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Abstract: This work focuses on the recovery of rare earth elements (REEs = La, Ce, Nd, Pr) from
spent nickel–metal hydride batteries by hydrometallurgical processing. The REEs were precipi-
tated in the form of sodium-lanthanide double sulfate salts by adding Na2SO4 to a leach liquor
prepared from industrially processed spent batteries. The objectives were to better understand
the parameters driving the purity of the product and to identify the phases involved, as well as
their crystallographic structure. The methodology included experiments performed in a 2 L reactor,
thermodynamic calculations and product characterization. We confirmed that high REE precipita-
tion yields (>95%) can be achieved under a wide range of hydrodynamic conditions. Furthermore,
we demonstrated and quantified how appropriately washing the product allows for a significant
reduction in nickel losses while maintaining control over REE product purity. Finally, using X-ray
Diffraction analyses, it was established that REEs form a solid solution with a chemical formula
(Na0.9K0.1)(La0.65Ce0.24Pr0.04Nd0.07)(SO4)2·H2O, which has not been reported so far.

Keywords: Ni–MH battery recycling; hydrometallurgy; rare earth elements; selective precipitation;
double sulfate salts; solid solutions

1. Introduction

Nickel–metal hydride (Ni–MH) batteries have been used since the early 1990s as a
replacement for hazardous Ni–Cd batteries and have found wide integration in hybrid-
electric vehicles produced at the beginning of the 21st century [1–3]. These batteries consist
of five main parts: a steel casing, a KOH electrolyte that is contained in a gas-permeable
polymer separator, a cathode whose active mass is made of spherical β-Ni(OH)2 particles
deposited on a nickel plate, and an anode made of metal hydride particles deposited on
nickel-plated steel [4–8]. Mixtures of rare-earth elements (REEs) and other transition metals
are widely used as active anode materials in commercial Ni–MH batteries [1].

In 2014, Ni–MH batteries were used in all hybrid-electric vehicles. However, the
adoption of lighter and smaller lithium–ion batteries quickly replaced Ni–MH batteries [4].
As a result, considerable quantities of spent Ni–MH batteries are currently being discarded
and becoming hazardous waste. Meanwhile, spent Ni–MH batteries can be considered as
a secondary source of critical metals (mainly Ni and REEs) owing to their valuable metal
content. For example, a battery pack from a Toyota Prius contains about 15 kg of REEs [8,9].

Various routes have been investigated for the selective recovery of metals by chemical
processes, as recently reviewed by Cassayre et al. [10]. Pyrometallurgical processes suffer
from low selectivity, especially for REEs which are lost in the slags [10]. The hydrometallur-
gical treatment consists of the following steps: preparation of a battery powder called black
mass (BM) through thermal and mechanical pretreatment, leaching of valuable metals from
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the BM by an acid solution and subsequent metal recovery from the leachate by different
methods, such as precipitation, solvent extraction and electrowinning. As the pregnant
leach solution (PLS) contains more than 10 chemical elements, including about 50 g/L of
Ni and 15 g/L of REEs (La, Ce, Nd, Pr), their efficient and cost-effective separation is a key
challenge [10–12].

As for the specific recovery of REEs from these acid leachates, solvent extraction
from HCl or H2SO4 media has been widely studied [3,13–20]. Although this method
reaches the best performances in terms of purity and extraction yields and is well-suited
for continuous operations, it requires rather complex processes and multi-step operations.
Another option consists of implementing grouped selective precipitation of REEs. In
this case, the individual separation of REEs is not achievable, but processes are very
effective and robust. Oxalic acid, which is a common reactant for REE precipitation, is not
adapted in the case of Ni–MH leachates due to the absence of selectivity concerning the
primary impurities, such as Fe and Al [10,21]. The main route consists of precipitating
sodium–lanthanide double sulfates salts, which are sparingly soluble in sulfuric acid media,
according to the following reaction:

REE3+
(aq) + 2 SO2−

4 (aq) + Na+
(aq) + H2O (aq) � NaREE(SO4)2 ·H2O (s) (1)

As for any separation processes, the key aspects of the precipitation of the REEs,
according to Equation (1), are (i) the REE recovery yield, (ii) the nature of the obtained
phase and (iii) the purity of the solid product about the other elements contained in the PLS.
REE precipitation can be initiated by pH increase with NaOH or NaOH–Na2CO3 mixtures,
where Na+ cations are the main drivers of supersaturation. Using these reactants, several
authors have showed that the best selectivity is achieved at low pH (typically at pH = 1.5),
while the reported residual metal contamination (Ni, Co, Fe, Al) in the precipitate strongly
varies between the studies [22–30].

Another effective reactant is Na2SO4, which brings the advantage of adding both
sulfate and sodium ions in the PLS and thus enhances the supersaturation [31–35]. In
this case, the yield of precipitation depends on three main parameters: the molar ratios
Na:REE and SO4:REE, and the temperature. Porvali et al. [32] carried out experiments
with the simultaneous addition of Na2SO4 and H2SO4. They showed that, at high acidity
(3.19 mol/L H+) and high Na:REE (21.2:1) and SO4:REE (58.3:1) molar ratios, the precip-
itation efficiencies at room temperature (RT) were extremely high (La > 98%, Ce > 99%
and Pr > 99%), while the precipitation yield reached only 93–95% without H2SO4 addi-
tion. The authors reported small contamination of Ni, Co, Al and Fe in the solid product
(0.75 mg/g, 0.13 mg/g, 0.16 mg/g and 0.07 mg/g respectively). In a further study, the
same authors obtained very high extraction yields (>99%) at 50 ◦C for Na:REE ratio of
9.1:1, using a Na2SO4–water solution as a reactant [31], while the starting pH of the PLS
was slightly below 1. Zielinski et al. [35] have confirmed that using Na2SO4 alone can
lead to the complete precipitation of REEs from a PLS that was obtained by the leaching
of a BM prepared in industrial facilities. Specifically, they showed that a temperature
increase from 25 to 60 ◦C at a constant Na:REE ratio of 3.2:1 increases the overall REE
recovery yield from 77.6% to 99.2%. However, significant amounts of unwanted metals,
such as Ni (>5 wt%) and Al (>1.5 wt%), were also detected in the solid products [35]. Said
et al. [33] obtained a high La precipitation yield from a synthetic PLS with a Na:REE ratio
of 3.0:1 at 70 ◦C. In parallel, Takano et al. [34] have reported the precipitation of REEs from
industrial Ni–MH leachate in a 300 L stirred tank at 80 ◦C by adding a 1.3 mol/L sodium
sulfate solution until reaching a Na:REE molar ratio of 22.0:1. They confirmed that such
a precipitation reaction is an effective operation at the industrial scale: 99% of La and Ce
were recovered as double sulfate salts. Ni and Co concentrations in the solution remained
almost unchanged after REE precipitation, while their content in the solid phase was 0.04%
and 0.005%, respectively [34].

Although the method of the grouped recovery of REEs by the precipitation of sodium–
lanthanide double sulfate salts has been proven to be efficient by these previous studies,
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essential questions remain to be answered, from the perspective of process operation and
further product valorization, for a better understanding of the precipitation reaction.

First, the exact nature of the solid precipitate needs to be clarified. Indeed, it is not
yet clear whether REEs form a mixture of double sulfate salts or a single phase in the
form of a solid solution. Based on X-ray diffraction (XRD) analysis, several studies have
concluded that the product is a mixture of lanthanide double sulfate salts (NaLa(SO4)2·H2O,
NaCe(SO4)2·H2O and NaNd(SO4)2·H2O) [23,24,27,32], while others have mentioned only
one single phase [22,35], and most did not provide structural characterizations [25,26,28–31,34].

Second, the purity of the product regarding other metal elements contained in the PLS
(Ni, Co, Fe, Mn, Al) is a key factor in the separation process. Again, even if several studies
have reported very low contaminations [23,32,34], some others have mentioned noticeable
amounts of metal elements [22,24,25,35], and several did not provide any analyses [26–31].
The phenomenon linked with metal contamination is also not well identified. It could
occur during the precipitation step through the co-precipitation of a minor phase or by the
integration of metal elements in the structure of the double sulfate salts. It could also be due
to a crystallization phenomenon during the drying of the filter cake obtained after the pre-
cipitation stage. Very little information is currently available relative to this issue, especially
about the role of the filtration and washing steps following the precipitation reaction.

In relation to these questions, the present work addresses the precipitation of REEs
from an industrial PLS prepared at the SNAM facilities from an industrial feedstock of
spent Ni–MH batteries. The reaction was carried out in a 2 L reactor, using Na2SO4
solution as a reactant. The reaction parameters were selected according to our previous
work [35] where we showed that the most adapted process temperature (in the range of
25 to 60 ◦C) was 60 ◦C, with a Na:REE molar ratio of at least 3.2:1 in order to maximize
the recovery yield of REEs. These conditions are very close to those recently proposed by
Said et al. [33] (Na:La = 3:1 and T = 70 ◦C) after optimization of precipitation yield and
purity of lanthanum sodium sulfate monohydrate from synthetic sulfate solutions. The
influence of hydrodynamic parameters (stirring and feed rates) on precipitation kinetics was
investigated. The washing of the solid phase after precipitation was studied to determine
the optimal temperature and quantity of washing water required to obtain the purest
product. The crystal structures of non-washed and washed samples were identified by XRD
analysis, with supporting chemical composition analysis. Furthermore, thermodynamic
calculations using the OLI System software (version 11.5) [36] and the recent database from
Das et al. [37] were implemented as support for understanding the system chemistry.

2. Materials and Methods
2.1. Chemicals

Sulfuric acid solution (95–97%) was purchased from Supelco (Darmstadt, Germany).
Sodium sulfate (anhydrous, ACS reagent, ≥99%) and cerium (III) sulfate (≥99.99% trace
metals basis) were supplied by Sigma-Aldrich (St Quentin Fallavier, France). Lanthanum
(III) sulfate hydrate (99.9% REO) was obtained from Alfa Aesar (Kandel, Germany). Aque-
ous ICP standards of aluminum, cerium, cobalt, iron, lanthanum, manganese, neodymium,
nickel, praseodymium, zinc and potassium were delivered by SCP Science (Villebon-sur-
Yvette, France). All chemicals were used as received, without any further purification.

2.2. Preparation of the Leach Solutions

The leach liquor, provided by the SNAM facility (Viviez, France), was produced at
the SNAM facilities in a pilot-scale reactor using sieved (<100 µm) BM powder that was
prepared from Ni–MH cells with prismatic geometry from first-generation hybrid vehicle
batteries. The leaching process was carried out under the following conditions:

• Washing of BM at 40 ◦C, solid–liquid ratio (S/L) = 0.2, for 1 h at pH 6, in order to
remove residual electrolyte salts (mostly composed of water-soluble KOH);

• Drying at 80 ◦C for 12 h;
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• Dissolution of BM in sulfuric acid solution at regulated pH = 1 and 50 ◦C, S/L = 0.15,
for 22 h.

As several leaching batches were performed to provide the PLS used in this study,
the resulting leachates were mixed. The chemical composition of the resulting solution,
determined by spectroscopy analysis, is provided in Table 1 (see Section 2.3.1 for analytical
protocol). Ni was the most concentrated metal (46 g/L) and the total concentration of REEs
was above 13 g/L. Sodium was below the detection limit, whereas the residual potassium
concentration was at 0.75 g/L, indicating incomplete washing of the BM. The total sulfur
concentration (133 g/L) was calculated based on sulfur analysis measured by ICP.

Table 1. Composition (g/L) of synthetic (synth-) solutions and industrial PLS.

Solution synth-La synth-Ce synth-LaCe PLS

pH at 25 ◦C 1.3 1.3 1.3 1.0
Ni 45.83 ± 1.22
Co 5.65 ± 0.15
Mn 2.33 ± 0.07
Zn 0.47 ± 0.02
Fe 1.31 ± 0.05
Al 1.33 ± 0.03
K 0.78 ± 0.05
La 8.38 ± 0.36 6.62 ± 0.05 8.64 ± 0.25
Ce 8.64 ± 0.12 6.90 ± 0.10 3.10 ± 0.09
Pr 0.64 ± 0.04
Nd 1.04 ± 0.03

Sum of REEs 8.38 ± 0.36 8.64 ± 0.12 13.52 ± 0.15 13.42 ± 0.38

Additional synthetic solutions, whose compositions are provided in Table 1, were
prepared to synthesize pure double salts of La and Ce (synth-La and synth-Ce), as well as
a mixture of both elements (synth-LaCe). The solutions were prepared by adding 1 kg of
water into the reactor with subsequent heating to 60 ◦C. Then, the sulfuric acid solution was
added to adjust the pH of the solution to 1.3. The pure sulfate compounds (La2(SO4)3·9H2O
or/and Ce2(SO4)3) were then added and dissolved in the solution.

2.3. Analytical Methods
2.3.1. Liquid Phase Analyses

Metal concentrations in the PLS and in the samples drawn during the precipitation ex-
periments were determined by inductively coupled plasma–optical emission spectroscopy
(ICP–OES, HORIBA Jobin Yvon ULTIMA 2, Palaiseau, France). All samples were diluted
40 times in distilled water. The calibrations were made by measurement of standard so-
lutions spanning the expected sample concentration range. The standard solutions were
prepared by dilution of commercial standard solutions in 3 wt% H2SO4 solution to reach
the desired concentration range.

2.3.2. Solid Phases Characterizations

The elemental composition of the precipitated solids was also determined by ICP–OES
analysis, with a preliminary dissolution using a microwave digestion system (CEM MARS
6, Charlotte, NC, USA). The dissolution was conducted by adding 0.5 g of the solid sample
and 12 mL of aqua regia solution (3 mL of HNO3 solution + 9 mL of HCl solution) into the
digestion vessel. The dissolution was carried out using an iPrep kit at 210 ◦C for 30 min.
After that, the obtained solution was diluted 1000 times to proceed with ICP–OES analysis.

The structural characterization of the synthesized solid phases was performed by
powder X-ray diffraction analysis (XRD BRUKER D8 Endeavor equipped with a LynxEye-
XE-TTM detector with energy resolution < 380 eV (Cu Kα), which enables the filtering of
unwanted scattering) in the measurement range 2θ of 10–100◦ with 0.02◦ step. Phase identi-
fication was performed with DiffracPlus EVA and Match!3 software (version 3.15) combined
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with the ICCD-PDF and Crystallography Open Database (COD) database. Profile match-
ing refinement (or pattern decomposition using Le Bail method [38]) was subsequently
performed with the Fullprof/WinPlotR software (version 7.95) [39].

Microscopic observation and qualitative elemental analyses were performed by scan-
ning electron microscopy (SEM) and energy dispersive spectroscopy (EDS) analysis (JSM-
7100F field emission gun SEM attached with EDS Oxford ASDD X-Max 50 mm2, Les Ulis,
France). The solid samples were deposited on carbon tape for direct SEM observation. In
order to implement EDS analysis, a compacted tablet was prepared by applying around
5 tons on 0.5 g of powder placed in a cylindrical compaction mold. Then, the tablet was
embedded in a non-conductive phenolic resin, leaving an open, smooth and dense surface
of the sample for EDS analyses.

The water content in solid products was measured by thermogravimetric analysis
(TGA, TGA/DSC1 Mettler Toledo). The solid samples were heated under nitrogen from
25 to 500 ◦C with isothermal steps at 105 and 500 ◦C, both for 15 min. The first step
aimed to remove residual moisture, while the second was performed to achieve complete
dehydration of the sample. The heating rate was 10 ◦C/min.

A Mastersizer 3000 device (Malvern Panalytical, Palaiseau, France) equipped with
a dry powder disperser (Aero S) was used to determine the particle size distribution of
the samples.

2.4. Experimental Protocols
2.4.1. Precipitation of REE Double Sulfates Salts

The precipitation reactions were carried out in a 2 L jacketed round bottom glass
vessel, equipped with 4 wall-mounted glass baffles and a mechanical stirrer made of a
4 bladed turbine with 45◦ inclined blades covered with Teflon. The reaction temperature
and pH were controlled throughout the process using a thermocouple and a pH probe.
Each experiment started with the addition of 1.5 L of the PLS into the reactor. Subsequently,
the solution was heated to 60 ◦C with continuous stirring. Then, the precipitation agent,
consisting of a 2.87 mol/L Na2SO4 solution pre-heated at 40 ◦C, was added to the reactor
using a single-jet injection device at a constant flow rate. In the first set of experiments, the
stirring rate was varied from 400 rpm to 640 rpm while the mass flow was kept constant
at 7 g/min (corresponding to 5.4 mL/min with a reactant density of 1.30 g/mL). In the
second set of experiments, the flow rate was increased from 7 g/min to 14 (10.8 mL/min)
and 20 g/min (15.4 mL/min), while the stirring rate was fixed at 550 rpm. The total added
amount of Na2SO4 reactant was kept constant for each test, corresponding to a molar ratio
of Na:REE = 3.6:1 (see Section 3.1 for more details). All experiments (corresponding to a
given set of parameters) were performed in duplicate.

At the end of the Na2SO4 addition, the suspension was stirred at a constant tempera-
ture for 1 h and was then filtered using a Büchner setup (d = 180 mm; pore size 16–40 µm)
to recover a Ni-rich solution on one hand and an REEs-rich filter cake on the other hand.

The synthetic Na–La, Na–Ce and mixed Na–La–Ce double sulfate salts were precipi-
tated from the synthetic solutions by adding the 2.87 mol/L Na2SO4 solution at 7 g/min.
The added volume of sodium sulfate solution varied from 80 mL to 120 mL depending on
the initial concentration of REEs.

Liquid samples were drawn during the experiments (using a plastic syringe with a
filter of 0.45 µm pore size) and diluted with distilled water for elemental analysis using
ICP–OES. The precipitation yield (%Yi(t)) of metal i was calculated via Equation (2), where
Ci

t (g/L) and Vt (L) are respectively the concentration of metal i and the volume of solution
at a given time and Ci

init and Vinit are the initial concentration of metal i and volume of PLS
added into the reactor:

%Yi(t) =

(
1− Ci

t ·Vt

Ci
init ·Vinit

)
· 100% (2)
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The precipitation yield of the sum of REE (%YREE(t)) was calculated by Equation (3):

%YREE(t) =

(
1− nLa

t + nCe
t + nPr

t + nNd
t

nLa
init + nCe

init + nPr
init + nNd

init

)
· 100% (3)

where nLa
t , nCe

t , nPr
t , nNd

t represent the respective number of moles of La, Ce, Pr and Nd in
the solution at a given time and nLa

init, nCe
init, nPr

init, nNd
init represent the respective number of

moles of La, Ce, Pr and Nd in the initial solution.

2.4.2. Washing of REE Double Sulfates Salts

After the initial filtration, filter cakes underwent washing with water. The washing
operation was carried out in successive steps in order to evaluate the effect of the amount
of water on the removal of impurities and estimate the losses of REEs in the filtrate.
This consisted of pouring distilled water on the surface of the filter cake (still placed on
the Büchner device). In the first set of experiments, 250 mL of water at RT was poured
10 times (2.5 L in total). Then, the total amount of added water was decreased to 1 L
with water addition in 6 steps: 2 × 100 mL and 4 × 200 mL. Water was either at RT or
60 ◦C, to investigate the influence of temperature on the washing process and to potentially
minimize the loss of REEs due to re-dissolution. After each washing/filtration step, the
aqueous solution was collected and its elemental composition was analyzed by ICP–OES.
All filter cakes were dried at 90 ◦C in an oven for about 1 day. Weighing before and after the
drying enabled the determination of moisture content. Solid samples taken from the filter
cakes were subsequently analyzed. The “non-washed product” is the product derived from
the filter cake obtained after the initial suspension filtration, while the products obtained
after washing are referred to as “washed products”.

The entire flow-chart of the precipitation-washing experiments is shown in Figure 1.
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3. Results and Discussion
3.1. Preliminary Thermodynamic Calculations

The variation of REE precipitation yield when adding Na2SO4 addition was evalu-
ated by thermodynamic modeling using the OLI studio module (v11.0) of the OLI Sys-
tems software. This program implements the mixed-solvent electrolyte (MSE) model for
concentrated electrolyte solutions [36]. The OLI–MSE database includes a specific ther-
modynamic description of the system’s rare earth sulfates/sodium sulfate/sulfuric acid
/water [37] and is thus well adapted to represent the chemical system. As illustrated in
Figure 2, the calculated solubility of monohydrated sodium–lanthanide double sulfate salts
Na2REE2(SO4)4·2H2O (with REE = La and Ce) in aqueous solution with various contents
of H2SO4 at 25 ◦C reproduces the experimental data from the work by Lokshin et al. [40].
However, as later discussed in this article, the model does not integrate the potassium dou-
ble sulfate salts KREE(SO4)2·H2O, which possess an intermediate solubility level between
sodium double sulfate salts and simple REE sulfates (LaSO4·9H2O and CeSO4·8H2O).
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Figure 2. Solubility of La (a) and Ce (b) salts (g of REE/L of solution) in H2SO4–H2O media at
25 ◦C (calculated with OLI–MSE [35]; experimental data for Na, K–La, Ce double sulfate salts from
Lokshin et al. [40]).

The calculation procedure, implemented and discussed in our previous work [35],
was reproduced in the present work, with a slightly different initial PLS composition.
The composition of the input PLS corresponded to the chemical composition provided in
Table 1, from which 11 elements were introduced in the form of their corresponding sulfates
(M2SO4, MSO4 or M2(SO4)3 depending on the oxidation state of element M). The pH of
the simulated PLS was adjusted to the experimental value (pHmes = 1.0) by the addition
of sulfuric acid. The temperature was fixed at 60 ◦C. The calculations consisted in mixing
1.5 L of the PLS with an increasing volume of a 2.87 mol/L Na2SO4 solution to simulate the
addition of the reactant.

As shown in Figure 3, which presents the calculated proportion of the element in the
aqueous phase versus the molar ratio Na:REE, the precipitation of REEs is expected to be
a highly selective process, as no element other than Na and REEs should precipitate. In
agreement with Equation (1), the calculations indicate the formation of four monohydrated
sodium–lanthanide double sulfate salts with the form NaREE(SO4)2·H2O (REE = La, Ce,
Pr, Nd). Due to slight differences in equilibrium constants, the calculations predict that the
elements should precipitate in the following order: La first, then Nd, Pr and Ce.
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Figure 3. Rates of metal elements in solution calculated at thermodynamic equilibria as a function of
the addition of 2.87 mol/L Na2SO4 solution in the industrial PLS at 60 ◦C.

While considering the mass balance, the addition of one mole of Na per mole of REEs
may be sufficient to recover all REEs as double sulfates in accordance with Equation (1),
the calculations plotted in Figure 3 show that a significant excess of Na2SO4 is required to
obtain a high REE recovery. A precipitation yield of REEs over 99% can only be reached
with a Na:REE molar ratio of 19:1. Such an addition of reagent is not acceptable as it
would cause significant dilution to the remaining solution, and thus a lower efficiency
in subsequent metal recovery steps, particularly for Ni. Moreover, as shown in Figure 3,
yields higher than 95% can be obtained for much lower additions. In this work, a Na:REE
ratio of 3.6:1 was selected, which should allow for a precipitation efficiency of 96.9% to be
reached for the weighted sum of the four REEs (99.4% for La, 89.3% for Ce, 96.4% for Pr and
99.0% for Nd). According to these calculations, the resulting solid phase should consist of a
mixture of the four double sulfate salts, and be free of other elements present in the PLS.

3.2. Precipitation of REEs from PLS: Experimental Yields

Precipitation experiments were carried out according to the protocol described in
Section 2.4.1. The precipitation yields corresponding to a standard experiment (T = 60 ◦C,
Na:REE = 3.6, stirring rate 550 rpm and reactant flow rate of 7 g/min) are presented in
Section 3.2.1. Then, the influence of stirring rate and flow rate on the REE precipitation
yields are evaluated in Section 3.2.2.

3.2.1. Standard Experiment

Figure 4 shows the evolution of REE precipitation yields with time (100-%Yi(t), derived
from Equations (2) and (3)) for the standard conditions. After 80 min, the experimental
yields were 95.7 ± 0.2 mol% for La, 98.8 ± 0.3 mol% for Ce and 99.1 ± 0.2 mol% for Nd.
The total yield of REEs reached 96.3 ± 0.2 mol%. The time evolution revealed that REEs
precipitated with a short (<10 min) induction time, and that the majority of precipitation
(>90%) occurred by the end of Na2SO4 addition. Furthermore, in contrast with equilibrium
calculations, the precipitation appeared to be simultaneous for all REEs.

No precipitation of transition metals (Ni, Co, Mn, Zn, Fe, Al) could be evidenced by
the analysis of the aqueous phase samples. It can be noted that the rates of Ni and Al
reported in Figure 4 vary slightly, sometimes exceeding 100% (maximum 103%). This is
attributed to the sum of several uncertainties in the determination of the values according
to Equation (2): the determination of concentrations (Cinit and Ct) and, primarily, the total
volume of the solution at the time of sampling (Vt). Indeed, the volume is estimated by the
sum of the initial volume and the added reactant, thus neglecting the mixing contribution
as well as the formation of solid phases involving water molecules.
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Figure 4. Evolution of the REE concentrations in the aqueous phase with time during the addition of
2.87 mol/L Na2SO4 solution at 60 ◦C and ripening time for 1 h.

Figure 5a provides a comparison between the REE precipitation yields predicted
by thermodynamic calculations and those determined from the analysis of the aqueous
solution. The overall agreement is rather good, particularly for the total REE yield. The
slight overestimation of the thermodynamic calculation could be attributed to an incomplete
reaction after 80 min. However, considering individual elements and the standard deviation
of the experiments, we find that the measured yield of Ce is considerably higher than
expected by calculation, whereas Nd is equivalent and La is significantly lower. This
discrepancy is most likely attributed to the model, as discussed in Section 3.5. As illustrated
in Figure 5b, the influence of the Na:REE ratio on the overall precipitation efficiencies
obtained in this work as well as in the works of Zielinski et al. (at 60 ◦C) [33] and Porvali
et al. (at 50 ◦C) [29] are consistent with thermodynamic predictions. This analysis confirms
the discussion related to preliminary thermodynamic calculations (Figure 3), showing that
a significant excess of Na2SO4 is required to obtain a high (>99%) recovery of REEs.
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Figure 5. (a) Comparison of experimental and calculated yields of precipitation of rare earth ele-
ments after standard precipitation experiment (60 °C, 7 g/min of 2.87 mol/L Na2SO4, Na:REE = 3.6:1, 
550 rpm, 1 h of ripening) and (b) comparison between calculated and experimental amount of REEs 
in solution as a function of the Na:REE molar ratio (with exp. data from [31,35]).
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Figure 5. (a) Comparison of experimental and calculated yields of precipitation of rare earth elements
after standard precipitation experiment (60 ◦C, 7 g/min of 2.87 mol/L Na2SO4, Na:REE = 3.6:1,
550 rpm, 1 h of ripening) and (b) comparison between calculated and experimental amount of REEs
in solution as a function of the Na:REE molar ratio (with exp. data from [31,35]).
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The elemental mass balance comparing the initial PLS with the resulting filtrate is
detailed in Table 2. This balance was established using elemental ICP analysis and the
measured mass of both solutions. It was found that 95.7% of Al and Ni, >99% Co, Mn, Fe,
and Zn were recovered in the filtrate, confirming the efficiency of the applied method for
the selective removal of REEs from the PLS.

Table 2. Elemental mass balance comparing the initial PLS with the REEs-depleted filtrate.

Element Ni Co Mn Zn Fe Al K La Ce Pr Nd Sum of
REEs

Initial PLS
(1769 g)

Weight, g 68.75 8.48 3.50 0.70 1.96 2.00 1.12 12.96 4.64 0.96 1.56 20.12
Distribution

ratio, % 100 100 100 100 100 100 100 100 100 100 100 100

Filtrate
(1780 g)

Weight, g 65.75 8.42 3.49 0.69 1.95 1.91 0.34 0.58 0.08 0.13 0.01 0.80
Distribution

ratio, % 95.6 99.4 99.9 99.2 99.8 95.7 30.4 4.4 1.6 13.9 0.9 4.0

The losses in Ni and Al between the initial PLS and the filtrate are unlikely to be
attributed to a precipitation reaction due to (i) their constant concentration in the solution
over the experiment (Figure 4), and (ii) the absence of any formation of solid compounds
containing Ni or Al, as indicated by thermodynamic calculations (Figure 3). As further
discussed in Section 3.3, the main hypothesis is that Ni and Al losses occur during the
filtration operation, notably due to the partial trapping of the solution in the filter cake.

Additionally, it is worth noting that only 30% of K was recovered in the REEs-depleted
solution, indicating a potential co-precipitation of K-containing compounds. Due to the
large excess of Na2SO4 added during the precipitation reaction, the final solution contains
a rather high content of Na (almost 5 g/L, not shown in the mass balance).

3.2.2. Influence of Hydrodynamic Parameters

The influence of the stirring rate and reactant flow rate on the precipitation reaction
was evaluated. For this purpose, the agitation was first varied from 400 rpm to 638 rpm
(standard experiments were carried out at 550 rpm) while other parameters were kept
constant (temperature of 60 ◦C, flow rate of 7 g/min of 2.87 mol/L Na2SO4 and Na:REE
molar ratio of 3.6:1). Second, different flow rates (from 7 g/min to 14 g/min and 20 g/min)
were applied, while stirring (550 rpm), temperature (60 ◦C) and Na:REE (3.6:1) were kept
constant. The resulting experimental yields are plotted as a function of time in Figure 6a,b.

Regarding the effect of stirring rate (Figure 6a), it can be observed that the initial
slope of the curve for 638 rpm was steeper than that at 400 rpm. This indicates that
there was a corresponding increase in the rate of crystal production as a result of stirring
rate augmentation. This suggests a diffusion-controlled reaction. Meanwhile, the yield
of precipitation after 1 h of ripening time was almost independent of the stirring rate.
Specifically, the yield at 638 rpm was only 2% higher than that at 550 rpm. That means that
the system reached equilibrium. Therefore, for future experiments, the stirring rate was
fixed to 550 rpm, corresponding to a power of 1.29 W/kg of solution estimated using the
Zwietering correlation and the properties of the experimental setup (stirrer type and its
diameter, density of the solid/liquid phases and kinematic viscosity).

Regarding the effect of the Na2SO4 addition flow rate (Figure 6b), the induction period
of REE precipitation was shorter at higher flow rates. This can be explained by the increased
concentration of sulfate and sodium ions, which leads to higher supersaturation of the
solution and shifts the reaction (Equation (1)) towards the products. The variation in
precipitation yields was not significant: after 1 h of ripening time, 92.8% of REEs were
removed from the solution at 7 g/min, whereas at 14 and 20 g/min, the final yields were
94.2% and 94.7%, respectively. It is worth noting that the precipitation of other metal
elements was not observed at any flow rate.
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Figure 6. Influence of hydrodynamic parameters on the precipitation reaction of REEs (a) stirring rate
(T = 60 ◦C; Na:REE = 3.6:1; Na2SO4 = 7 g/min) and (b) Na2SO4 flow rate (T = 60 ◦C; Na:REE = 3.6:1;
550 rpm).

The particle size distribution measurements of the washed products (see Figure 1) are
summarized in Table 3. The variation of stirring rate (samples 1–2) and feed rate (samples
1–3) was not found to modify the particle size distribution significantly. For instance, D
[4,3] values were about 16–19 µm. On the other hand, when the ripening time was extended
from 60 to 99 min (sample 4), the D [4,3] value increased to 28 µm, which shows a strong
effect of ripening time on particle agglomeration.

Table 3. Particle size distribution of washed samples obtained in various hydrodynamic conditions.

Sample ID 1 2 3 4

Parameters

550 rpm;
FR = 7 g/min;

60 min of
Ripening

638 rpm;
FR = 7 g/min;

60 min of
Ripening

550 rpm;
FR = 14 g/min;

60 min of
Ripening

550 rpm;
FR = 20 g/min;

99 min of
Ripening

Dx (10), µm 3.95 4.48 4.34 5.60
Dx (50), µm 15.8 16.2 13.5 24.2
Dx (90), µm 37.2 36.9 34.2 55.8
D [4,3], µm 18.2 18.5 16.7 27.8

Span 2.107 2.005 2.213 2.075

FR—feed rate of 2.87 mol/L Na2SO4;
All samples were precipitated at 60 ◦C;
A solution of 2.87 mol/L Na2SO4 was added to the ratio Na:REE = 3.6:1;
Ripening time was 60 min for all samples except sample 4 (99 min)

In conclusion, the results related to the influence of hydrodynamic parameters during
the precipitation of REEs mostly demonstrate that the precipitation process is very robust,
with little influence of stirring rate and reactant feed rate on the composition of the aqueous
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solution. The following sections present the results related to the washing step and product
analysis in standard conditions, which are representative of applicable industrial conditions.

3.3. Washing of the REE Precipitates
3.3.1. Composition of the Filtrate during Multi-Step Washing

This section is devoted to the washing of the filter cakes obtained by filtration of the
suspension following the precipitation reaction under standard conditions (60 ◦C, 550 rpm,
7 g/min of 2.87 mol/L Na2SO4, Na:REE of 3.6:1 and 1 h of ripening). As described in
Section 2.4.2 and Figure 1, the filter cakes were washed with successive additions of distilled
water. Four different filter cakes were prepared: one that was obtained without washing,
and three that were washed with 2.5 L of water at 25 ◦C, 1 L of water at 25 ◦C, and 1 L of
water at 60 ◦C. The overall moisture of each filter cake, determined by weighing before and
after 24 h drying, was between 26 and 28 wt% (for a dried mass of about 45 g).

Figure 7a,b represents the concentration evolution of Ni and REEs in washing liquors
as a function of the amount of water passed through the filter cake. The data show that
the first filtrates were highly loaded in Ni (around 25 g/L in the first filtrate, and 4 g/L
in the second), and depleted in REEs (less than 0.35 g/L in the first filtrate). In relation to
the moisture content of the first filter cake (28 wt%), the experiments showed that the first
additions of water efficiently removed the solution trapped in the filter cake, corresponding
to the REEs-depleted solution that contained high Ni concentration and low amounts of
REEs (see Table 2). Then, Ni concentration sharply dropped to 0.01 g/L in the filtrate after
1 L of washing water addition. In further steps, Ni concentration remained at a very low
level, indicating that washing was completed.
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Figure 7. Concentrations (g/L) of (a) Ni and (b) REEs in filtrates during filtration-washing steps. (c) 
Ce:La and Nd:La ratios (g/g) in the filtrates. (d) Comparison of Ni and REE concentrations in the 
filtrates during washing by 2.5 L of H2O. 

After the initial washing, some REEs were entrained in the washing solutions (Figure 
7b) due to partial re-dissolution of the solid product. Indeed, the concentration of REEs 
increased in the first steps and was then constant (at about 1.2 g/L for the sum of REEs) 
once the Ni washing was completed. The total losses of REEs in the filtrate after washing 
with 1 L of H2O were about 5 wt% of the initial quantity of REEs in the solid phase (1 g of
19.4 g in the filter cake). For a washing volume of 2.5 L, the losses increased up to 15 wt% 
(3 g of 19.4 g in the filter cake). Furthermore, as shown in Figure 7b, the increase in water 
temperature up to 60 °C did not significantly modify the REE redissolution. This indicates 
that the washing step did not reach thermodynamic equilibrium, as the solubility of REE 
double sulfate salts is significantly lower at 60 °C than at 25 °C. Indeed, according to the
data compiled by Das et al. [37], the solubility of REE double sulfate salts in pure water is
divided by two between 25 and 60 °C. 

The weight ratios Ce/La and Nd/La in the washing waters are plotted in Figure 7c. 
The data indicate that the initial dissolution of La was favored over Ce and Nd, and then 
quickly reached the ratio of the initial PLS. The dissolution of REEs was then congruent. 

As illustrated in Figure 7d, the main conclusion related to the implementation of the 
washing operation is that determining the quantity of washing water is crucial to reaching 
maximum nickel removal while minimizing the losses of REEs caused by re-dissolution.

Figure 7. Concentrations (g/L) of (a) Ni and (b) REEs in filtrates during filtration-washing steps.
(c) Ce:La and Nd:La ratios (g/g) in the filtrates. (d) Comparison of Ni and REE concentrations in the
filtrates during washing by 2.5 L of H2O.
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After the initial washing, some REEs were entrained in the washing solutions (Figure 7b)
due to partial re-dissolution of the solid product. Indeed, the concentration of REEs
increased in the first steps and was then constant (at about 1.2 g/L for the sum of REEs)
once the Ni washing was completed. The total losses of REEs in the filtrate after washing
with 1 L of H2O were about 5 wt% of the initial quantity of REEs in the solid phase (1 g of
19.4 g in the filter cake). For a washing volume of 2.5 L, the losses increased up to 15 wt%
(3 g of 19.4 g in the filter cake). Furthermore, as shown in Figure 7b, the increase in water
temperature up to 60 ◦C did not significantly modify the REE redissolution. This indicates
that the washing step did not reach thermodynamic equilibrium, as the solubility of REE
double sulfate salts is significantly lower at 60 ◦C than at 25 ◦C. Indeed, according to the
data compiled by Das et al. [37], the solubility of REE double sulfate salts in pure water is
divided by two between 25 and 60 ◦C.

The weight ratios Ce/La and Nd/La in the washing waters are plotted in Figure 7c.
The data indicate that the initial dissolution of La was favored over Ce and Nd, and then
quickly reached the ratio of the initial PLS. The dissolution of REEs was then congruent.

As illustrated in Figure 7d, the main conclusion related to the implementation of the
washing operation is that determining the quantity of washing water is crucial to reaching
maximum nickel removal while minimizing the losses of REEs caused by re-dissolution.

3.3.2. Effect of Washing on Particle Morphology

SEM images of non-washed and washed samples are provided in Figure 8. A compar-
ison of the two images reveals that the shape of crystals after washing is more rounded,
indicating a partial re-dissolution of the solid phase. That is consistent with the wash
water analysis (Figure 7b) which demonstrated a partial re-dissolution of REEs over the
washing step.
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3.3.3. Effect of Washing on the Composition of the REE Precipitate

Samples from the four dried filter cakes were analyzed to monitor the influence of the
washing procedure. Their elemental compositions, determined by ICP–OES analysis (see
Section 2.3.2) in mg per g of product, are gathered in Table 4. We see first that the solid
products are mostly composed of REEs and Na, which is consistent with the formation of
REE–alkali double sulfates. This overall composition will be discussed in more detail in
Section 3.4.1.
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Table 4. Influence of washing on the elemental composition of solid phases obtained from indus-
trial PLS.

Sample Ni La Ce Pr Nd K Na Na:REE (Na + K):REE
mg/g of Solid mol/mol

Non-washed 23.7 281.9 102.1 44.7 32.9 12.4 65.6 0.94 1.04
1 L of H2O at RT 1.2 310.3 113.3 49.4 35.7 14.0 69.0 0.87 0.98

2.5 L of H2O at RT 1.3 304.9 114.1 48.5 35.6 14.7 68.5 0.88 0.99
1 L of H2O at 60 ◦C 2.1 317.0 113.6 50.8 37.0 13.6 70.3 0.88 0.98

The concentration of Ni was rather high in the non-washed product (>23 mg/g), and
decreased to 1–2 mg/g in the washed samples, which confirms the effectiveness of the
washing protocol. This also suggests that Ni did not precipitate in the same phase as REEs.
The concentration of other metal impurities in the washed products was about 0.4 mg/g
for Al, 0.1 mg/g for Fe, and below 0.1 mg/g for other metals (Co, Mn, Zn).

Two complementary characterization techniques were used to further investigate the
behavior of Ni in the filter cake. First, chemical mapping by SEM–EDS analysis of the
compacted powders (Figure 9a,b) enabled the localization of nickel-containing particles in
the non-washed product, while these particles were absent in the washed sample. Local
mapping of the Ni and lanthanides clearly indicated the presence of a 50 µm Ni-rich
zone and a heterogeneous localization of La in the non-washed sample (Figure 9a). In
contrast, Ni was no longer detected in the washed sample (Figure 9b). Furthermore, in all
observations, Na and S were distributed homogeneously over the same areas as REEs.

Second, the XRD patterns of the non-washed and washed powders are presented in
Figure 9c. In both cases, a trigonal main phase (space group P3121 (152)) of NaREE(SO4)2·H2O
type was detected. In the case of the non-washed product, additional peaks located at
2θ = 18.6◦ and 2θ = 26.6◦ (highlighted in the inset of Figure 9c) revealed the presence of a
secondary phase which could be a monoclinic nickel sulfate (space group C12/c1 (15)) of
type NiSO4·H2O.

These results confirm the fact that the residual Ni contained in the non-washed product
formed a specific phase and did not enter into the structure of the rare earth double sulfate
salts. The formation of the nickel sulfate compound most likely occurred from the trapped
solution (which represents 28 wt% of the total mass of the filter cake) during drying,
according to Equation (4). The driver of the precipitation reaction is the evaporation
of water.

Ni2+
(aq) + SO2−

4 (aq) + H2O(liq) � NiSO4 ·H2O(s) (4)

3.3.4. Adjustment of the Washing Protocol for Minimizing Ni Losses

The set of results concerning the washing of the filter cake allows several conclusions
to be drawn concerning the treatment of PLS. First, as the initial Ni concentration in the
filtrate is high, with a low REE content, an interesting option is to first add filtrates in
the REEs-depleted solution to minimize the overall Ni losses during the REE recovery
operation. As illustrated in Figure 10, in the specific case of our filtration device, a volume
of 200 mL containing 3.1 g of Ni can be added to the ~1.5 L of REE-depleted solution. This
lowers the total Ni losses to about 1% related to the initial nickel content of the PLS.

Second, the amount of additional water to be used for the removal of remaining Ni and
other impurities (mainly Fe and Al) in the filter cake must be carefully controlled in order to
minimize the re-dissolution of REEs as well as the amount of wastewater. The appropriate
amount of washing water (if any) will strongly depend on the subsequent processing step
of the double sulfate salts, and thus cannot be precisely specified at this stage. Indeed,
as further discussed in the conclusion of this article, various re-dissolution/precipitation
processes can be considered for the double sulfate salts conversion. For each of these
processes, it is crucial to investigate the behavior of remaining impurities and the resulting
contamination of the final REE product.
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Figure 9. SEM–EDS elemental mapping of (a) non-washed and (b) washed Na–REE double sulfate
salts (EDS spectra are outlined in the supplementary materials). (c) Corresponding XRD patterns with
the non-washed sample in black and with the washed sample in grey. Bragg’s peak of the trigonal
NaREE(SO4)2·H2O and NiSO4·H2O are represented in blue and green, respectively.
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3.4. Characterization of the Washed REE Product

This section reports further characterizations of the product containing REEs prepared
under standard conditions (60 ◦C, 550 rpm, 7 g/min of 2.87 mol/L Na2SO4, Na:REE of
3.6:1, 1 h of ripening), with a washing protocol consisting of the addition of 2.5 L distilled
water. While the usual description of the precipitation reaction is the formation of Na–REE
double sulfate salts according to Equation (1) [23,24,27,32], the chemical analysis of the
washed product originating from the industrial PLS showed a more complex situation.

3.4.1. Chemical Composition

As shown in Table 1, despite preliminary washing of BM powder to eliminate the
residual KOH electrolyte before leaching, the initial PLS contained ca. 0.8 g/L of K, which
decreased to about 0.2 g/L after the precipitation reaction. As evidenced in the chemical
analyses provided in Table 4 and the elemental mapping in Figure 9a, potassium was found
in the products (about 15 mg/g of washed product, in comparison with about 70 mg/g
of Na), which indicates the co-precipitation of this element during Na2SO4 addition. The
most likely reaction is that according to Equation (5), since it is established that K can form
sparingly soluble REE double sulfates (Figure 2, [38]).

REE3+
(aq) + 2 SO2−

4 (aq) + K+
(aq) + H2O (aq) � KREE(SO4)2 ·H2O (s) (5)

The main driver for this precipitation reaction is the addition of sulfate anions in
the solution through the Na2SO4 reactant, Equation (5) is thus a concurrent precipitation
reaction of Equation (1). The calculation of the Na:REE and (Na + K):REE molar ratios in the
washed solids, provided in Table 4, supports the hypothesis of the formation of K-salts on
top of Na-salts. Indeed, while the molar ratio Na:REE is less than 1, the ratio (Na + K):REE
is about 1, which is consistent with the molecular formula of the double sulfate salts. Such
co-precipitation of K has been previously mentioned by Porvali et al. [31], based on the
observation of the decrease of the concentration of K in the aqueous solution (from 0.3 g/L
in the PLS to about 0.05 g/L after the precipitation reaction).



Batteries 2023, 9, 574 17 of 24

As evidenced in Table 5, the molar ratio of REEs in the initial leach solution is similar
to the molar ratio in the obtained double sulfate salts and does not change over the washing.
Taking into account the way in which REEs precipitated simultaneously from the PLS
(Figure 4) and the fact that the molar ratio of REEs in the solid phase is equal to that in the
PLS, it can be suggested that, rather than four individual sodium–REE double sulfates salts,
as predicted by modeling, only one solid solution phase formed during precipitation.

Table 5. Respective proportions (in mol%) of REEs in the initial PLS and in the solid phases before
and after washing (avg. values).

La Ce Pr Nd

PLS 64.8 23.0 4.7 7.5
Solid phase before washing 64.9 23.5 4.2 7.4
Solid phase after washing 65.0 23.6 4.1 7.3

Three washed samples were submitted to TGA analysis to determine their structural
water content (conditions are specified in Section 2.3.2). The resulting thermograms are
plotted in Figure 11. They show a reproducible weight loss between 180 ◦C and 500 ◦C,
with an average value of about 5.3% ± 0.1%. This behavior is similar to the one reported
by Kolcu et al. [41], who studied the thermal properties of certain Na–REE double sulfate
monohydrates and revealed that a dehydration reaction occurs at a temperature below
300 ◦C. The authors measured weight losses of 5.0%, 4.8% and 5.0% for NaLa(SO4)2·H2O,
NaCe(SO4)2·H2O and NaNd(SO4)2·H2O, respectively [41]. In the case of our product, the
overall dehydration reaction can be drawn as shown in Equation (6).

(Na0.9K0.1)REEs(SO4)2 ·H2O(s)
T∼ 300 ◦C−−−−−−→ (Na0.9K0.1)REEs(SO4)2 (s) + H2O(g) (6)
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The theoretical mass loss corresponding to Equation (6) (with the REE composition
reported in Table 5) is 4.8%, which is in good accordance with the measured value of 5.3%.
The TGA analysis thus confirms that the obtained product is a monohydrate salt.

3.4.2. Structural Characterization

As mentioned in Section 3.3.3, profile matching refinement of the XRD patterns
(Figure 9c) showed that the crystal structure of the washed product corresponds to the
NaCe(SO4)2·H2O structure type [42,43]. This structure belongs to the trigonal P3121 (152)
space group symmetry with a = 7.0395(2) Å and c = 12.9679(3) Å. The unit cell volume (V),
expressed in the hexagonal unit cell axes, is 556.52 Å3 (see Table 6). No other crystallized
phase was detected in this product. The identification of a single di-sulfate phase despite
the presence of several REE cations in the solid phase strongly suggests that the precipita-
tion reaction forms a solid solution containing all REEs with the overall formula (Na,K)(La,
Ce, Pr, Nd)(SO4)2·H2O. Due to their close chemical properties and sizes, REEs tend to
form solid solutions in various types of compounds, including, for example, oxides [44],
nitrates [45], or phosphates [46]. However, as pointed out by Lister et al. [47] the formation
of solid solutions for REE–Na double sulfate salts has not been reported so far.

Table 6. Cell parameters obtained from XRD analysis of the various Na–REE double sulfates prepared
in this study.

Product Preparation
Cell Parameters, Å Volume of the Lattice Cell, Å3

a c Measured Literature

Industrial PLS Washed by
2.5 L of H2O 7.0395(2) 12.9679(3) 556.52 –

synth-La La 7.0523(2) 12.9646(6) 558.41 559.05 [48]
synth-LaCe La0.5Ce0.5 7.0376(2) 12.9456(4) 555.27 –

synth-Ce Ce 7.0195(2) 12.9235(5) 551.47 551.46 [43]

The potential of solid solution formation for such salts was evaluated based on the
structural studies of Iyer et al. [49] and Denisenko et al. [50]. These studies have shown that
the size of the crystal lattice of single NaREE(SO4)2·H2O double sulfate salts (considering
14 REEs, including La, Ce, Nd and Pr) is directly proportional to the size of the REE3+

cations. For this purpose, two simple salts (synth-La and synth-Ce) as well as a mixed
salt (synth-LaCe) were prepared according to the protocol described in Section 2.4.1. XRD
analyses of the three compounds showed that their crystal structure also corresponded to
the NaREE(SO4)2·H2O structure type. Table 6 presents the structural data obtained from
the XRD profile matching refinement. The lattice volumes of synthetic salts based on La
and Ce that were prepared in the present work are nearly identical to those reported in the
literature [43,48]. This validates our synthesis and XRD analysis protocols.

The unit cell volume variations of the salts show a regular lanthanide contraction
from La to Ce as plotted in Figure 12c, where r

(
La3+

IX

)
= 1.216 Å and r

(
Ce3+

IX

)
= 1.196 Å

according to Shannon’s ionic radii table [51]. As illustrated in Figure 12c, there is an
excellent linear correlation between the ionic radii and unit cell volumes for La, mixed
LaCe and Ce synthetic salts. The linear regression comes to:

V = 347 · r
(

REE3+
IX

)
+ 136.6 (7)

where r
(

REE3+
IX

)
is the ionic radius of REE, Å; V is a unit cell volume, Å3.
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Figure 12. (a) The XRD patterns of the synthetic NaLa(SO4)2·H2O, NaCe(SO4)2·H2O and the mixed
compound NaLa0.5Ce0.5(SO4)2·H2O. (b) Output from the profile matching refinement analysis of the
XRD pattern for the washed product obtained from the industrial PLS. (c) Variation of REE double
sulfate unit cell with ionic radius of the corresponding REE.

The perfect agreement between the measured unit cell volume of the mixed salt
and the weighted mean volume of the two simple salts NaLa(SO4)2·H2O (synth-La) and
NaCe(SO4)2·H2O (synth-Ce) represented by Equation (7), is fully consistent with Vegard’s
law and demonstrates the formation of a pure NaLa0.5Ce0.5(SO4)2·H2O solid solution. This
is supported by the absence of any diffraction peak that could correspond to the pure salts
on the XRD patterns of the mixed salt (see Figure 9c and the zoom of the XRD patterns
presented in Figure 12a).

As illustrated in Figure 12c, the product obtained from the industrial PLS, which
contains Pr and Nd in addition to La and Ce, also agrees well with Vegard’s law. Indeed,
the experimental measurement of its unit cell volume indicated in Table 6 (with the corre-
sponding refinement analysis given in Figure 12b) enables one to determine an average
radius of r

(
REE3+

IX

)
= 1.210 Å.

It is also interesting to note that, by using the cationic distribution of 65%, 23.6%, 4.1%
and 7.3% determined by ICP–OES (Table 5) for La3+, Ce3+, Pr3+ and Nd3+ respectively, and
by using their ionic radii (1.216 Å, 1.196 Å, 1.179 Å and 1.163 Å, respectively according
to Shannon’s ionic radii table [51]), an average r

(
REE3+

IX

)
= 1.206 Å is obtained. This

calculated average REE ionic radius is in rather good accordance with the average radius
determined by XRD. The small difference (0.3%) between the ionic radius determined
from XRD refinement analysis (1.210 Å) and the average ionic radius determined from
the overall composition (1.206 Å) may arise from the error of ICP analysis as well as from
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an error in the estimation of the linear contraction of the lattice (Equation (7)). Indeed,
Equation (7) is only determined for La and Ce, i.e., for ionic radii greater than 1.196 Å.
Considering the idea that this equation may have a slightly lower slope over a broader
range of ionic radii, as proposed by Denisenko et al. [50] (V = 346·r

(
REE3+

IX

)
+ 138.8 for

Dy-La), or even by Iyer et al. [49] (V = 299·r
(

REE3+
IX

)
+ 194.0 for Er-La), the average ionic

radius of REEs determined by XRD could be reduced and converge with that calculated
from cationic distribution.

The structural analysis thus confirms the formation of a single solid solution
NaREE(SO4)2·H2O rather than a mixture of several individual phases, which is consistent
with the simultaneous precipitation of REEs (Figure 4). Meanwhile, K on the Na site of the
NaREE(SO4)2·H2O structure was not quantified by XRD analysis, this is likely due to the
low and relatively constant concentration of K in the solids. Furthermore, the unit cell vol-
ume variation of NaREE(SO4)2·H2O is not significantly affected by the Na-site substitution,
as it is mainly governed by the efficient REE3+ ion radius with coordination number 9 [50].
However, although not quantifiable by profile matching refinement, the substitution of Na+

by K+ on the same crystallographic site is very likely. Based on the chemical analysis of the
solid samples (Table 4), the proposed chemical formula for the crystallized phase obtained
from the industrial PLS finally comes to (Na0.9K0.1)(La0.65Ce0.24Pr0.04Nd0.07)(SO4)2·H2O.

3.5. Discussion about the Thermodynamic Model

As described in Section 3.1, when calculating the equilibrium between the PLS and
the Na2SO4 solution, the thermodynamic model embedded in the OLI software predicted
the formation of four individual doubles salts and partially sequential precipitation of REE
ions due to slightly different equilibrium constants for each REE. This contrasts signifi-
cantly with the compound (Na0.9K0.1)(La0.65Ce0.24Pr0.04Nd0.07)(SO4)2·H2O identified in
the present work. Although the model is, to our knowledge, the best available option that
accurately represents the influence of Na:REE ratio on the overall precipitation yield of
REEs (Figure 5b), it does not consider two main features of this complex chemical system.

Firstly, the formation of KREE(SO4)2·H2O salts according to Equation (5), which
have low solubility in sulfuric acid media (Figure 2), should be considered, due to the
presence of K+ ions in the PLS originating from the electrolyte of Ni–MH batteries (Table 1).
Nonetheless, the current OLI–MSE model mentioned in Section 3.1 does not include the K
element and therefore cannot represent such solid phases.

Secondly, our experimental work has demonstrated that the solid product is composed
of a solid solution of the four lanthanides, and potentially a mixture of Na and K salts,
which is not taken into account in the current model. One of the main consequences of
the model’s limitation is that the individual behavior of each REE is not well predicted,
as illustrated in Figure 5a. Indeed, among the four single Na–REE (REE = La, Ce, Pr and
Nd) salts, the Na–Ce double sulfate has the highest solubility constant (e.g., 2.095 × 10−18

at 25 ◦C) in the MSE database. Therefore, the calculation predicts that the Na–Ce salt
precipitation yield is lower than other REEs (Figure 3). When the solid solution forms
instead of individual salts, the solubility constant of each compound is modified due to
additional mixing enthalpies, and the Na–Ce salt becomes less soluble. Thus, the calculated
precipitation yield for Ce (89.3%) is significantly lower than the measured value (98.8%).
This effect is reversed for the Na–La salt, which becomes slightly more soluble when mixed
in the solid solution. This is why the predicted La precipitation yield is higher than what
was measured.

4. Conclusions

This paper has focused on the REE selective precipitation from acid leachates derived
from an industrial black mass prepared from spent Ni–MH batteries. Based on the already
established method of REE precipitation in the form of sodium–lanthanide double sulfate
salts, an industrial starting material was studied with the specific objective of obtaining a
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better characterization of the obtained product and a better understanding of the parameters
driving its purity. The main findings regarding the precipitation reaction and down-stream
processing are as follows:

• In addition to the observed robustness and efficiency of the reaction involving Na2SO4
as a reactant already shown in previous studies, this study demonstrates that, under
suitable operating conditions (Na:REE = 3.6 and T = 60 ◦C), high (>95%) precipitation
yields of REEs can be obtained in a large range of hydrodynamic conditions (flow
rate of the precipitation agent and stirring rate in the precipitation reactor). This
indicates that process scale-up should lead to performant and cost-effective operations
compared with solvent extraction processes.

• The contamination of the REE product by the main elements of the PLS is mainly
attributed to the residual solution remaining in the filter cake (which contained about
28 wt% moisture) and not a result of a concurrent precipitation reaction. Specifically,
the non-washed product has been shown to contain nickel sulfate formed from the
residual solution during the drying of the filter cake.

• Washing the wet filter cake with pure water enables the recovery of a concentrated
nickel sulfate solution that can be reintegrated in the REEs-depleted PLS, thereby
enhancing the overall recovery of Ni (99%).

• Washing the wet filter cake with pure water appears to be highly effective in removing
impurities from the solid product. In fact, the contamination of Ni in the dried product
was significantly decreased from above 20 mg/g to approximately 1 mg/g, while other
impurities (Fe, Al, Co, Zn, Mn) were below 1 mg/g. The amount of washing water to
be used is then a tradeoff between the targeted purity, the re-dissolution of REEs (which
lowers the overall REE recovery yield), and the amount of wastewater generated.

• Structural analyses of the product, along with synthetic double sulfate salts prove that
the precipitate is a solid solution rather than a mixture of individual REE salts. To our
knowledge, this is the first time that such sodium-REE double sulfate solid solution
is evidenced.

• The chemical formula of the obtained solid phase can be expressed as (Na0.9K0.1)
(La0.65Ce0.24Pr0.04Nd0.07)(SO4)2·H2O. The quantitative presence of K in the precipita-
tion product is an important point associated with the use of an industrial PLS.

As already envisaged in recent research [52,53], further processing of the obtained
double sulfate salts is crucial to produce REE products free from sulfates and alkaline
elements. This can be achieved by conversion to hydroxides, oxalates or carbonates. Our
findings emphasize that this processing should (i) take into account the presence of K in
the chemical system and (ii) precisely monitor the behavior of other low-concentrated
impurities (e.g., Ni) in order to adjust the washing step based on various constraints such
as wastewater volumes, REE recovery yield, and the required purity of the end product.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/batteries9120574/s1, Figure S1: EDS spectrum of non-
washed sample; Figure S2: EDS spectrum of washed sample.
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