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The recovery of rare earth elements from spent nickel-metal hydride batteries
by hydrometallurgical processing has become increasingly important in recent
years. The present work investigated the effect of temperature, systems of
adding the reactant, the molar ratio of sodium and lanthanum, and the initial
concentration of six sulfate impurities (Ni, Co, Al, Mn, Fe, and Zn) on the
crystallization of the monohydrate of sodium lanthanum sulfate double salt
(NaLa(SO4)2ÆH2O) crystals from synthetic leachate solutions. The sodium
sulfate reactant was added as an acidic solution by pumping or batchwise as a
solid anhydrate salt to a pregnant lanthanum sulfate solution. Compared to
precipitation with acidic sodium sulfate solution, precipitation with solid so-
dium sulfate yielded smaller single crystals, a greater tendency to form
aggregates, and lower crystal purity. The lowest overall impurity and highest
lanthanum quantity in crystals were obtained by semi-batch reactant adding
performance of Na2SO4 solution at 70�C with Na/La molar ratio of 3. Real-time
monitoring of the count rates of different chord length fractions clearly showed
the influence of crystallization temperature on the precipitation kinetics.

INTRODUCTION

Globally generated electronic waste (E-waste) has
grown rapidly in the past decades because of the
increasing number of electronic devices per person
and the growing number of users. The amount of E-
waste generated globally was 54 metric tons (Mt) in
2019, and generation trend of total E-waste has
increased by 9.2 Mt since 2014 reported by Forti
et al.1 According to the report, the global recycling
rate of E-waste in 2019 was very low; only 17% of
the total E-waste was recycled.

It has been reported that 50% of the E-waste is
personal electronic devices, e.g., computers, smart-
phones, tablets, and TVs, with the remainder being
larger household appliances according to A New
Circular Vision for Electronics: Time for a Global
Reboot report.2 Because batteries are widely used in

portable electronic devices, spent batteries repre-
sent a very large part of this generated E-waste.

Nickel metal hydride (NiMH) batteries are
rechargeable batteries that are commonly used for
portable devices.3 They contain many valuable
materials including rare earth elements (REE).
The collected and pre-treated battery waste may
contain various elements originating from casings
and other residuals of the battery components.4 The
total mass of a single NiMH battery contains 6-10%
of REE elements, as shown in Table I.5–7

There are concerns about the availability and
supply of REE for the production of electronics and
electrical devices in the future, since the availability
of REE is associated with geopolitical constraints.
The European Commission 8 characterized REE as
the highest supply risk among critical raw materi-
als. According to Roskill 9, lanthanum and cerium
are the largest in-demand REE elements in the
world. For instance, in 2017, the consumption of
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these REE elements alone was 85 000 tons, while
the consumption of the remaining REE elements
was 53 000 tons.

Therefore, an increase in the recovery rate of REE
elements from E-waste will be beneficial, both
economically and environmentally.

Hydrometallurgical, pyrometallurgical, or electro-
chemical processes can be used to recover REE and
other valuable materials from spent NiMH batter-
ies.3 Hydrometallurgical processes are widely used
for the recovery of valuable materials from low-
grade ore and secondary raw materials.10

One of the most common hydrometallurgy pro-
cesses involves two major process steps: leaching
and precipitation.3 In the leaching stage, an acid
solution is used to dissolve components from the
NiMH battery, whereby the leachate solution con-
tains REE with many other impurities. After the
removal of residues from the aqueous solution by
filtration, REE is separated from the bulk solution
by precipitation with alkali sulfates, e.g., sodium
sulfates.11

Controlling the precipitation process of REE in an
acidic environment (e.g., sulfuric acid) is very
complex; the interactions between different species
are complicated. Optimal adjustment of pH can
significantly enhance the precipitation of REE from
the acid solution.12–15 In the precipitation of double
salts from acidic solutions, the reactant concentra-
tions are also crucial, as reported by Porvali et al.16

In this study, we investigated the effect of
selected impurities on the precipitation of sodium
lanthanum double salt crystals from a synthetic
solution of NiMH batteries. Two reactant addition
methods were investigated: batchwise addition of
solid Na2SO4 particles and semi-batchwise addition
of Na2SO4 solution to the initial lanthanum sulfate
solution, where addition of solid Na2SO4 provides a
higher supersaturation degree than addition of
acidic Na2SO4 solution. The present work focuses
on lanthanum recovery efficiency with the aim of
maximizing the purity of sodium lanthanum sulfate
double salt crystals. In addition to the precipitation
temperature, impurity concentrations and molar
ratio of sodium and lanthanum impact also the
precipitation of lanthanum sodium sulfate monohy-
drate. The aim of the present work was to define the
most appropriate process conditions for obtaining
pure crystalline double salt.

MATERIALS AND METHODS

Chemicals and Solutions

To investigate the crystallization of the sodium
lanthanum sulfate monohydrate double salt (NaLa(-
SO4)2H2O), pure lanthanum oxide (La2O3,> 99.9%)
and sodium sulfate (Na2SO4,> 99%) dissolved in 1
M H2SO4 were used as a synthetic solution. As
shown in Table I, NiMH batteries contain several
different elements. Thus, to mimic the real compo-
sition of the pregnant leaching solution of NiMH
battery waste, six impurities (NiSO4Æ6H2O > 98%,
CoSO4Æ7H2O > 98%, Al2(SO4)3Æ16H2O > 97%,
MnSO4ÆH2O > 99%, FeSO4Æ7H2O > 99%, and
ZnSO4Æ7H2O > 99%) were added to the synthetic
solution. Experimental series were designed in
which the molar ratio of sodium and lanthanum
(Na/La) and the concentration of the sulfates (Ni,
Co, Al, Mn, Fe, and Zn) were varied at two levels
(Table II).

Precipitation Setup

For each precipitation experiment, 1.63 g La2O3

was dissolved in 200 ml 1 M H2SO4 with sulfate
impurities at the initial concentrations. Usage of
aqueous acidic Na2SO4 solution involved additional
dilution of the pregnant solution, since either 2.15 g
or 6.46 g sodium sulfate was dissolved in 50 ml 1 M
H2SO4. It is worth pointing out that to obtain a
double salt precipitate, the solution has to be acidic.

The lanthanum concentration was kept constant
at 0.05 M in all experiments, and the total sulfate
molar ratio varied between 0.3 mol/mol and 24
mol/mol. The experimental setup scheme is shown
in Fig. 1. The mixture was stirred at a constant
speed (400 rpm). When all the particles had been
dissolved, the solution temperature was adjusted

Table I. Major chemical composition of NiMH batteries

Element Ni Co Fe La, Nd, Ce, Pr Ref.

Cylindrical cells AB5 alloys 36–42 3–4% 22–25% 6–8% 5
Button cells AB5 alloys 29–39 2–3% 31–47% 8–10% 6, 7
Prismatic cells 38–40 2–3 6–9 7–8 6

Table II. Experimental concentration levels

Variables in experiments

Levels

1 2

(Na/La) molar ratio 3 9
[Ni] (mol/L) 0.4 1.2
[Co] (mol/L) 0.5 0.4
[Al] (mol/L) 0.2 0.4
[Mn] (mol/L) 0.25 0.4
[Fe] (mol/L) 0.1 0.4
[Zn] (mol/L) 0.15 0.4
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according to the experimental design (Table III).
Anhydrate sodium sulfate (Na2SO4(s)) was dis-
solved in 50 ml 1 M H2SO4. Next, the acidic Na2SO4

(aq) solution was pumped into the solution. The
diaphragm-metering pump (gamma-X pump) was
used for pumping the sodium sulfate solution into
the mixture. The pumping time used was 15 min for
each experiment. After pumping, stirring of the
mixture was continued for 25 min, allowing desu-
persaturation to occur in the solution. Thus, start-
ing from the pumping time, the total residence time
in the stirred tank was 40 min. The precipitated
solid particles were separated from the mother
liquor by vacuum filtration. The filter cake was

washed with deionized water, and the samples were
dried in an oven at 100�C for 24 h.

Real-time monitoring of count rates of different
chord length fractions with two reactant feeding
systems was studied with the aid of Particle Track,
IC FBRM 4.4 (Focused Beam Reflectance Measure-
ment). The FBRM made investigation of the crys-
tallization kinetics of the sodium lanthanum
monohydrate salt possible. Particle Track gives an
in situ overview of the crystallization process, such
as the starting time of nucleation and trends of
different chord length fractions over time.

Fig. 1. Schematic of the experimental setup during precipitation.

Table III. Initial solution compositions used in semi-batch precipitation experiments with acidic Na2SO4

solution at 70�C (Tests 1 to 8) and in batch precipitation experiments with solid Na2SO4 at 25�C, 50�C, and
70�C (Test 4b)

Impurities, mg/g

Test Na/La (mol/mol) La g Ni/La Co/La Al/La Mn/La Fe/La Zn/La Total g Imp*/g La

1 3 1.389 3.380 0.424 0.194 0.198 3.216 3.765 11.178
2 3 1.389 3.380 3.394 0.010 3.164 0.080 3.765 13.794
3 3 1.389 10.141 0.424 0.003 3.164 3.216 0.141 17.090
4, 4b 3 1.389 10.141 0.424 0.065 3.164 0.080 3.765 17.640
5 9 1.389 10.141 3.394 0.003 0.198 3.216 3.765 20.718
6 9 1.389 10.141 3.394 0.065 0.198 0.080 0.141 14.019
7 9 1.389 3.380 0.424 0.010 3.164 3.216 3.765 13.960
8 9 1.389 3.380 0.424 0.194 3.164 0.080 0.141 7.385

*Ni, Co, Al, Mn, Fe, and Zn
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Analysis of Purity, Crystal Size, and Crystal
Shape

The concentration of each element in the dry solid
samples was analyzed with an ICP-OES Optima
700DV analyzer. The crystalline product was ana-
lyzed with an x-ray diffraction analyzer (XRD Xpert
PRO). Scanning electron microscope (SEM-Hitachi
TM-1000) images were taken of the crystalline
samples. The particle size distribution of the pre-
cipitated double salt crystals was analyzed with a
Malvern Mastersizer 2000� particle size analyzer.
The crystalline product was washed using 25 g pure
water for 10 min at a stirring rate of 360 rpm.

RESULTS

Solubility of Sodium Lanthanum Sulfate
Monohydrate in Pure Water

Higher concentrations of sodium sulfate reduce
the solubilities of lanthanum sulfate and lanthanum
sodium sulfate and their hydrates, as reported in
Silcock’s ‘Solubilities of Inorganic and Organic
Compounds’17 and by Das et al.18 As the solubility
data on obtained precipitate of the monohydrate of
lanthanum sodium sulfate in pure water were not
available, the solid-liquid equilibrium was deter-
mined gravimetrically at three temperatures. To
determine the solubility of monohydrate of sodium
lanthanum double salt in water, 1 g NaLa(-
SO4)2�H2O was mixed with 50 g H2O for 24 h at
three different temperatures. The solubility of the
sodium lanthanum monohydrate double salt
expressed as the anhydrate form in pure water at
25�C and 50�C was almost the same after the
dissolution time of 24 h: 0.25 g NaLa(SO4)2/100 g
H2O and 0.28 g NaLa(SO4)2/100 g H2O, respectively,
whereas at 70�C, the solubility was 0.46 g NaLa
(SO4)2 in 100 g H2O. We would point out here that
the longer dissolution times may result in different
solubility results.

Semi-Batch Precipitation by Adding Acidic
Sodium Sulfate Solution

It was found that sodium lanthanum double salt
precipitation occurred only at the higher tempera-
ture of 70�C when acidic Na2SO4(aq) solution was
pumped into the pregnant solution. The high tem-
perature tests and their initial concentrations are
shown in Table III.

Based on the lower solubility of the pure double
salt in pure water at 25�C (see supplementary
Figure S1), the crystal yield was expected to be
higher at lower temperature. According to the
results, experiments at low temperature (25�C) did
not yield any crystals, whereas precipitation with
the same solutions at 70�C resulted in double salt
crystals. Low temperature experiments were con-
ducted with the similar solution composition as in
high-temperature experiments, but no crystals were
obtained. Thus, the impurities and solution acidity

studied tend to clearly change the solubility of the
lanthanum sodium sulfate double salt. Therefore,
the precipitation temperature is a critical factor for
crystallizing the double salt from the pregnant
solution.

Purity of Crystals

It has been observed that the initial concentration
of impurities has a significant effect on the final
purity of the double salt crystals. The elementary
analysis of the sodium lanthanum sulfate double
monohydrate salt crystals is shown in Table IV. In
some tests, the impurity concentrations were below
the detection limit of the ICP-OES device. Each time
the concentration of nickel in the solution was
higher than the concentration of the other impuri-
ties; thus, a significant amount of nickel was
detected in all double salt crystal samples.

Even after washing, some impurities were still
detected in the crystal samples. The weight fraction
of each impurity detected in the salt crystals is
shown in Table IV. Based on Table IV data, the
lowest total impurity concentration of crystals was
23.3 mg impurity per gram of crystal and 0.084 mg
impurity/mg La (see supplementary Table SI),
whereas the highest total impurity concentration
in crystals of Test 8 was 291 mg impurity per gram
of crystals and 2.744 mg impurity/mg La (see
supplementary Table SI).

No cobalt was identified in the salt crystals of
samples obtained from Tests 4 and 5. When the
initial concentration of cobalt was high and the
concentrations of both Fe and Zn were low, cobalt
was not detected in the crystals (Test 4). In addition,
cobalt was not detected when all the initial concen-
trations of Co, Fe, and Zn were low (Test 5). On the
other hand, in Test 3, when the initial concentra-
tions of Co and Zn were low, but the concentration of
Fe was high, cobalt was detected in the double salt
crystals at 2.0 g cobalt/g salt crystals (Table IV). In
addition, when the initial concentrations of Co and
Fe were low, but the concentration of Zn was high
(Test 7), 3.2 g cobalt/g salt crystals was detected in
the crystals.

Therefore, there is a direct correlation between
the concentrations of Fe and Zn and the impurity
level of cobalt in the double salt crystals. Regardless
of the initial concentration of the cobalt and other
impurities, the Co content in the crystals can only
be minimized when the concentrations of both Fe
and Zn are< 0.4 M in case of the studied solution
compositions.

Aluminum impurity was not detected in the salt
crystals in Tests 2 and 3, where the initial Al
concentration was low and the Na/La molar ratio
was also low (3 mol/mol). On the other hand, when
the Na/La molar ratio was low, but the initial
concentration of Al was high (Tests 1 and 4), Al
impurity was detected in the double salt crystals
(15.1 mg Al/g crystals and 5.5 mg Al/g crystals,
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respectively). When the initial concentration of Al
was low and the Na/La molar ratio was high, at 9
mol/mol (Tests 6 and 7), Al impurity was detected in
the double salt crystals at 3.3 mg Al/g crystals and
3.0 mg/g crystals, respectively. Hence, a higher Na/
La molar ratio can lead to the co-precipitation of Al
with sodium lanthanum double salt. Aluminum
impurity can be avoided when its initial concentra-
tion is no higher than 0.2 M and the Na/La molar
ratio is< 3 mol/mol.

Manganese was not detected in the salt crystals
in Tests 4, 6, or 7. For instance, in Test 4, all the
initial concentrations of Mn, Fe, and Zn were low,
and Mn was not detected in the salt crystals.
Furthermore, manganese was not detected in the
salt crystals when the initial concentrations of Mn
and the concentration of either Fe or Zn was low
(Tests 6 and 7). In all other tests, Mn was detected
in the salt crystals. Therefore, manganese will not
be detected in the double salt crystals when its
initial concentration and the concentration of either
Fe or Zn is also low.

Iron and zinc were not detected in the salt
crystals when their initial concentrations were
low. However, Test 3 seems to be exceptional;
although the initial concentration of Zn was low, a
small amount of Zn (0.5 mg/g crystals) was still
detected in the salt crystals. Therefore, impurities of
both iron and zinc in double salt crystals can be
avoided if their initial concentrations are< 0.4 M.
In general, it seems that the concentrations of iron
and zinc affect the purity of the double salt crystals.
It can be concluded that Fe and Zn can be consid-
ered as critical impurities.

The purity of the double salt was calculated
according to the elementary analysis by ICP-OES
(Table IV). The mass of pure sodium lanthanum
sulfate monohydrate double salt crystals (mDS) was
divided by the total mass of the precipitated double
salt crystals (mcrystals) (Eq. 1, Table IV). The mass of

the pure double salt (mDS) was calculated from the
molar amount of lanthanum, i.e., from the ICP
results for La/crystals based on nDS = nLa. The
precipitated double salt crystals were in monohy-
drate form, and the mass of water in the crystals
was calculated based on its stoichiometric ratio:

Purity ¼ mDS

mcrystals
ð1Þ

The obtained results on elementary analysis and
relative purification efficiencies are presented in
Table IV. The highest purity of double salt mono-
hydrate achieved was > 0.74 (Tests 4 and 6), and
the lowest purity was 0.28 (Test 8). Test 4 had the
highest mass fraction ratio w0/wcry value of 209,
indicating the highest purification efficiency when
comparing impurity (Ni, Co, Al, Mn, Fe, and Zn) and
lanthanum mass fractions in the initial solution and
crystals. Test 8 was the test in which the concen-
trations of the impurities in crystals were at the
highest level (Table IV). In Test 1 concentrations of
both Fe and Zn were high. In addition, in both Test
1 and Test 8, all added impurities were detected in
the salt crystals; this contributed to their low levels
of purification efficiency.

In Test 4, Mn, Fe, and Zn were not observed in the
double salt crystals, because their initial concentra-
tions were low. However, concentrations of both Co
and Al were high, and only Al was detected in the
sodium lanthanum double salt crystals. According
to the ICP-OES analyses, both Test 6 and Test 4
resulted in the highest lanthanum concentration in
the double salt crystals, at 279 mg/g crystals and
276 mg La/g crystals, respectively. Therefore, these
two tests resulted in the highest purity compared to
the other tests. Based on the obtained crystal
impurity results, it was concluded that the mole
fraction ratio of 3 mol Na/mol La would be favorable
for double salt precipitation.

Table IV. Elementary analysis of crystals (mass ratio ‘mg/g crystals’) and mass fraction ratio of impurity/La
in initial solution (w0 [g Imp / g La in initial solution]) and impurity/La in crystals (wcry [g Imp / g La in
crystals]; see supplementary Table SI) obtained by semi-batch precipitation with acidic Na2SO4 solution at
70�C

Test Na La S

Impurities

Total mg Imp*/g w0/wcry - Purity mDS/mcry g/gNi Co Al Mn Fe Zn

1 25.6 136 166 38.8 4.8 15.1 1.9 36.1 44.9 142 11 0.36
2 44.8 247 157 15.8 15.8 – 14.5 – 18.4 64.5 53 0.66
3 41.6 243 150 48.8 2.0 – 15.4 14.7 0.5 81.4 51 0.65
4 77.7 276 170 17.8 – 5.5 – – – 23.3 209 0.74
5 76.7 262 190 16.8 – 10.5 14.8 – – 42.1 129 0.70
6 74.7 279 171 8.0 9.5 3.3 – 7.1 – 27.9 140 0.75
7 55.6 186 184 124.5 3.2 3.0 – – 52.6 183 14 0.50
8 29.7 106 197 121.9 37.7 16.9 34.5 33.3 46.6 291 3 0.28

*Ni, Co, Al, Mn, Fe, and Zn.
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Crystal Structure, Shape, and Size

According to the x-ray diffraction results, the
precipitated crystals were monohydrate sodium
lanthanum double salt crystals. The XRD patterns
of all the samples were similar (see supplementary
Figure S1). Thus, the XRD results confirmed that
all the precipitates were a monohydrate of the
sodium lanthanum sulfate double salt,
NaLa(SO4)2�H2O.

The aggregate sizes formed by single crystals are
seen from the laser diffraction-based Malvern anal-
ysis results, whereas the SEM images show the
shape and size of single crystals. According to the
scanning electronic microscopy (SEM) images
obtained, single crystals were mainly hexagonal,
which is one of the common forms of crystalline
sodium lanthanum sulfate monohydrate. The SEM
images of double salt crystals from Tests 1, 4, 6, and
8 are shown in Fig. 2. The SEM images show that all
the crystals have a similar morphology and size,
except those from Test 8, illustrated in Fig. 2d,
which shows that smaller single crystals were
obtained. The smaller single crystal size may be
one of the main reasons why Test 8 yielded the most
impure crystals, as shown in Table IV.

To investigate the particle size distribution (PSD)
of the double salt crystals produced, a Malvern
Mastersizer 2000 laser diffraction analyzer was
used. By comparing the SEM images of single
crystals in Fig. 2 and Malvern results indicating
larger particle sizes (see supplementary Figures S2a

and S2b), it was concluded that the studied double
salt tends to form aggregate precipitates. A higher
aggregation tendency usually leads to more impure
crystalline products due to entrapment of the
mother liquor containing impurities in the internal
voids of aggregate particles.

The smallest medians (D50) were observed in
Tests 3, 7, and 2: 26 lm, 29 lm, and 31 lm,
respectively, whereas the largest D50 sizes were
observed in Tests 1 and 4, 87 lm and 63 lm,
respectively. On the other hand, Tests 6, 7, and 2
had the smallest D90 values: 101 lm, 177 lm, and
254 lm, respectively. The largest D90 values were
observed in Tests 4, 3, and 1: 563 lm, 348 lm, and
446 lm, respectively. Therefore, the D50 values of
the double salt crystals presented in this work are>
100 lm, and the D90 value varies between 100 lm
and 560 lm.

BATCH PRECIPITATION WITH SOLID
SODIUM SULFATE

The reactant form of sodium sulfate in the
pregnant solution, either solid or as the solute in
aqueous solution, has a significant effect on the
precipitation of the double salt crystals. When the
Na2SO4(s) was first dissolved with 1 M H2SO4 and
then pumped into the pregnant solution, this
decreased the supersaturation degree in the preg-
nant solution compared to the direct batchwise
addition of solid sodium sulfate to the pregnant
solution.

Fig. 2. SEM images at 2000-fold magnification (scale bar 30 lm) of double salt single crystals when aqueous acidic Na2SO4 solution was used at
70�C: (a) Test 1, (b) Test 4, (c) Test 6, and (d) Test 8.
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Purity of Crystals

To investigate batch precipitation with the addi-
tion of solid reactant, a similar initial solution to
that of Test 4 was selected as a case study; the
solution composition and impurity concentrations
are shown in Tables III (Test 4b, units in mass
fractions) and Table V (units in mole fractions). The
quantities of lanthanum and sodium obtained as
well as the impurities in the crystals are depicted in
Table VI (mass ratio between impurity and lan-
thanum, see supplementary Table SII). The precip-
itation at the lowest temperature of 25 �C yielded
the highest lanthanum quantity in crystals and
highest separation efficiency when using the ele-
mentary analysis results of lanthanum quantity
and six cationic impurities for comparison between
the initial solution and the crystals. At the three
temperatures studied, the batchwise addition of
solid sodium sulfate resulted in higher impurity
levels than the semi-batch addition of acidic sodium
sulfate solution at 70 �C.

According to the results, the lowest Ni concentra-
tion (26.5 mg/g crystals) and Co concentration (8.8
mg/g crystals) in the double salt crystals were
obtained at 25�C and the highest (63 mg Ni/g
crystals, 20.7 mg Co/g crystals) at 50�C. When the
crystallization temperature was increased to 70�C,
the cobalt concentration was slightly higher than in
the crystals obtained at 25�C and impurities almost
doubled in crystals at 50�C. Similarly, the concen-
trations of Al and Mn impurities in the double salt
crystals were lower at 25�C and 70�C, but slightly
higher at 50�C. The impurities of Fe and Zn in the
double salt crystals were the same at both 25�C and
70�C and two-fold greater at 50�C. The results
clearly show the influence of temperature on pre-
cipitation kinetics and purification efficiency when
solid Na2SO4 is added batchwise to an acidic
lanthanum sulfate solution containing impurities.

Crystal Shape and Size

The SEM images of the single double salt crystals
for Test 4b are shown in Fig. 3. The laser diffraction
particle size analyzer Malvern Mastersizer 2000
was used to analyze the particle size distribution of

the aggregates formed by double salts. The results
obtained are discussed below. The high crystalliza-
tion temperature, 70�C, resulted in the smallest
median D50 of 13 lm, whereas the lower crystal-
lization temperature, 25�C, yielded a D50 of 33 lm.
The crystallization at 50�C resulted in an extremely
large D50, i.e., 264 lm. The D90 values of the double
salt crystals were large: 556 lm at 70�C, 910 lm at
50 �C, and 221 lm at 25�C. Compared to the semi-
batch addition of acidic sodium sulfate solution in
Tests 1-8, the double salt crystals were larger based
on the Malvern results corresponding to the aggre-
gate sizes. The single crystals, based on the SEM
images in Figs. 2b and 3c, were smaller when solid
Na2SO4 was added to the pregnant solution in Test
4b.

Real-Time Monitoring of Count Rates
of Different Chord Length Fractions with Two
reactant Feeding Systems Studied

This section presents the obtained inline moni-
toring data on count rates of two chord length
fractions for the semi-batch precipitation studied
with acidic sodium sulfate solution and batch pre-
cipitation with solid sodium sulfate. With the aid of
Particle Track, IC FBRM 4.4 (Focused Beam
Reflectance Measurement), it was possible to inves-
tigate the crystallization kinetics of the sodium
lanthanum monohydrate salt. Particle Track gives
an in situ overview of the crystallization process,
such as the starting time of nucleation and trends of
different chord length fractions over time.

The FBRM real-time measurement of count rates
during the formation of different chord length
fractions at 70 �C is shown in Fig. 4a and b.
Figure 4a shows the real-time measured count rates
of various chord length fractions of the double salt
crystals when the aqueous solution of Na2SO4 (aq)
was pumped semi-batchwise into the pregnant
solution in Test 4. No nucleation was observed
during Na2SO4 (aq) solution pumping, which took
13 min. After pumping, nucleation started 1 min
after the pumping ended. The count rates of the
larger chord length fraction (10–100 lm) stabilized
quickly and reached a constant level 15 min after

Table V. Mass of added solid Na2SO4 and initial solution composition expressed in mole fraction between the
element and lanthanum in solid sodium sulfate Test 4b (mass fractions presented in Table III)

Impurities

Test 4b Na2SO4 g Ni/La Co/La Al/La Mn/La Fe/La Zn/La Total mol Imp*/mol La

25�C 2.15 8 1 0.40 0.50 0.20 0.30 10.4
50�C 2.15 8 1 0.40 0.50 0.20 0.30 10.4
70�C 2.15 8 1 0.40 0.50 0.20 0.30 10.4

*Ni, Co, Al, Mn, Fe, and Zn.
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solution pumping had been completed. The count
rate increase of the smallest chord length fraction
(< 10 lm) continued for another hour. Therefore,
using acidic sodium sulfate solution involved a slow
crystallization process, thus requiring longer resi-
dence time. As shown in Fig. 4a, the chord length
fraction< 10 lm is dominant based on the higher
count rate values.

When solid Na2SO4 was directly added batchwise
to the pregnant solution in Test 4b leading to a
higher supersaturation degree, nucleation started
immediately, and the crystallization process

reached equilibrium within 15 min, as shown in
Fig. 4b. In this case, the larger chord length fraction
predominated the population system based on count
rates. Thus, solid Na2SO4 can result in crystalliza-
tion of double salt crystals of relatively large
particle size. The obtained Particle Track results
were consistent with the Malvern laser diffraction
results. Both analysis methods showed that the
systems for adding solid reactant in Test 4b yielded
larger crystals than the addition of acidic sodium
sulfate solution in Test 4 at 70�C. However, based
on the SEM images, single crystals were larger in

Table VI. Elementary analysis of crystals (mass ratio ‘mg/g crystals’) and mass fraction ratio of impurity/La
in initial solution (w0 [g Imp / g La in initial solution]) and impurity/La in crystals (wcry [g Imp / g La in
crystals]) when the solid Na2SO4 was added batchwise to an acidic lanthanum sulfate solution containing
impurities

Test 4b Na La S

Impurities

Total mg Imp*/g cry w0/wcry - Purity mDS/mcry g/gNi Co Al Mn Fe Zn

25�C 43.2 296 158 26.5 8.8 4.4 0.5 0.2 0.4 40.8 128 0.79
50�C 32.1 188 173 63 20.7 9.7 1.1 0.4 0.9 95.8 35 0.50
70�C 31.3 192 132 34 11.5 5.4 0.7 0.2 0.5 52.3 65 0.51

*Ni, Co, Al, Mn, Fe, and Zn.

Fig. 3. SEM images of the single crystals obtained with addition of solid Na2SO4 at: (a) 25�C, (b) 50�C, and (c) 70�C in Test 4b.
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precipitation with acidic sodium sulfate solution in
Test 4b than in precipitation with solid sodium
sulfate. These results show that the formation of
secondary crystals, classified as aggregates based on
SEM images, has a key role in the properties of
crystalline product, especially in precipitation with
solid sodium sulfate.

When solid Na2SO4 was added to the pregnant
solution at 25�C and 50�C, significant amounts of
double salt crystals formed, whereas no crystals
were formed at these temperatures when aqueous
acidic Na2SO4 solution was used. The reactant
adding of solid Na2SO4 may enhance heterogeneous
nucleation, which seems to make the precipitation
faster. Shorter residence time is beneficial for the
recovery of lanthanum from the NiMH battery
leaching solutions, but on the other hand primary
single crystals are smaller and the purity of

crystalline product lower (see also supplementary
Tables S1 and S2).

As shown in Fig. 5a, as soon as solid Na2SO4 was
added to the pregnant solution, the formation of both
small and large chord length fractions started to
increase and continued for 1.15 min until reaching
steady state. At a temperature of 25�C, the double
salt crystals formed only when solid Na2SO4 was used
(Fig. 5b). Before adding solid Na2SO4, all other solids
had to be dissolved in the pregnant solution, so the
chemical dissolution and precipitation took almost 5
h in total at 25�C. Due to the lower crystallization
temperature, even after solid Na2SO4 was added to
the solution, the reaction was very slow. In contrast to
the higher crystallization temperatures (50�C and
70�C), it was difficult to achieve steady state in a short
time. As expected, the crystallization time depends
on the temperature: the higher the temperature is,

Fig. 4. Real-time monitored count rates of various chord length fractions obtained (a) with semi-batchwise addition of acidic Na2SO4 solution at
70�C (Test 4) and (b) with batchwise addition of solid Na2SO4 at 70�C (Test 4b).
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the shorter the crystallization time. Moreover, the
results obtained from Particle Track showed that,
especially at 25�C, the precipitation of the double salt
was slow. As purification efficiency by crystallization
depends to a large extent on the crystal growth rate,
the lower crystallization rates at 25�C may lead to
higher crystal purities, as presented in Section 3.3.1.
It should also be pointed out here that reactant
dissolution of solid sodium sulfate particles requires
a longer time at 25�C, which has an influence on the
overall kinetics in the case of heterogeneous reactant
systems. The Particle Track analyzer proved to be a
useful tool for the comparison of precipitation condi-
tions regarding kinetic phenomena.

DISCUSSIONS AND CONCLUSION

This study presents obtained results on the
reactive crystallization of sodium lanthanum sulfate
monohydrate double salt from synthetic NiMH
battery leaching solution containing selected sulfate

impurities (Ni, Co, Al, Mn, Fe, and Zn). The
principal investigated variables were crystallization
temperature and the system for adding the sodium
sulfate reactant. Either acidic sodium sulfate solu-
tion was added by pumping in semi-batch mode or
sodium sulfate was added batchwise as a solid
powder. For controlling the purity, yield, and crystal
size distribution in precipitation of sodium lan-
thanum sulfate monohydrate double salt from a
NiMH battery leaching solution, temperature and
adding method of sodium sulfate reactant are the
fundamental process parameters to be considered.

When acidic sodium sulfate solution was used, the
double salt was obtained at 70�C, but not at 25�C.
When solid sodium sulfate was added to the preg-
nant solution, the double salt crystals were pro-
duced at all three studied temperatures, i.e., 25�C,
50�C, and 70�C. The precipitation process at 25�C
proved to be slow, taking about 4 h. The particle size
distribution analyses showed that relatively large
particles were produced when solid sodium sulfate

Fig. 5. Real-time monitored count rates of chord length fractions in Test 4b when precipitation with solid sodium sulfate was conducted (a) at
50�C and (b) at 25�C.
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was used, whereas single crystals tended to be
small. This indicates that aggregation has a major
effect on the external appearance of the end-
product.

The double salt purities obtained were < 80%,
determined from the measured lanthanum quantity
in crystals. Based on the obtained results of overall
impurities and lanthanum quantity in the crystals,
it was concluded that 3:1 molar ratio of sodium and
lanthanum and semi-batch reactant adding of
sodium sulfate solution at 70�C resulted in the
lowest impurity levels and greatest lanthanum
quantities in the crystals. Inline count rate mea-
surement of two chord length fractions for real-time
kinetics monitoring was successfully conducted.

ACKNOWLEDGEMENTS

We would like to acknowledge the School of
Chemical Engineering at Aalto University for the
support in financing the postdoctoral researcher
position of Arshe Said, DSc (Tech.). The authors
would also like to thank the BATCircle project,
supported by Business Finland, grant number 4853/
31/2018 of research collaboration. The work was
supported by the Academy of Finland’s Raw-
MatTERS Finland Infrastructure (RAMI) at Aalto
University. Furthermore, the authors gratefully
acknowledge Antti Porvali, DSc (Tech), for the dis-
cussions and ideas.

FUNDING

Open Access funding provided by Aalto Uni-
versity.

CONFLICT OF INTEREST

The authors declare that they have no conflict of
interest.

OPEN ACCESS

This article is licensed under a Creative Commons
Attribution 4.0 International License, which per-
mits use, sharing, adaptation, distribution and
reproduction in any medium or format, as long as
you give appropriate credit to the original author(s)
and the source, provide a link to the Creative
Commons licence, and indicate if changes were
made. The images or other third party material in
this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a
credit line to the material. If material is not in-
cluded in the article’s Creative Commons licence
and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will
need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit h
ttp://creativecommons.org/licenses/by/4.0/.

SUPPLEMENTARY INFORMATION

The online version contains supplementary
material available at https://doi.org/10.1007/s11837-
022-05259-3.

REFERENCES
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