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ARTICLE INFO ABSTRACT
Article history: Efficient recovery of REEs present in the battery waste is a modern problem that has proven to be difficult
Received 11 November 2019 to solve in an efficient manner. The raw material investigated in the current study is mixed alkaline rare
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earth element (REE) double sulfate (DS) precipitate, originating from the sulfuric acid leachate of nickel-
Accepted 30 March 2020

metal hydride battery (NiMH) waste. Typically, REE can be precipitated as a mixture of REE double sul-
fates, however the real challenge is the separation of REEs from each other’s into pure fraction. The study
elucidates the process by which the DS are transformed into hydroxides with simultaneous in-situ con-
version of Ce(IIl) to Ce(IV) by air. Air flow rate (0-1 L/h), temperature (30-60 °C), liquid-solid ratio (L/S,
Wet oxidation 12.5-100 g/L), 3REE/NaOH mol ratio (1-1.6) and time (60-240 min) were varied in the study of oxidation
Selective dissolution and double sulfate conversion. Best oxidation achieved was 93% along near-complete dissociation of dou-
Spent NiMH batteries ble sulfate matrix (52767 ppm Na reduced to 48 ppm Na). After parameter optimization, a larger batch
was produced to conduct selective dissolution of REE(III) into HNO3; media, leaving concentrated impure
Ce(OH), as the end product.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction However, all REEs (La, Ce, Pr, Nd) end up to the formed-REE double
salts as mixed crystals, because of similar physical and chemical
Rare earth elements (REEs) are mainly found in bastndsite, properties of the light REEs, and further separation among these

loparite, monazite, and xenotime ores and used in wide variety trivalent REEs is laborious (Porvali et al., 2018).

of modern life applications. Cerium is a common REE element, - -

and occupies nearly half of the total REEs composition in REE™ + Na* + 250, + xH,0 — REENa(SO4), - xH>0 (1)
bastndsite at Mountain Pass, California, USA and ~43% of total
REEs in monazite ore at Nangang, Guangdong, China (Bleiwas  form jn both +3 and +4 oxidation states in aqueous solutions.
and Gambogi, 2013). Cerium or cerium containing compounds  pye to drastically different chemical properties between the triva-
are extensively used in glasses, catalyst, polishing, batteries and lent and tetravalent REEs (Krishnamurthy and Gupta, 2015), this
alloys and for example in the end-of-life, nickel-metal-hydride property of cerium has been commonly utilized in order to sepa-
(NiMH) battery waste contain significant amount of cerium  ate cerjum as Ce(IV) from the other trivalent REEs by oxidizing
(~0.4-5.5 wt.%). During battery recycling process, NiMH battery Ce(III) to Ce(IV). In acidic solutions, strong chemical oxidants are
waste leaching can be carried out by using several lixiviants, such required to oxidize Ce(Ill) to Ce(IV) (McNeice et al., 2019) while
as HCl, HNO3 apd Hy504, sulfuric acid leaching being the most in alkaline solution, Ce(Ill) can be readily oxidized to Ce(IV) by first
common. (Rodrigues and Mansur, 2010) The resultant leach  qnyerting mixture of REE double salts to hydroxide. This is done

Cerium is one of the unique REEs which can exist in a stable

solution contains valuable elements like: REEs, Zn, Ni, Co, Fe, by dissolving the double sulfate, causing a near-immediate hydrol-
Mn, Cd and Al (Zhang et al., 1999). ) ysis of REE cations. The necessary basic conditions are maintained

Selective separation of REEs from other metal ions can be car- by 3dqding the required stoichiometric amount of NaOH to neutral-
ried out by double salt precipitation (REENa(SO4);) using sodium ize the acid borne in hydrolysis of aqueous REE ions, Egs. (2)-(5).
sulfate (Na,;SO4) as a precipitating agent, Eq. (1) (Innocenzi et al., Simultaneously, Ce(OH); is oxidized by air or oxygen purging, Eq.

2017,Abreuand Morais, 2010, Moeller and Kremers, 1945). (6) (Dan et al., 2014). The E-pH behavior of Ce is highlighted in

studies of Hayes et al. and Yu et al., showing how strongly basic

* Corresponding author. conditions influence the oxidation of Ce(Ill) (Hayes et al., 2002,Yu
E-mail address: mari.lundstrom@aalto.fi (M. Lundstrém). et al., 2006).
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REENa(SO,), - xH,0 — REE*" + Na* + 2505 + xH,0 2)
REE*" + 3H,0 — REE(OH), + 3H" (3)
3H* 4 3NaOH — 3Na* + 3H,0 (4)

In total, the suggested conversion reaction would be according
to Eq. (5)

REENa(SOy), - XH,0 + 3NaOH — REE(OH), + 2Na;,S04 + (x+3)H,0
(3)

2Ce(OH), + %Oz + H,0 = 2Ce(OH),(s) (6)

Ce(IIl) can be oxidized to Ce(IV) with several methods such as
oxidative roasting (Wang et al., 2013) and the use of strong oxida-
tive reagents (McNeice et al.,, 2019). Rabie et al. investigated
removal of cerium from the lanthanide oxide cake, obtained from
Egyptian monazite and reported that cerium oxidation was
increased with the addition of bleaching powder (hypochlorite)
(Rabie et al., 1998). Dissolution of REE(III) was favored more in
nitric acid than in hydrochloric acid solutions in the presence of
bleaching powder. However, higher REE(III) dissolution and oxida-
tion of cerium were obtained using mixed solution of both acids
(1:1). Chi et al. proposed a two-step leaching method to separate
cerium from bastndsite calcine using hydrochloric acid (Chi et al.,
2006). In the first step, dilute hydrochloric acid was used to sepa-
rate trivalent REEs from cerium and in the second step, concen-
trated hydrochloric acid was used in the presence of hydrogen
peroxide as a reducing agent to produce a cerium rich leachate
(recovery ~ 85.3%).

It can be seen from literature that many studies have been
reported on selective separation of Ce(IV) from other REE(IIl) by
combining precipitation and leaching in some manner, however
in most of the cases either strong, harmful or expensive chemical
reagents were used for the cerium oxidation, selective dissolution
or solvent extraction. In addition, most of the investigations were
performed on primary ores like bastndsite and monazite. The
application of wet air oxidation on the REE double salt originating
from NiMH battery wastes is still missing in the open literature. It
is evident that the increasing pressure for REE recovery from waste
streams, such as NiMH batteries, emphasizes the need for
improved knowledge of the further purification of the rare earth
double salt. Wet air oxidation has been considered as an environ-
ment friendly and cost effective method, where the use of haz-
ardous chemicals, energy and material consumption are minimal
(Zou et al., 2014). In the case of cerium, oxygen from air can be
directly utilized by purging the basic Ce-containing solution with
air, while operating at appropriate basicity. Zou et al. studied the
wet air oxidation of Ce(IIl) originating from synthetic REE hydrox-
ides prepared from REE nitrate solution and reported that ~ 97% of
the Ce(IIl) oxidation could be achieved under the tested conditions
(Air flow rate, FR =3 L min~!, T=80 °C, t = 4 h and pH = 13) (Zou
et al., 2014), proving that it is possible to achieve good Ce oxidation
with mixed REE hydroxide.

In general, recovery of Ce from mixed REE double sulfates orig-
inating from different sources has been investigated before. In an
investigation, ceric hydroxides were prepared by treating Ce(III)
synthetic solution with sodium sulfate to form cerium double salt
followed by hydroxide conversion by adding NaOH (Jia et al,
2000). However, final oxidation of Ce(IIl) was achieved by adding
hydrogen peroxide, an expensive and strong oxidant. Furthermore,
no consideration was given to the influence of liquid to solid ration
(L/S) in aqueous hydroxide solution, a factor that was investigated
in the present study. Abreu et al. employed a double sulfate

precipitation and Ce oxidation (Abreu and Morais, 2010). The REEs
originated from monazite sulfuric acid leach liquor from which the
double sulfates were obtained. The double sulfates were then con-
verted to hydroxides and dissolved in hydrochloric acid, from
which Ce was precipitated by addition of a strong oxidant, KMnOg4
and Na,COs, and with careful control of pH. Um and Hirato also
investigated a similar scheme of REE double sulfate processing,
however the oxidation was done separately from the hydroxide
conversion (Um and Hirato, 2016). They also used polishing pow-
ders as a raw material which are rich in Ce, having a significantly
different REE composition than that of NiMH batteries. This is
important as it may influence the entrapment of elements within
the Ce matrix.

In this work, a practical approach for the separation of Ce(IV)
and other REE(III) present in NiMH battery waste is investigated,
Fig. 1. This approach includes sulfuric acid leaching of NiMH waste,
double salt precipitation of REEs, in-situ wet air oxidation of cer-
ium and hydroxide conversion of REEs. The hydroxides are then
acid-treated to recover trivalent REEs. The current study is differ-
entiated from study of Abreu et al. by utilizing simultaneous double
sulfate to hydroxide conversion and wet oxidation (Abreu and
Morais, 2010) and from the wet-oxidation study of Zou et al. as
the present study utilized REE double sulfates instead of nitrates
as the source of REEs. Moreover, the present study is differentiated
from the study of Um and Hirato by utilizing a more dilute NaOH
concentrations along with simultaneous conversion and wet oxi-
dation (Um and Hirato, 2016). The prior studies have also omitted

NiMH Battery
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Fig. 1. Block diagram for the separation and recovery of Ce(IV) and REE(III) from
NiMH battery waste. Dashed lines relate to the solid fractions, and solid lines to the
solutions. Green outline presents the focus of the current study.
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the study of the effect of liquid to solid ratio (L/S) on REE double
sulfate conversion to hydroxides. In present study, the focus is on
investigation and optimization of the parameters that affect the
conversion of the double sulfate, oxidation of cerium and selective
dissolution of trivalent REEs, including the L/S ratio. The scope of
the current study is shown in the diagram, Fig. 1. It is noteworthy
that the sodium used for double salt precipitation can be back cir-
culated from the hydroxide conversion step to allow the minimiza-
tion of the chemical consumption (Porvali et al., 2019). After the
conversion and oxidation, REE(III) are selectively dissolved over
Ce(IV). In selective dissolution of REE(III) hydroxides, several acids
could potentially be used. However, in sulfuric acid, the solubility
of REEs is limited (La solubility ca. 23.7 g/L in H,SO4 vs. > 100 g/L
in HNOs). In contrast, the chlorine ions in HCl can act as a reduc-
tant, facilitating the dissolution of Ce(OH), while releasing Cl,
gas. Another hypothetical alternative could be a weak acid with
sufficiently high pK,; which would naturally facilitate dissolution
at appropriate pH range. For present study, nitric acid was chosen
due to high solubility of REE nitrates, especially La(NOs3)s. Since the
selectivity of the process is in part based on pH, careful neutraliza-
tion of the trivalent hydroxides is necessary (Mioduski et al., 1989).

2. Materials and methods
2.1. Raw materials

The procedure by which double sulfates, prepared from spent
NiMH batteries, were obtained is described in the supplementary
materials S1.1. The chemical contents of the produced double salt
mixture was determined by total dissolution by using ICP-OES
(Thermo Fisher Scientific iCAP 6500 DUO, USA) and ICP-MS
(Thermo Fisher Scientific iCAP Qc, USA). The characterization was
performed three times for three different random samples. The
results of the chemical analysis and the coefficient of variation
(CV) of the double salt is presented in Table 1. It can be seen that
the starting raw material contained 34.14 wt.% of REEs in the dou-
ble sulfate, with a mixture of different REEs and Ni (357 ppm) and
Mn (141 ppm) as the main impurity metals originating from the
battery waste. CV for the main REEs (La-Nd) were determined to
be 5.51-6.33%.

2.2. Wet oxidation and conversion

A 100 mL jacketed glass reactor was utilized in the oxidation
experiments. The reactor was connected to a water bath with a
thermostat and thermometer. The reactor was covered with a
necked lid with a locking mechanism. The necks on the lid were
sealed with polymer corks, all but one through which a Teflon pipe
was inserted for gas purging. In the reactor, a small PTFE coated
magnet was used as a source of agitation. The reactor lied atop
of VWR magnetic stirring plate.

A stock solution of appropriate NaOH concentration (7.37 g/L
NaOH, VWR pellets Analar NORMAPUR 99.2%) was prepared for
the oxidation experiments. Compressed air was used as oxidant
during the double salt dissolution and Ce oxidation. The experi-
ments were planned as a single parameter variation experiments,

Table 2 (Experimental Series A). In this work, L/S ratio is defined
as grams of double salt per L of NaOH solution. A total amount of
16 experiments was performed for the matrix. Some experiments
were randomly repeated in order to verify the repeatability of
results.

Prior the injection of the sample into solution, the solution was
pre-heated to target temperature, while air was being purged into
the solution. After the experiment, stirring and purging was
stopped and a sample was retrieved with a pipette. The sample
was vacuum filtrated, rinsed with distilled water from the filter
paper into a volumetric flask containing 50 mL of 2 M H,S0O4 solu-
tion, which was diluted to mark of 100 mL, resulting in 1 M H,SO4
solution. The solution sample was divided into two parts. Ce(IV)
content was determined from one part whereas the other part
was subjected to oxidative treatment, followed by total Ce deter-
mination by titration. The pH of the leach solution (NaOH filtrate)
was measured after each experiment by using Mettler-Toledo S210
EasyLab pH meter, connected to Mettler-Toledo InLab Expert PRO
(ISM) pH electrode.

2.3. Ce(1V) titration

The Ce(IV) content of each sample after the experiment was
determined by titration. Ammonium iron sulfate hexahydrate
((NHg4),Fe(S04),-6H,0, Sigma-Aldrich, ACS Reagent 99%) was used
as a titrant. The titrant was standardized against a ceric sulfate
solution (Ce(S04),-4H,0, 98%, VWR EMSURE). Ferroin solution
(0.2 wt.%) prepared from o-phenanthroline monohydrate (ACS
Reagent, >99.5%) was used as an indicator color. The total Ce con-
tent of the sample was also determined by titration by utilizing a
method demonstrated by Willard and Young in 1928, a procedure
which is described elsewhere in detail (Willard and Young, 1928).
2.5 g/L silver nitrate solution (AgNO3 >99% Honeywell (Titration))
was used as a catalyst source and ammonium persulfate ((NHg4),S5-
Og, Merck, 99%) was used as an oxidant. With each sample, titra-
tion was repeated at minimum twice to confirm continuous
repeatability of the method.

2.4. Crystallinity of the hydroxides

In Experimental Series B, crystallinity of the obtained hydrox-
ides was investigated at T = 30 and 70 °C, 3NaOH/REE = 1.2,
FR = 0.4 L/min, L/S = 25 g/L and t = 2 h. Furthermore, it was inves-
tigated whether the double sulfates could be detected when
3NaOH/REE = 0.5. X-ray diffraction (XRD, X'Pert Pro MPD Powder,
USA, equipped with PIXcel1D detector, Co Ko source operated at
40 kV, 40 mA, along with Fe beta filter and no monochromator)
and HighScore 4.0 software was utilized in the analysis of the
obtained diffractograms of powders.

2.5. Selective dissolution

The hydroxide powder used in these experiments was produced
by performing large-scale (3 L) conversion and oxidation with the
optimal parameters (L/S = 25 was used, along with FR = 1 L/min,
3NaOH/REE = 1.6, T = 60 °C and t = 2 h) obtained from the

Table 1
The chemical analysis of the double salt raw materials as ppm. * = ICP-MS. ** = ICP-OES.
La* Ce* Pr*
Mean 162,667 108,133 11,500
CV (%) 5.51 6.29 6.07
Mn* Al* Fe**
Mean 144.7 30.6 20.0

CV (%) 6.19 17.51 1.31

Nd* Y* Sm* Ni** Co*

37,567 510 212 377 70.4

6.33 10.41 6.16 6.41 8.14
Na** K** g**

29.8 52,767 6632 157,000

16.67 2.79 0.28 2.08
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Table 2
Experimental Series A for single parameter variation experiments. Values indicated by * were kept constant while the other parameter was varied.
3NaOH/REE (mol/mol) T (°C) Flow rate (L/min) Time (min) L/S ratio (g/L)
1* 30* 0 60* 125
1.2 40 04* 90 25*
14 50 0.6 120 50
1.6 60 1 240 100

optimization experiments. 75 g of double salt originating from sul-
furic acid leaching of NiMH battery waste was added into a 3 L
reactor. The obtained precipitate was characterized with SEM-
EDX, ICP-MS and its Ce oxidation degree by titration.

Selective dissolution (Experimental Series C) was performed as
an investigation to the effect of pH on the solubility of the mixed,
oxidized REE hydroxide powder. First, the consumption of H" ions
was measured by using a 25 mL burette for titration. REE(OH);
sample (5 g) was utilized. The acid addition on precipitate was con-
tinued until the buffering effect disappeared and pH of 1.7 was
reached. The obtained precipitate was also analyzed with SEM-
EDX and by ICP-MS.

3. Results and discussion
3.1. Wet oxidation and conversion

The double salts were dissolved in NaOH solution in Experi-
mental Series A, where the dissolved REEs were hydrolyzed and
precipitated as REE hydroxides. All the constant parameter levels
in leaching were chosen based on principle of least harsh condi-
tions. For temperature, 30 °C was chosen as a middle point. Zou
et al. reported successful oxidation experiments with synthetic
hydroxide powders obtained from REE nitrates at 40 °C, but they
did not investigate the oxidation at a lower temperature
(Zou et al.,, 2014). Initial NaOH concentration was limited to
3NaOH/REE = 1.0. This resulted in different initial pHs at different
L/S ratios, however, if the reaction were to proceed to completion
the final pH should be similar between different L/S ratios. Air flow
rate (FR) was the minimum i.e. 0.4 L/min given by the rotameter.
The minimum time used was 60 min. The reaction assumed to take
place was Eq. (5 and 6). However, in the case of Ce, the reactions
may be much more complicated. Once its liberation as an ion from
the double salt occurs, there are several depictions of its oxidation
by different oxidants. Variation can be found in the literature, as
the resulting precipitate is sometimes presented as Ce(OH), or
Ce0,-2H,0?%3, Ce(OH), is often referred to as CeO,-2H,0, which is
stoichiometrically identical. However, structurally CeO,-2H,0
must be distinguished from anhydrous CeO,, which is extremely
difficult to dissolve with any strong mineral acid alone (Um
et al., 2011).

Temperature was varied between 30 and 60 °C and the results
are presented in Fig. 2A. It was expected that temperature will
affect the experiment in several ways: dissolution kinetics of the
double salt, oxidation kinetics and also solubility of 05(g) (Zou
et al.,, 2014). Oxidation was shown to improve as a function of tem-
perature. Surprisingly, at T = 30 °C, an oxidation degree of 76% was
already achieved only in 1 h. The best results was achieved with
T =50 °C and 60 °C (oxidation ca. 90%), where the result plateaued
and no further oxidation was observed. This is in contrast to result
by Zou et al., who demonstrated continuous improvement in oxi-
dation throughout 40-80 °C, but in a longer oxidation time of
4 h. This may indicate that the detected “plateau” in the current
study is caused by the interdependency of oxygen solubility and
higher reaction kinetics brought by an increase in T. The measured

final pH decreased as a function of T (from 11.97 to 11.72), which is
a sign of progressing hydrolysis of REEs.

To study the optimum chemical use, the ratio of NaOH vs. REE
was investigated, Fig. 2B. The oxidation degree was shown to
increase slightly but linearly with increasing NaOH concentration.
The best oxidation (81%) was obtained at 3NaOH/REE = 1.6.
Increase in oxidation between the experiments may be attributed
to kinetic improvements to the hydrolysis of REEs due to higher
driving force, i.e. having higher supersaturation, Eq. (5). The oxida-
tion of the Ce will be kinetically depended on the dissolution of the
double salts and their subsequent hydrolysis, where the increase of
initial NaOH concentration may provide some advantage. How-
ever, the effect of NaOH/REE ratio was not equally significant as
the effect of temperature.

The oxidation was investigated also as a function of time,
Fig. 2C. It was observed that increase in reaction time from 60 to
120 min improved the oxidation result, however longer reaction
times did not increase the observed oxidation degree, while the
pH was observed to decrease consistently as a function of time
(pH=11.97 - 11.5).

The effect of air purging rate was investigated with and without
purging, shown in Fig. 2E. Since air was purged into the solution
prior the start of each experiment, it was expected that the solu-
tion would be saturated with the gas molecules present in air. Oxy-
gen solubility depends on both pH of the solution and temperature
(Zou et al., 2014), which can limit the oxidation kinetics. In the
used center point of temperature (30 °C) the solubility of O, in
H,0 is 1.18326 mmol/L (Miyamoto et al., 2014). This was calcu-
lated to be ca. decade lower compared to that of the mol amount
of Ce (solubilized 19.3 mmol/L). This shows that the pre-
saturated solution could not cause immediate oxidation of all the
Ce, but that new O, molecules were needed via continuous air
purging. This was verified by a comparative experiment without
any air purging, with the oxidation as low as 12.7%. With flow rates
0.4-1.0 L/min the oxidation degree improved to 76-81%. It is also
possible that this increase between 0.4 and 1.0 L/min can be attrib-
uted to increase in mixing efficiency as the flow rate was rather
large for the size of the reactor.

L/S Ratio affects the kinetics of the DS dissolution and oxidation,
shown in Fig. 2D. By supplying more solid contents to identical
solution volume, there is a reduction in reaction rate, shown as a
decrease in the overall oxidation, Fig. 2F. This conclusion is sup-
ported by the high final pH of the solution (pH = 11.6 — 12.6) in
the case of L/S = 100. The dissolution of DS and precipitation of
REE(OH); has not occurred yet, which would subsequently cause
reduced base consumption and explain higher final pH at higher
L/S ratios. Even though the percentage of oxidized species
decreased with increasing L/S (Fig. 2D), the actual mass of oxidized
Ce increased as a function of L/S. This result is plotted Fig. 2F, where
it can be seen that there is no linear dependency between the data
points, but the results suggest second-order polynomial fitting.
This result, combined with the increase in final pH as a function
of increasing L/S ratio, strongly suggests that there exists con-
straints on double salt dissolution and hydrolysis of the dissolved
REEs which is limiting the oxidation of Ce. At higher solid contents
an increase in reaction time may be needed as initially the high pH
of the solution will impact, even drastically, the solubility of O, gas.
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Fig. 2. Oxidation of Ce(IIl) to Ce(IV) during double salt conversion - oxidation experiments (Experimental Series A). Oxidation results as a function of A) temperature (°C),
B) 3NaOH/REE, C) time (min), D) L/S ratio and E) air flow rate. The final pH is reported above data points. Constants: T = 30 °C, t = 60 min, 3NaOH/REE = 1.0, L/S = 25 g/L,
FR = 0.4 L/min. F) The amount (mmol) of oxidized Ce as a function of L/S. (T = 30 °C, FR = 0.4 L/min, t = 60 min, 3NaOH/REE = 1.0. Oxidation degree reported above the data

point.

It could also be possible that the observed decrease in oxidation is
due to limited solubility of double salts in the basic solution, which
is being caused by the increase in SOZ” ion concentration according
to Eq. (2). This would present significant hindrance in treating REEs
in this manner as it would limit what would be a usable L/S.

The resulting precipitate in L/S = 100 was subjected to XRD,
however, no peaks was observed, but just diffraction indicating
amorphous background, and is therefore not presented here. The
precipitate was also investigated with SEM-EDS (Fig. 3) and origi-
nal double sulfates was observed, accompanied by large amount of
REE hydroxides. The double salts exhibited the typical hexagonal
crystallographic structure with larger particle size (Perles et al.,
2005), Fig. 3A. This may partially explain the high final pH: the dis-
solution reaction had not progressed to the end, and perhaps the
increase in dissolved SO content limits the dissolution of the dou-
ble sulfates in the basic solution. With EDX (Fig. 3B), it was possible

to consistently find particles with significant sulfur content, rang-
ing from 3.5 atomic.% to 6.9 atomic.%. (scan sites 1-5). This further
supports the view that the oxidation degree decreases due to the
unreacted double sulfates. The hypothesis of unreacted double sul-
fates are further supported by SEM micrographs, shown in Supple-
mentary materials S1.2. Micrographs of the L/S = 100 experiment
were obtained at two points of time: immediately after the exper-
iment, and at a later time after experiment. The purpose of the
investigation was to investigate the presence of different particle
sizes in the materials. These micrographs show that throughout
the experiment, precipitation has had different drivers. It was pos-
sible to find many small crystals, agglomerated together as shown
in Fig. S3, appearing to be in size 1-2 pm. This is typical to
nucleation-driven crystallization, occurring in systems of high
supersaturation. Not only that, but it was also possible to find
extremely large crystals, shown as well in the micrograph Fig. S3.
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Fig. 3. A) Secondary electron (SE) micrograph of hexagonal double salts and amorphous hydroxides from L/S = 100 experiment on carbon tape. Crystals surrounded by red
circles were identified as double salts, and crystals surrounded by blue circles as hydroxides. B) Small magnification overview of the mixed hydroxide, devoid of double
sulfate, obtained from optimal parameter experiment (T = 60 °C, 3NaOH/REE = 1.6, FR = 1 L/min, t = 120 min.

This is indicative of reduced driving force for crystallization, which
is a result of decreased driving force, i.e. decreased supersaturation.
Furthermore, there were signs of crystallization occurring at even
lower supersaturation, as it was possible to find crystals that
exhibited spiral crystal growth patterns, Fig. S4. These micrographs
are shown in supplementary materials S1.2

After the conversion experiments, the optimal parameters were
used in a large scale experiment (Section “Selective Dissolution”).
75 g of double salt originating from sulfuric acid leaching of NiMH
battery waste was added into a 3 L reactor. Oxidation degree was
measured to be 93%, which was the best result achieved in the cur-
rent study. In total, 40 g of dry powder was obtained after reaction,
filtration and drying. The powder was analyzed by ICP-MS, Table 3.
Low Na content (52767 ppm vs. 48.2 ppm, before and after trans-
formation) indicates that most of the double salts had dissociated
and was removed during the dissolution and conversion - how-
ever, the amount of sulfur remaining was still substantially high.
The only source of sulfur in conversion stage was the double sul-
fate itself - and although sodium was mostly removed, sulfur
remained in the final powder. At present, it was not possible to
propose a hypothesis for high sulfur content (157000 ppm vs
24900 ppm, before and after transformation), but it is evident that
Na was effectively removed during the wet oxidation and conver-
sion stage i.e. during transformation from double sulfate. The
result is similar to the result of Abreu et al. who obtained 0.9 wt.
% SO3 content at T = 70 °C (Abreu and Morais, 2010). Moreover,
they had a high residual sulfate content in the product at
T = 30 °C, suggesting that T = 60 °C that was utilized in present
study may explain why the sulfur content in the present study
was 2.49 wt.%.

The hydroxide powder from the optimal parameter experiment
was also subjected to SEM characterization, shown in Fig. 3B. Large
crystals and their agglomerates, assumed to be REE hydroxides,

could be observed to have been formed, partially explaining the
easy filterability.

In all the conversion-oxidation experiments of Experimental
Series A, it was noted that the produced precipitate was easily fil-
terable powder and did not present any significant gel-like charac-
teristics. This is not typical behavior as REE hydroxide precipitation
from aqueous solution results in gel-like precipitate (Shkol'nikov,
2009). This could be due to the low NaOH concentrations that were
utilized in this study, limiting the supersaturation levels (Myerson,
2002). Similar easy-to-filter behavior was also shown by Neckers
and Kremers in 1928 from hydrolysis of ceric phosphates
(Neckers and Kremers, 1928). The lack of gelatinous character
can be taken as an advantage of the application of conversion
and wet oxidation method on REE double salts.

Furthermore, another advantage of the presently suggested
method has been shown by a prior study that in NaOH conversion
of REE double sulfates (Eq. (1)), the resulting sodium sulfate -
sodium hydroxide solution could potentially be recirculated back
to double salt precipitation. This would reduce the consumption
of Na, and simultaneously ensure appropriate stoichiometric
excess of Na ions (Na/REE = 4/1) in the REE double sulfate precip-
itation (Kul et al., 2008,Porvali et al., 2019).

3.2. Crystallinity of the hydroxides

Characterization of the mixed hydroxide mass is not generally
possible with XRD. This is due to the amorphous structure of the
precipitates, caused by short reaction time at low temperature.
The reaction time should be increased along with temperature
and NaOH conc. in order to obtain crystalline structure due to
the aging phenomena (Abreu and Morais, 2010). Abreu et al.
reported having obtained crystalline REE(OH); from double salts
at 3NaOH/REE = 1.25 and T = 70 °C, however they did not provide

Table 3

The hydroxide powder composition, reported in ppm.
Al Ce Co Fe K La Mn
339 187,000 91.7 34.1 189 264,000 215
Na Nd Ni Pr S Sm Y
48.2 76,200 621 21,300 24,900 389 797
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Fig. 4. A composite of separate diffractograms. The first is from the center point
experiment (Experimental Series A), second from the 70 °C, 2 h (Experimental
Series B) and third from the 3NaOH/REE = 0.5 (Experimental Series B).

an XRD diffractogram of the product to support their claim (Abreu
and Morais, 2010). To that end, it was investigated whether crys-
talline REE(OH); can be obtained by using similar parameters.

In the Experimental Series B, the process of double salt conver-
sion and oxidation was attempted. It can be clearly seen that some
diffraction peaks that could correspond to REE hydroxides become
more apparent at T = 70 °C. The resulting diffractograms clearly
show the product was not crystalline. The peaks are wide and
the background is curved in a way that resembles the REE(OH)3
at 30 °C. Zhang et al. have shown that similar quality of crystallinity
can be obtained at 100 °C from nitrate media, but for highly
ordered structure a higher temperature up to 600 °C is required
(Zhang et al., 2004). Finally, in order to ascertain that whether
it is possible to see the double salt remnants in XRD at all,
3NaOH/REE = 0.5 was used and the resulting precipitate was
analyzed by XRD. The result in Fig. 4 clearly shows the peaks
associated with the double salt, however, it is also possible to note
the curved background which is caused by the amorphous
precipitates.

3.3. Selective dissolution of the hydroxides

After the preparation of the hydroxides (Table 3), at first, selec-
tive dissolution of La, Pr and Nd hydroxides from Ce(IV) hydroxide
was investigated with careful HNO3 addition (Experimental Series
C). Pale yellow color indicating the dissolution of Ce* was
observed at pH = 1.7-1.9 after 1 h equilibration, corresponding to
ca. ca. 10.9 mmol HNO3 consumption per gram of the mixed
hydroxide. The observed pH for detecting the pale yellow color
was lower (1.7-1.9) than that suggested (2.2-2.6) by Mioduski

Table 4

et al. (Mioduski et al., 1989). As a result of selective dissolution,
clear enrichment of Ce could be achieved. However, even at opti-
mized pH (1.7), both minor La and Pr, in addition to Nd, remained
in the cerium precipitates as impurity elements, Table 4. Overall, La
content was reduced from 264000 ppm to 15600 ppm (94.1%
reduction), Pr from 21300 ppm to 2200 ppm (89.7% reduction),
Nd from 76200 ppm to 7875 ppm (89.7% reduction). This is most
likely due to the fact that the pH of the solution was decreased
slowly and gradually, avoiding momentary decrease of pH below
the desired target that could result if the acid was added all at
once. Ce was enriched from 187000 ppm to 451500 ppm (241%
increase). Interestingly, sulfur was also enriched, from
24900 ppm to 40150 ppm. This could be indicative of sulfur being
present in the precipitate (Table 3) in such species that cannot be
dissolved by the dilute nitric acid either. However, it is more likely
that the Ce is associated with the Ce(IV) matrix and other trivalent
REEs as well. After selective dissolution, 5 g of mixed hydroxide
was reduced to 1.49 g, equaling to 97-98% extraction of La, Pr
and Nd when calculated based on data in Table 3 and Table 4. Ce
extraction was 28%, and S 52%. Some Ce extraction is expected,
as all the Ce(Ill) would be expected to dissolve. Furthermore, at
titration end point of pH = 1.7 the amount of added acid is also
excessive, and the titration was only stopped when yellow color
was detected. However, in this manner it is proven that the Ce
matrix contains locked-in impurities, including some trivalent
REEs as well as quite large fraction of the original sulfur content,
most likely as sulfates, which can’t be removed without an addi-
tional total dissolution - precipitation cycle. The cerium enriched
particles obtained from selective dissolution were also investigated
by means of SEM-EDX. The presence of sulfur is clearly indicated,
and the EDX supports the results presented in Table 4. The sulfur
is distributed evenly to different investigated zones, as shown in
Table 4. However, the results do not reveal the nature of the sulfur
present in the precipitates. Abreu et al. suggested the presence of
RE,SO4(0OH)4-H,0, however only at insufficient base quantities
(Abreu and Morais, 2010). In the current study, the REE/S ratio
(mol/mol) was 5.04 after hydroxide conversion and 2.72 after
selective dissolution. The investigated zone 4 was still covered by
epoxy and is excluded.

The results show high enrichment (up to 54 times) of the Ce
from the NiMH battery based double sulfate precipitate to Ce pre-
cipitate - however it also highlights the potential challenges that
lie in separation of Ce by the process approach proposed in this
paper. High sulfur content is particularly problematic and warrants
further investigation. These results indicate that sulfur is strongly
associated with Ce instead of the rest of the REEs. It might be
advantageous to first dissolve the whole mixed hydroxide and then
precipitate the Ce directly by increasing the pH. Another option
would be the complete dissolution of the mixed hydroxide precip-
itate which would ensure that entrapped atoms are released, and
Ce precipitation could be attempted directly by increasing the pH
of the solution. Sulfuric acid could potentially be utilized in the
re-dissolution as we have now shown that the amount of Na is

The chemical analysis of the produced precipitate in acid treatment, Experimental Series B. Results are reported in ppm. EDX-results of the select zones, reported in (atom.%/atom.

%)-10%. Initial D.S. calculated from ICP-MS results (Table 1).

La (ppm) Ce (ppm) Pr (ppm) Nd (ppm) Sm (ppm) Y (ppm) Na (ppm) S (ppm)
15,600 451,500 2200 7875 54 73.5 47.1 40,150
EDX Results La/Ce Ce/Ce Pr/Ce Nd/Ce Y/Ce S/Ce

Initial D.S. 147 100 10.5 33.7 0.78 606

1 2.71 100 0.78 0.39 0.00 20.2

2 4.42 100 0.00 0.34 0.00 18.4

3 3.82 100 1.27 2.04 0.00 19.6

5 2.30 100 0.00 0.00 0.00 20.3
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not significant, and double sulfate precipitation could be avoided.
The method presented here highlights the potential and limita-
tions of using wet-air oxidation with double sulfates as the source
of REEs in selective recovery of Ce.

4. Conclusions

The paper presents an investigation on alternative route for Ce
recovery and enrichment from the NiMH battery waste by using a
robust method not yet investigated in battery recycling. The
advantage of the presented process route is that it allows the use
of less aggressive and expensive chemicals (sulfuric acid, NaOH,
air and nitric acid) for the separation of Ce compared to the
state-of-art processes or literature. It also has the potential to
incorporate the recycling of the produced Na,SO4 solution into
double salt precipitation. The proposed method consist of double
sulfate precipitation of REEs from NiMH PLS, followed by hydrox-
ide conversion and their subsequent wet oxidation by air, and fur-
ther selective dissolution of trivalent REEs from the tetravalent Ce
hydroxide.

Conversion of mixed REE double salts into REE hydroxides and
the simultaneous oxidation of trivalent Ce was investigated by
adjusting several different parameters: L/S ratio (12.5-100 g/L),
air flow rate (0-1 L/min), temperature (30-60 °C), 3NaOH/REE ratio
(1-1.6) and time (60-240 min). It was found that L/S = 100 g/L
resulted in slowing down of the conversion of the hydroxide, as
indicated by high sulfur content (ca. 10 more than in the optimized
experiment) of the resulting precipitate. This was judged to be due
to decrease in dissociation of double salts, as was evident from
SEM micrographs and EDX results which revealed presence of
Na. This explains partially the low oxidation degree in relation to
other studies using synthetic solutions as the raw material instead
of DS produced from battery waste. Generally, oxidation degree of
Cerium ranged from 82% to 93% throughout the experiments. It
was shown that at high L/S ratio of 100, the double sulfate conver-
sion was hindered, most likely due to decreased solubility caused
by the dissolved sulfate ions.

Using the optimized conditions (T = 60 °C, t = 120 min,
L/S =25 g[L, FR =1 L/min, 3NaOH/REE = 1.6) a 3 L reactor was used
to convert double salts to hydroxides and simultaneously oxidize
Ce, resulting in 93% oxidation degree. Characterization of hydrox-
ides was not possible with XRD due to its amorphous structure.
However, with the help of the total dissolution, it was possible to
ascertain that the amount of sodium was reduced to 48 ppm, indi-
cating dissociation of double sulfates. However, impurities were
still locked within the matrix of the intermediate product. This
was evident once the precipitate was subjected to selective disso-
lution with nitric acid. Visually, it was observed that the solid
tetravalent cerium appeared to remain stable until at least pH of
2 and that enrichment of Ce was observed (from 108133 ppm in
double sulfate to 451500 ppm Ce in acid-treated hydroxide). 97—
98% extraction of trivalent REEs was achieved, indicating that
impurities still remained in the Ce-enriched precipitate.
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