact with air even in the presence of strongly
chelating agents (Deblonde et al., 2013; Zou et al., 2014). Consequently,
it is very likely that CePO4(s) is partly converted into Ce(OH)4(s) during
the alkaline conversion, which prevents its dissolution in dilute HCl in
the next step of the process. However, cerium is less valuable than the
other rare earth elements present in the feed solution, so its recovery
was not the main goal of this study. Taking into account the phosphate
precipitation, the alkaline conversion and the dissolution in HCl, the re-
covery yields of Y, Gd, La, Ce and Fe were 68%, 77%, 86%, 17% and 1.7%
respectively. Efforts will be made to achieve higher yields of recovery
for the valuable elements but the results given in this paper demon-
strate the possibility of producing REE concentrates from low concen-
trated industrial solutions which are usually considered as effluents.

5. Conclusion

The recovery of REE from an industrial solution containing
230 mg L−1 of REE, 30 mg L−1 of Al, 32.3 g L−1 of Fe(II) and
75.0 g L−1 of SO4

2− was investigated by precipitation with phosphate
ions. The REE recovery was higher than 95% when the precipitation is
performed at 70 °C, at pH 4 and with a ratio nREE/nPO4 of 5 mol/mol.
Under these conditions, the precipitation of iron is less than 1%, even
under air atmosphere. The results show a substantial decrease of the
REE precipitation in the presence of higher concentrations of aluminum.
The REE phosphate concentrate can be converted into REE hydroxides
by reaction with concentrated NaOH(aq) at boiling point under atmo-
spheric pressure and dissolved in diluted HCl(aq) to produce a purified
entrate after alkaline conversion.



Fig. 9. Proposal flowsheet, elaborated on Al bleed, for the recovery of REE.
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REE solution. Finally, the flowsheet given in Fig. 9 is proposed to treat
sulfate solutions with high concentration of iron and low REE content.
The process developed in this work complements the classical route
for REE recovery (i.e. double sulfate salts precipitation) and could
help in improving the cost-effectiveness of REE hydrometallurgical
processes.
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Appendix I. Formation constants used to draw the speciation
diagrams given in Fig. 4
Reaction
H
P
P
P
La
S
La
La
La
log K
 Conditions
+ + HO− = H2O
 13.77a
 I = 0.5 M, T = 25 °C

O4
3− + H+ = HPO4

2−
 11.80a
 I = 0.5 M, T = 25 °C

O4
3− + 2 H+ = H2PO4

−
 18.34a
 I = 0.5 M, T = 25 °C

O4
3− + 3 H+ = H3PO4
 20.24a
 I = 0.5 M, T = 25 °C

3+ + PO4

3− = LaPO4(s)
 22.43a
 I = 0.5 M, T = 25 °C

O4
2− + H+ = HSO4

−
 1.27a
 I = 0.5 M, T = 25 °C

3+ + SO4

2− = LaSO4
+
 1.77a
 I = 0.5 M, T = 25 °C
3+ + 2 SO4
2− = La(SO4)2−
 2.70a
 I = 0.5 M, T = 25 °C
3+ + 2 SO4
2− + Na+ + H2O = NaLa(SO4)2, H2O(s)
 6.83b
 I = 0, T = 20 °C
3+ + 3 HO− = La(OH)3,(am)
 20.30a
 I = 0, T = 25 °C
La
a: Smith et al. (2004). b: Lokshin et al. (2005).
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