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The recycling of rare earth elements and basemetals from recycling slag powders of nickelmetal hydride (NiMH)
batteries by ionic liquid leaching was studied. Leaching tests were conducted by using the ionic liquid 1-
methylimidazolium hydrogen sulfate (HmimHSO4) selected after some preliminary leaching tests on slag pow-
ders. The HmimHSO4 concentration of aqueous ionic liquid solution was 30% (v/v) in all tests. The slag powders
were ground and sieved to obtain two different particle-size fractions namely 63–90 μmand 90–125 μm in order
to evaluate the leaching behavior and the kinetics. Themost important metals present in the initial slag powders
are iron (35.70%w/w), aluminum (9.95%w/w), manganese (3.45%w/w) and rare earth elements (REEs) such as
lanthanum, cerium, neodymiumand yttrium (totally 22.50%w/w). In the leaching experiments three parameters
were studied: temperature, particle size and time. The average dissolution ratios of 63–90 μm particle size slag
powder were 100% for iron, manganese and yttrium after 2 h at a temperature of 80 °C. However, themaximum
leaching efficiencies were about 15% for lanthanide and cerium and 20% for neodymium under the same condi-
tions. As an explanation for the low recovery rates, a phase analysis with QEMSCAN (Quantitative Evaluation of
Materials by SCANning electron microscopy) indicated decomposition in the initial REE phases but a precipita-
tion as sulfates. The kinetic study of Fe andMn dissolutions showed that the leaching process follows the shrink-
ing core model with an unchanged particle size controlling diffusion through the product layer.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The rare earth elements (REEs) comprise seventeen elements being
the fifteen lanthanide series plus yttrium and scandium which are
chemically similar to each other (Jordens et al., 2013; Binnemans et
al., 2013). Because of their unique magnetic, luminescent, and electro-
chemical properties, they are vital to many high-tech industries includ-
ing consumer electronics, computers, networks, communications, clean
energy, advanced transportation, health care, national defense and
many others (Massari and Ruberti, 2013; Xie et al., 2014). Since rare
earth resources are eccentrically located in some countries, supplying
them is affected by political situations or economic affairs (Itoh et al.,
2009). In addition to the primary sources,wastes such as spent catalysts,
super-alloy scrap, spent batteries, sludge and dusts are potential sec-
ondary sources of REEs (Pietrelli et al., 2002). It is necessary to develop
efficient recycling processes to recover REEs from secondary sources
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due to the high prices of the commodities and the environmental im-
pacts of mining.

Spent NiMH batteries are one of the important REE sources,
consisting of lanthanum, cerium, praseodymium, neodymium and yttri-
um together with significant amounts of valuable metals like nickel and
cobalt. At the Institute of Process Metallurgy andMetal Recycling (IME)
a process was developed to recycle NiMH batteries by Müller and Frie-
drich at RWTH Aachen University, Germany (Al-Thyabat et al., 2013).
In the process, scrap batteries were firstly crushed and sieved to remove
iron and plastic, then the crushed battery scrapwasmelted in an electric
arc furnace in order to produce a nickel-cobalt alloy and a slag phase
highly enriched with REE-oxides. The produced Ni-Co alloy is already
a marketable product for direct use as a battery alloy component. The
slag which is highly rich in REEs might be a satisfactory raw material
for the production of REEs (Müller and Friedrich, 2006; Al-Thyabat et
al., 2013; Weyhe et al., 2002).

Some previous research has proposed hydrometallurgical recycling
processes for the NiMH batteries using conventional acid leaching
using H2SO4 or HCl (Pietrelli et al., 2002; Innocenzi and Vegliò, 2012).
However, in these hydrometallurgical processes, the treatment of a
large amount of wastewater is required (Innocenzi and Vegliò, 2012).
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Table 1
The chemical composition of NiMH battery slag powder samples (mass fraction).

Element (%) Fe Mn Al Ni Ca K Na Si La Ce Nd Y

Fine fraction (63–90 μm) 35.70 3.45 9.95 0.08 2.33 1.93 0.85 4.43 10.10 8.83 2.48 0.16
Coarse fraction (90–125 μm) 34.60 3.49 10.00 0.12 2.32 2.03 0.93 4.95 10.70 9.30 2.67 0.17
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Recently, ionic liquids (ILs) have been studied as novel solvents for the
sustainable dissolution, extraction and separation of metal ions (Han
and Row, 2010; McCluskey et al., 2002; Kılıçarslan and Sarıdede,
2016). Ionic liquids are organic salts, generally with a low melting
point (b100 °C) (Welton, 1999). A remarkable variation is possible in
both the anionic and cationic part of the IL and thus it is possible to cre-
ate an IL with the desired properties to meet the requirements of a par-
ticular process (Earle and Seddon, 2000). The ILs have excellent
properties including negligible vapor pressure, non-flammability, a
wide liquid range and the thermal stability to solubilize a wide range
of solutes including metal salts and complexes. Especially, their ability
to dissolve a variety of non-ferrous oxides and hydroxides at low tem-
peratures makes the ILs attractive and a green alternative to the tradi-
tional aqueous acid/alkaline solutions used in the hydrometallurgical
processes which are associated with large volumes of effluent produc-
tion and require elevated temperatures and pressures (Guo-cai et al.,
2010).

So far, ionic liquids have been studied as solvents in different
leaching systems for the extraction of transition metals, gold and silver
from their concentrates. McCluskey et al. (2002) investigated the use of
1-butyl-3-methyl-imidazolium tetrafluoroborate ([Bmim]BF4) as the
ionic liquid with Fe(BF4)3 in the leaching process of chalcopyrite and
Fig. 1. Effect of particle size on leaching efficiency (a) F
reported that after 8 hwith Fe(BF4)3 in water ([Bmim]BF4 of 1:1) an ex-
traction of 90% of copper was achieved at 100 °C. Whitehead et al.
(2004) studied the leaching of gold and silver from ores in 1-butyl-3-
methyl-imidazoliumhydrogen sulfate as the ionic liquid ([Bmim]HSO4)
in combinationwith iron(III) sulfate as oxidant and thiourea. The recov-
eries of 87% gold and ≥60% silver were achieved with the relatively se-
lective extraction process over the other metals (Cu, Zn, Pb, Fe) which
were present in the concentrate. In the same study, successful extrac-
tion of gold, silver and base metals (Cu, Zn, Pb, Fe) was also reported
using [Cmim][CF3SO3] (Whitehead et al., 2007). Dong et al. (2009) in-
vestigated the leaching of chalcopyrite using [Bmim]HSO4 as the ionic
liquid and indicated that the copper extraction increased from 51.8%
to 87.8% as the ionic liquid concentration in the leaching solution in-
creased from 10% (v/v) to 100%. Beyond that, the leaching behavior of
copper from waste printed circuit boards using the same ionic liquid
was studied by Huang et al. and they found that the copper leaching
ratio was almost 100% in 25 mL of 80% (v/v) of the ionic liquid with a
combination of 10mL of 30% hydrogen peroxide (Aydogan et al., 2006).

In this study, the leaching of NiMH battery slag powders from a pro-
cess, for the recovery of base and rare metals developed at the IME, was
investigated by using ionic liquid 1-methylimidazolium hydrogen sul-
fate (HmimHSO4). The kinetics of the leaching process were analyzed
e, (b) Mn, (c) Al (63–90 μm), (d) Al (90–125 μm).



Fig. 2. Effect of leaching temperature and slag powder particle size on (a) La, (b) Ce, (c) Nd and (d) Y dissolution.
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as well. In order to investigate the extraction yields of rare earth ele-
ments, a phase evaluation of both the initial material and the residues
was performed with QEMSCAN (Quantitative Evaluation of Materials
by SCANning electron microscopy).
Fig. 3. Comparison of leaching efficiency of La, Ce and Nd for particle size 63–90 μm at
80 °C.
2. Experimental

2.1. Materials

The slag samples for this research study were prepared by the pyro-
metallurgical recycling process of NiMH batteries developed at The In-
stitute of Process Metallurgy and Metal Recycling (IME) at RWTH
Aachen University in Germany (Müller and Friedrich, 2006). Therefore,
the IME top blown rotatory furnace (TBRC), with a capacity of one cubic
meter, was used. After a preheating phase N 900 kg of NiMH batteries
were charged with fayalite slag and some soda to lower the viscosity.
As a reduction medium, to get a saleable metal phase, coke was
added. After a total processing time of more than 7 h at about 1350 °C,
a metal phase of about 150 kg and a slag phase of about 250 kg were
tapped separately. The slag produced during the IME process for the
recycling of NiMH batteries was used as the rawmaterial for further ex-
periments to extract the rare earth elements (REEs).

The ionic liquid, 1-methylimidazolium hydrogen sulfate
(HmimHSO4), whose chemical properties and structure are given in
Appendix A was selected since the preliminary leaching test results
showed that HmimHSO4 is the most active ionic liquid among the other
five acidic ionic liquids used for the leaching of the NiMH battery slag.
Table 2
Conversion-time expressions for spherical shapes of particles-shrinking core model.

(2) Diffusion through the liquid film t
τ ¼ X

(3) Surface chemical reaction t
τ ¼ 1−ð1−XÞ1=3

(4) Diffusion through the product layer t
τ ¼ 1−3ð1−XÞ2=3 þ 2ð1−XÞ

(X: the reacted fraction, τ: time for complete reaction-min).



Table 3
Values of rate constants (slopes) and the correlation coefficients at different conditions.

Particle size (μm) T (°C) Fe Mn

R2 k (10−4 min−1) R2 k (10−4 min−1)

90–125 50 0.98 0.0008 0.96 0.0009
65 0.99 0.0022 0.98 0.0031
80 0.99 0.0060 0.98 0.0056

63–90 50 0.95 0.0039 0.96 0.0012
65 0.97 0.0063 0.98 0.0029
80 0.99 0.0099 0.99 0.0064
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2.2. Leaching tests

The leaching experiments were carried out in closed beakers of
250 mL on a magnetic stirrer at specified temperatures. In each test,
25 g of slag powder was used with a volume of 250 mL aqueous 1-
methylimidazolium hydrogen sulfate ionic liquid solutions which re-
sults in a constant pulp density of 10%. The HmimHSO4 concentration
of aqueous ionic liquid solution was 30% (v/v) in all tests. At selected
time intervals, a solution sample of about 10 mL was taken out using a
syringe filter. This slurry solution was filtered for solid liquid separation
and the liquid part was analyzed by ICP-OES to determine the base and
rare metal contents. The effects of dissolution temperature (50 °C, 65 °C
and 80 °C) and particle size (63–90 μm and 90–125 μm) of the slag on
the dissolution ratio of the elements were studied. Dissolution kinetics
of base metals was also investigated.
2.3. QEMSCAN assisted assessment of leaching results

In order to explain the relatively low extraction yields of rare earth
elements, a phase evaluation of the residues was performed with X-
ray powder diffraction. As a result, no crystallographic phase could be
identified which explains the low extraction yields. Experiments using
the 1-methylimidazolium hydrogen sulfate ionic liquid solution to
leach pure lanthanum oxide leads to an exothermic reaction and a lan-
thanum rich residue. The X-ray powder diffraction indicates an amor-
phous phase which explains the failed X-Ray powder diffraction
analysis of the initial battery leach residues. To overcome this limitation
of conventional X-ray powder diffraction analysis, QEMSCAN analysis
(Quantitative Evaluation of Materials by SCANning electron microsco-
py) of both the initial material and the leach residues was conducted
at the Institute of Mineralogy and Economic Geology (RWTH Aachen
University). This analytical method enables an X-ray based quantitative
chemical mapping of the sample material and consists of a scanning
electron microscope in combination with two energy-dispersive X-ray
spectrometers. The field scan mode was applied for the data collection,
which is an end to end chemical mapping of a defined area and resolu-
tion of the sample surface. Eighteen elementswere chosen formeasure-
ment due to prior XRF and ICP-OES investigations. X-ray data was
acquired every 5 μm(point spacing), collecting 2000-count EDX spectra
on each analysis with an acceleration voltage of 25 keV and a specimen
current of approximately 10 nA. Collected raw data was assigned to
suitable phases by user-defined “must have” and “may have” elements
with a specific concentration range for each phase using idiscover©
software. During post processing, for every pixel, the software verifies
if the conditions complied with the user definition, and allocates the
pixels into the appropriate phases by a “true” or “false” validation. The
accuracy of the phase boundaries was verified by overlapping BSE im-
ages. The QEMSCAN measurement results showed no difference be-
tween the coarse and fine fractions as related to occurring phases. In
general, coarse material permits better results and produced less
mixed spectra. Thus, the 90–125 μm fractionwas used for further inves-
tigations. Two different samples ground slag and leach residue each
with a grain size of 90–125 μm, were prepared onto thin sections.
3. Results and discussion

3.1. Characterization of NiMH batteries slag

A combination of operations was carried out for the slag using a jaw
crusher and a ball mill, successively. Screening tests were performed on
the ground slag powders in order to obtain two different particle size
fractions: +63–90 μm and +90–125 μm. The samples from both the
coarse and fine fractions were analyzed by Inductively Coupled Plasma
Optical Emission Spectrometry (ICP-OES).

The chemical analysis of the slag powder with the particle size
ranges of 63–90 μm and 90–125 μm is shown in Table 1.

The chemical analysis of the initial slag powders indicates that iron
(35.70% w/w), aluminum (9.95% w/w) and manganese (3.45% w/w)
are the major base metal elements. Other important elements are lan-
thanum, cerium, neodymium and yttrium (rare earth elements) in the
ratio of about 10.00% w/w, 9.00%, 2.50% and 0.16%, respectively.

3.2. Leaching of base metals

The dissolution efficiency of iron at temperatures of 50 °C, 65 °C and
80 °C are shown in Fig. 1a. It is evident from Fig. 1a that the iron disso-
lution rate increased remarkably with increasing temperature from
50 °C to 65 °C. The particle size of the slag powders also has a significant
effect on the iron leaching ratio as it increased from 50.3% to 70.7% with
decreasing particle size range from 90–125 μm to 63–90 μm at 50 °C
after 2 h. Similarly, iron dissolution increased from 70.7% to 90.8%
upon decreasing the particle size range at 65 °C. Maximum Fe dissolu-
tion was attained at a temperature of 80 °C after 120 min for both par-
ticle sizes. Moreover, in the fraction with the particle size of 63–
90 μm, almost all the iron was dissolved in the ionic liquid solution at
80 °C after 120 min. It is obvious that the iron leaching ratio increased
with the decrease of particle size as the surface area per unit mass was
increased.

The effect of temperature and particle size on the dissolution per-
centage of manganese over 2 h is shown in Fig. 2. The leaching temper-
ature also has a significant effect on Mn dissolution and a maximum
dissolution ratio (99.5%) reached at a higher temperature (80 °C). Mn
dissolution rose from 57.7% to 65.2% with decreasing particle size from
90 to 125 μm to 63–90 μm at 50 °C. The effect of particle size was slight
at 65 °C and 80 °C over 2 h. Leaching time and temperature dependence
of Al dissolution from slag powder with particle size of 63–90 μm is
shown in Fig. 1c, where it can be seen that Al dissolution is influenced
marginally by increasing the temperature. Very similar behavior was
also obtained from the slag powder with particle size of 90–125 μm
(Fig. 1d). The decrease in dissolution of Al with the increase in leaching
time for both particle size ranges indicated that aluminum precipitated
with time during ionic liquid leaching.
3.3. Leaching of rare earth elements

The leaching of rare earth elements in 1-methylimidazolium hydro-
gen sulfate ionic liquid solutions was also investigated. The effect of
temperature and particle size of slag powders on the leach efficiency
of lanthanum is shown in Fig. 2a where it can be seen that the leaching
of lanthanum is affected significantly by temperature and particle size of
the battery slag powder under the conditions studied. At relatively low
temperature (50 °C), dissolution of lanthanum was only about 10% for
both ranges of particle sizes. This value increased with the increase in
temperature and reached 13.0% and 15.4% at 65 °C and 80 °C, respec-
tively for particle size of 63–90 μm. However, after 45 min the increase
in dissolution ratio of La slowed down for all temperatures and both
particle sizes.

The leaching efficiency results of cerium and neodymium are pre-
sented in Fig. 2b and c, respectively. The figures indicate that the



Fig. 4. Fitting of (a, c, e) Fe and (b, d, f) Mn dissolution (X) to several equations of the shrinking core model at various temperatures.
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leaching efficiency of the metals increased sharply with the increase in
leaching temperature. However, maximum cerium and neodymium
leaching efficiencies were about 15% and 20%, respectively after 2 h in
the operating range. The particle size of the slag powders also has an in-
fluence on the leaching behavior of both cerium and neodymium. Small
particles (63–90 μm) indicated more efficient cerium and neodymium
dissolution compared to large particles (90–125 μm)due to the increase
in surface area per unit mass.

As shown in Fig. 2d, yttrium dissolution increased with decreasing
particle size and increasing temperature. Yttrium leaching efficiency
reached 100% for the 63–90 μm particle size at 80 °C after 45 min
while dissolution was completed at the same temperature after



Fig. 5. Arrhenius plots for activation energy of a) Fe, b) Mn.
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60 min for the 90–125 μm particle size. When the temperature was
50 °C, no significant difference was observed with increasing particle
size. It means that recovery of yttrium from NiMH battery slag powder
depends slightly on the particle size at low temperature.

Leaching behaviors of rare earth metals with particle size of 63–
90 μm were compared in Fig. 3 at 80 °C. They all showed very similar
trend during leaching test that their leaching efficiencies increased re-
markably between 0 and 30 min and after that time increment slowed
down considerably. In addition, La and Ce almost had same and low
leaching efficiencies compared with Nd. The highest leaching efficiency
was obtained with Nd in 120 min. as 20.2%.

3.4. Kinetic analysis

A leaching process is a heterogeneous reaction inwhich a liquid con-
tacts and reacts with solid particles forming a product according to Eq.
(1).

aA fluidð Þ þ bB particleð Þ→Product ð1Þ

Solid particles remain unchanged in size during reaction when they
contain large amounts of impurities which remain as non-flaking ash or
if they form a firm product material by the reaction of Eq. (1) (Quian et
al., 2013). For such reaction systems, the reaction ratio is generally con-
trolled by one of the following steps: (i) diffusion through the liquid
film, (ii) diffusion through the ash/product layer and (iii) chemical
Table 4
Identified phases and elemental composition.

Phase Color Major elements Minor elements

Aluminum rich 
REE phase Al, La, Ce, Nd, O Fe, Si, Ca, K, Na, Co, Cr, Mn, Ni, Y, Zr

Iron rich REE 
phase Fe, La, CeNd, O Al, Si, Ca, K, Co, Cr, Mn, Ni, Y, Zr

Silicon rich REE 
phase Si, Ca, La, Ce, Nd, O Fe, K, Na, Co, Cr, Mn, Ni, Y, Zr

REE sulfate phase S, Fe, La, Ce Nd, O Al, Si, Ca, K, Na, Co, Cr, Mn, Ni, Y, Zr

Iron manganese 
phase Fe, Mn, O Al, Si, Ca, K, Na, Co, Ni, Y, Zr, La, Ce, Nd

Iron aluminum 
manganese phase Fe, Al, Mn, O Si, Ca, Na, Cr, Co, Mn, Ni, Y, Zr, La, Ce, Nd

Iron aluminum 
manganese 
chromium phase

Fe, Al, Mn, Cr, O Ca, Na, Co, Ni, Y, Zr, La, Ce, Nd

Iron aluminum 
chromium nickel 
phase

Fe, Al, Cr, Ni, O Si, Ca, Na, Mn, Co, Y, Zr, La, Ce, Nd

Silicon based 
transition phase Si, Al, K, O Fe, Ca, Mn, Ni, Co, Y, Zr, La, Ce, Nd

Aluminum phase Al, O Cr, Y
reaction at the surface of the solid particles (Aydogan et al., 2006;
Gharabaghi et al., 2012; Levenspiel, 1962; Safarzadeh et al., 2009). The
slowest step of the reaction is quite well known as the rate-determining
step.

In order to determine the kinetic parameters and rate controlling
step for leaching of the slag powders in ionic liquid solutions, the exper-
imental data was analyzed based on the shrinking core model using
equations shown in Table 2 (Levenspiel, 1962).

The experimental data in Fig. 1a and bwere examined based on Eqs.
(2)–(4) shown in Table 3 and presented Fig. 4. As shown in Fig. 4e and f

there is a linear correlation between the expression of 1−3ð1−XÞ2=3 þ
2ð1−XÞ and time for Fe and Mn dissolution and the rate control by dif-
fusion of reagents or products through the product layerwas found to fit
the data better (Fig. 4e and f). The rate constants (slopes) and the corre-
lation coefficients at different conditions were listed in Table 3.

The apparent rate constant k is a function of temperature and the re-
lationship between k and T can be expressed by the Arrhenius equation
(Kaplun et al., 2011).

k ¼ k0 exp
−Ea
RT

� �
ð5Þ

where k0 is the frequency factor and Ea is the apparent activation ener-
gy. To calculate the activation energy, theArrhenius plots of the leaching
processes were plotted using the values of ln k against 1000/T.

According to the Arrhenius Eq. (5) and the slopes (−Ea/R) in Fig. 5,
the apparent activation energies of the elements were calculated for
small and large particles, respectively as about 28.8 kJ/mol and
60.8 kJ/mol for Fe; and 51.6 kJ/mol and 55.0 kJ/mol for Mn. In general
the reactions controlled by diffusion should have low activation energy;
therefore such values of activation energies are not typical for diffusion
processes. High activation energy for the product layer diffusion con-
trolled dissolution of minerals was also recognized rarely and it was ap-
peared that its value may exceed 21.0 kJ/mol for the processes
controlled by internal diffusion of reactants (Gbor et al., 2000; Baba et
al., 2009; Paspaliaris and Tsolakis, 1987).

3.5. QEMSCAN assisted assessment of leaching results

The qualitative composition of identified phases is presented in
Table 4. Four phases with a significant REE concentration were identi-
fied in the samples. They were divided into the different dominating el-
ements Al, Fe and Si (Table 4). The sulfur dominated phase only occurs
in the leach residue.

The other phases did not show a pertinent and consistent REE distri-
bution and are dominated by Fe, Al, Mn and Cr, as can be observed in
Table 4. Oxygen was principally detected. Major elements have to
occur within all grains and at each measurement point of the defined
phase, whereas minor elements may, or may not occur. All phases
were characterized by a different composition and/or concentration of
involved elements and therefore show a distinct brightness in the
Back Scattered Electron (BSE) image, which was used as a validation
parameter.

The distribution of grains in the ground slag is illustrated in Fig. 6a, b.
Phaseswith a significant amount of REE show a higher BSE intensity be-
cause of their greater average atomic number. As can be seen in the false
color and BSE image (Fig. 6a, b), the grain boundaries of identified
phases are uniform.

The evaluation results of QEMSCAN raw data including identified
phases and their quantitative distribution (in vol.%) in slag powder
and leached slag powder are shown in Table 5.

The evaluation of the leaching experiments indicated a good
leaching efficiency of iron and manganese with metal yields of N90%.
In comparison, the extraction yields of the rare earth elements lantha-
num, cerium and neodymium are under 20%. A comparison of the
QEMSCAN analysis of the initial material (Fig. 6b) and the residue



Fig. 6. a) BSE and b) false color image of ground slag. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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after leaching at 80 °C (Table 5 and Fig. 7b) indicates a material alter-
ation of the phases. Due to the high recovery of iron and manganese,
the ironmanganese phase (blue), one of the dominant phases in the ini-
tial material (Fig. 6b), was almost dissolved (expected reaction 2) and
barely present in the residue (Table 5 and Fig. 7b).

MnaOb � FecOd þ 2 bþ dð ÞHþ⇄Mnxþ
aqð Þ þ Feyþ aqð Þ þ bþ dð ÞH2O ð2Þ

A similar behavior can be observed by the dominant rare earth
phases. The iron rich REE phase (red) (expected reaction 3) and the sil-
icon rich REE phase (wine-red) (expected reaction 4) were almost
Table 5
Quantitative phase distribution within measured samples.

Phase Phase volume (%)

Ground slag Leach residue

Aluminum rich REE phase 12.18 11.36
Iron rich REE phase 19.11 1.81
Silicon rich REE phase 4.99 0.02
REE sulfate phase 2.83 57.94
Iron manganese phase 19.27 3.29
Iron aluminum manganese phase 8.17 10.11
Iron aluminum manganese chromium phase 2.96 4.31
Iron aluminum chromium nickel phase 6.84 7.41
Silicon based transition phase 13.76 0.01
Aluminum phase 0.03 0.01
Low confidence 3.50 1.83
Others 6.37 1.90
dissolved.

REE2O3 � FecOd þ 2 2þ dð ÞHþ⇄REE3þ aqð Þ þ Feyþ aqð Þ þ 2þ dð ÞH2O ð3Þ

REE2O3 � SiO2 þ 6Hþ⇄2REE3þ
aqð Þ þ Si OHð Þ4 þH2O ð4Þ

Only the aluminum rich REE phase (orange) was still present in the
residue. In addition the evaluation of the QEMSCAN data with the com-
piled data base resulted in high rates of not matching phases, the low
confidence phase (not shown in diagrams). Consequently a further
phase with REEs has to be formed after leaching that might explain
the low REE recovery rates.

Accordingly a further phase with sulfur, oxygen, the REEs and iron
was implemented as “must have” elements. The result of the reanalysis
indicated that this REE sulfate phase (green) is almost not present in the
initialmaterial but is thedominant phase in the residue (Table 4 and Fig.
6b). Therefore, a decomposition of the REE phases of battery slag pow-
ders by the ionic liquid 1-methylimidazolium hydrogen sulfate is possi-
ble. A direct precipitation as sulfates indicates by QEMSCAN is
responsible for the low REE leaching efficiency. Moreover, the dissolu-
tion of REEs in acidic sulfate media is generally results low solubility
due to the insoluble REE phases (Senanayake et al., 2016).

4. Conclusions

Rare earth elements lanthanum, cerium, neodymium and yttrium
were found to exist in the structure of industrial NiMH spent battery
recycling slag powders in additional to iron, manganese and aluminum.
Ionic liquid HmimHSO4 leaching provided high dissolution ratios for
these base metals except Al. A decrease in the particle size of slag pow-
der and an increase in temperature and time enhanced the dissolution
ratios of La, Ce, Nd and Y. The shrinking core model with constant



Fig. 7. a) BSE and b) false color image of leach residue after leaching at 80 °C. (For interpretation of the references to color in this figure legend, the reader is referred to theweb version of
this article.)
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particle size found to be the best fit to the experimental data, and diffu-
sion through the product layer seemed to be the rate controlling step for
the leaching of Mn and Fe. The QEMSCAN analysis indicated that miner-
al decomposition of the REE phases of the battery slag by the ionic liquid
HmimHSO4 took place but direct precipitation as sulfates explains the
low REE recovery rates.
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Appendix A

Table A1
Properties of ionic liquid HmimSO4.
IL
N
Fo
M
D
M
Fl
S

HmimHSO4
ame
 1-Methylimidazolium hydrogen sulfate

rmula
 C4H6N2·H2SO4
olecular weight
 180.18 g/mol

ensity at RT
 1.4835 g/cm3
elting point
 39 °C

ash Point
 N280 °C

olubility in water
 Soluble

cidity/basicity
 Acidic
A
Fig. 1A Structure of HmimHSO4.
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