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Removal of transition metals from rare earths by
solvent extraction with an undiluted phosphonium
ionic liquid: separations relevant to rare-earth magnet
recycling

Tom Vander Hoogerstraete, Sil Wellens, Katrien Verachtert and Koen Binnemans*

An environmentally friendly process for the separation of the transition metals copper, cobalt, iron,
manganese and zinc from rare earths by solvent extraction with the ionic liquid trihexyl(tetradecyl)phos-
phonium chloride has been developed. The solvent extraction process is carried out without the use of
organic diluents or extra extraction agents and it can be applied as a sustainable hydrometallurgical
method for removing transition metals from neodymium-iron—-boron or samarium-cobalt permanent
magnets. The recycling of rare earths is of high importance because of the possible supply risk of these
elements in the near future. The method was tested for the removal of cobalt and iron from samarium
and neodymium, respectively. The highest distribution ratios for cobalt and iron were found with 8.5 and
9 M HCl. At the tested conditions, the concentrations of neodymium and samarium in the ionic liquid
were below 0.5 mg L™" (0.5 ppm), even for feed concentrations of 45 g L™". The separation factors of
Nd/Fe and Sm/Co are 5.0 x 10° and 8.0 x 10>, respectively. The percentage extraction of iron is still
higher than 99.98% at loadings of the ionic liquids with 70 g L™ of iron. The viscosity of the ionic liquid
containing the tetrachloroferrate(m) complex [FeCl4]™ is lower, and less depending on the feed con-
centration, than in the case with a tetrachlorocobaltate(i) anion [CoCl,]?>~. After extraction, cobalt can be
stripped very easily from the ionic liquid phase with water. However, due to the very high distribution
ratio, iron could only be stripped by forming a water-soluble iron complex with ethylenediaminetetra-
acetic acid (EDTA). Also the possibility to extract chromium, nickel, aluminium, calcium and magnesium
with trihexyl(tetradecyl)phosphonium chloride has been investigated, but the distribution ratios of these
elements are very low in the tested conditions.

extraction. The water-immiscible organic phase often consists
of a volatile and flammable solvent, such as kerosene, toluene,

Liquid-liquid extraction (solvent extraction) is the most com-
monly applied technique for the separation of metal ions. In
this technique, the aqueous phase containing a metal salt is
mixed with an organic phase containing an extraction agent
(extractant).’™ The metal ion forms a hydrophobic complex
with the extraction agent and migrates to the organic phase.
The separation of metals is based on differences in the affinity
of complexes for different metals in the organic phase, as well
as on the relative solubilities of the complexes in the aqueous
and organic phase. The simplicity with which the parameters
controlling extraction, such as the organic phase, pH or extrac-
tant, can be changed is a major advantage of solvent
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dichloromethane or diethyl ether. Ionic liquids (ILs) are
greener and safer alternatives for these molecular solvents,*”
and have already successfully been applied for the extraction
817 Tonic liquid solvents are organic salts which
consist entirely of ions and typically have a melting point
below 100 °C.'*?° Their negligible vapour pressure and non-
flammability make this class of solvents safer and more environ-
mentally friendly than molecular solvents that are com-
monly applied in biphasic extraction systems.>' In many cases,

of metal ions.

metal extractions with ionic liquids occur via an ion-exchange
process,”>”>* in which a neutral extractant (e.g. crown ether,
amine) transfers the positively charged metal ion to the ionic
liquid phase. In order to obtain charge neutrality, the cation of
the ionic liquid has to dissolve into the aqueous phase where
it forms a new ionic liquid with the anions of the metal. This
loss of ionic liquid can be alleviated by introducing long alkyl

chains on the cation or by using fluorinated anions such as
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bis(trifluoromethylsulfonyl)imide (Tf,N~) or hexafluorophos-
phate (PFq"), which make the product produced by the ion
exchange more hydrophobic.”*® Moreover, introduction of
these structural variations decreases the solubility of the ionic
liquid in the aqueous phase, and significantly reduces losses
of the ionic liquid into the aqueous phase. Besides the persist-
ency of fluorinated compounds, also their high prices and, in
some cases, their hydrolysis to dangerous hydrofluoric acid are
disadvantages.>® From an economical point of view, it is there-
fore better to increase the hydrophobicity of the ionic liquid by
introducing longer alkyl chains instead of using fluorinated
anions.?” Although several non-fluorinated hydrophobic ionic
liquids such as Aliquat 336,°°* Cyphos® IL 101,>>** and
Cyphos® IL 104*” have already been used for extraction of
metal ions, they are in general diluted in molecular solvents
such as toluene, kerosene or chloroform. Diluents are added
to decrease the viscosity of the ionic liquids, which is often
high, especially for ionic liquids having longer or bulky alkyl
chains. A decrease of viscosity results in an increase in mass
transfer and faster kinetics. Unfortunately, the advantages of
pure ionic liquids for extraction are lost by addition of dilu-
ents. Recently, it was shown that the problem of viscosity can
be overcome in some cases by saturating the ionic liquid with
water, by working at slightly elevated temperatures and by
using intermediate metal feed concentrations.*’ The toxicity of
ionic liquids needs to be addressed when ionic liquids are pro-
posed for use in solvent extraction. Since the vapour pressure
of ionic liquids is negligible, toxicity of ionic liquid vapours is
not an issue. However, there is still the possibility of toxic
effects upon contact with the skin and problems related to
aquatic toxicity and potential for bioaccumulation.’®™° The
toxicity of hydrophobic ionic liquids (of the type considered in
this paper) is mainly determined by the cation. Fortunately,
the solubility of these ionic liquids in water is very low, so that
it is often difficult to reach toxic concentrations in aqueous
solutions. For the toxicity of trihexyl(tetradecyl)phosphonium
bromide, a log LC5, value of 0.41 + 0.02 for the marine bacter-
ium Vibrio fischeri has been reported.’® This value is very
favourable in comparison with the values of other ionic
liquids with long alkyl chains. A similar value is expected for
the corresponding chloride salt.

The development of sustainable energy resources (wind
turbines) and the tendency for miniaturisation of electronic
devices have led to an increasing interest in permanent rare-
earth magnets. This class of magnets has a much higher
energy density than the traditional ferrite magnets, resulting
in smaller and lighter magnets for similar magnetic
strengths.’®  Neodymium-iron-boron  magnets (NdFeB
magnets) are currently the most often used rare-earth perma-
nent magnets (98% market share) and can be found in several
applications such as computer hard disk drives, wind turbines,
electric vehicles or motors of air conditioners. To increase the
temperature stability and depending on the application, dys-
prosium can be up to 8% of the total rare-earth content in
NdFeB magnets.”" Samarium-cobalt magnets (SmCo magnets)
are very useful for high temperature applications and for
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applications where corrosion resistance is important due to
their higher coercive force.”® In 2010, the European Com-
mission published a list of critical raw materials at EU level.>?
Besides the rare-earth elements, having the highest supply risk
of all reported elements, also cobalt can be found on this list.
Furthermore the U.S. Department of Energy has recently pub-
lished its own list of critical elements, where neodymium and
dysprosium have been put, as the only two elements, in the
highest supply risk class.”® Both reports stress the importance
of finding new rare-earth resources as soon as possible. Sub-
stitution of critical elements or reopening old mines such as
the Mountain Pass Mine in California can solve part of the
problem in the USA, but Europe has only limited amounts of
primary ores available on its continent, so it has to invest
in technospheric mining, which is the recycling of End-of-Life
products or rare-earth scrap produced throughout production
processes.>® Moreover, primary mining of rare-earth ores for
neodymium leads to an over-production of lanthanum and
cerium. This is the so-called “balance problem”.’®

In 2008, about 38% of the rare-earth market was taken
by rare-earth magnets in terms of value, so it is no surprise
that magnet recycling can solve a large part of the supply
problem.”” In the light of the attention that rare-earth
elements have attracted recently, some reviews appeared sum-
marizing the scarce work on the recycling of rare-earths.>"*°
After preprocessing End-of-Life rare-earth magnets, mainly
pyrometallurgical or hydrometallurgical methods have already
been applied in lab-scale experiments for the separation of the
main elements from rare earths in rare-earth magnets.>’ !
The separation based on hydrometallurgical methods has
several advantages such as applicability to different types of
magnet compositions, applicability to (partly) oxidized alloys,
low energy consumption and the same processing steps as
necessary when processing rare-earths from their primary
ores.””

Trihexyl(tetradecyl)phosphonium chloride (Cyphos® IL 101)
is an effective extractant for cobalt(u) and iron(i) from strongly
acidic hydrochloric acid conditions, because these metal ions
form stable anionic chloro complexes.*>*>°>** On the other
hand, the trivalent rare-earth ions cannot be extracted as
anionic chloro complexes under the same conditions. The
differences in affinity of metal ions for Cyphos® IL 101 can be
applied to separate cobalt or iron from rare earths. Moreover,
Cyphos® IL 101 can be used in undiluted form.*”> Although
strongly acidic conditions are less environmentally friendly,
they are anyway necessary to dissolve the magnets in the case
of recycling of magnets via a hydrometallurgical process. In
addition to iron or cobalt, also copper, nickel, manganese,
zinc, aluminium, calcium, magnesium, zirconium and
some non-metals can be expected in SmCo and NdFeB
magnets.50’56’65’66

In this paper, we present an efficient and environmentally
friendly method to separate Fe(ur) from Nd(m) and Co(u) from
Sm() by solvent extraction with the undiluted non-fluorinated
ionic liquid trihexyl(tetradecyl)phosphonium chloride from
aqueous hydrochloric acid solutions. The metals could be
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stripped efficiently from the ionic liquid phase. Moreover, the
extraction behavior of the transition metals copper, nickel,
manganese and zinc was tested at the optimal extraction con-
ditions. The composition of the synthetic solutions loaded
with metal ions reflects the composition that would be
obtained by actual dissolution of NdFeB and SmCo magnets in
hydrochloric acid.

Experimental
Chemicals

Trihexyl(tetradecyl)phosphonium chloride (>97%) (Cyphos® IL
101) was purchased from Iolitec (Heilbronn, Germany).
NdCl3-xH,0 (>99.9%) and SmCl;-xH,O (>98%) were obtained
from Alfa Aeser. CrCl;-6H,O (>98%), AlCl;-6H,0 (>99%),
CuCl,-xH,0 and disodium ethylenediaminetetraacetate dihy-
drate (Na,EDTA-2H,0, >99%) were from ACROS Organics
(Geel, Belgium) and FeCl; (>99%) from Honeywell Riedel-de
Haén (Seelze, Germany). CoCl,-6H,O (>97%), MnCl,-4H,0
(>99%), MgCl,-6H,0 (>99%), and the 1000 ppm gallium stan-
dard were purchased from Merck (Overijse, Belgium).
NiCl,-6H,0 (>99%), CaCl,-2H,0 (>98%) and HCI (36%) were
purchased from VWR (Leuven, Belgium). An ammonia solu-
tion (25 wt%) was purchased from Chem-Lab NV (Zedelgem,
Belgium). The silicone solution in isopropanol was obtained
from SERVA Electrophoresis GmbH (Heidelberg, Germany). All
chemicals were used as received, without further purification.

Instrumentation and analysis methods

Metal concentrations were determined with a benchtop total
reflection X-ray fluorescence (TXRF) spectrometer (Picofox S2,
Bruker). After extraction, part of the aqueous phase was
removed and a gallium internal standard was added until a
total volume of 1 mL was obtained. The quartz glass sample
carriers were first treated with 20 pL of silicone solution in iso-
propanol. Afterwards, the sample carriers were dried for
5 minutes in a hot air oven at 60 °C, followed by the addition
of 5 pL of the sample and a drying process of 20 minutes at
the same temperature. The metal concentrations were
measured for 100 seconds, although for the lighter metals alu-
minium and magnesium, a measuring time of 500 seconds
has been applied. For the organic phase, the gallium internal
standard was added to a small amount of the organic phase
(0.05 g) and was further diluted with dioxane until 1 mL. Pre-
treatment of the sample carrier, sampling volume, drying pro-
cedure and measuring time have been performed in the same
way for the organic phase as described for the aqueous phase.
All samples were diluted with MilliQ50 water if necessary. The
viscosity of the organic phase was measured using a falling-
ball type viscosimeter (Gilmont Instruments), densities were
measured with a 10 mL pycnometer and pH measurements
were performed with an S220 SevenCompact™ pH/Ion meter
(Mettler-Toledo) and a Slimtrode (Hamilton) electrode. 'H
NMR spectra have been recorded on a Bruker Avance 300 MHz
NMR spectrometer and analysed with the SPINWORKS
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software package. NMR spectra of trihexyl(tetradecyl)phos-
phonium chloride were recorded in deuterated methanol.
Absorption spectra were measured with a Varian Cary 5000
spectrophotometer and a quartz cuvette with an optical path
length of 0.1 mm.

Extraction experiments

All extraction experiments were performed with chloride salts
and undiluted trihexyl(tetradecyl)phosphonium chloride as
the organic phase. Extractions were performed with intensive
stirring at 600 rpm for 10 minutes at 60 °C. Hydrochloric acid
was used as the chloride source. After the extraction, separ-
ation of the phases was assisted by centrifugation for
10 minutes at 2800 rpm.

Distribution ratio studies. The distribution ratios of copper(u),
cobalt(n), zinc(n) and manganese(n) at different HCl con-
centrations were studied with equal volumes of ionic liquid
and an acidified water phase containing 5 g L™" of the metal.
For Fe(u), the metal concentration was increased to 10 g L™,
in order to have a sufficiently high concentration after the
extraction in the aqueous phase to get reliable analysis results.
The same procedure was performed for nickel(n) and
aluminium(m), although the concentration in the organic phase
was measured here in order to calculate the distribution coeffi-
cients. The distribution coefficients of 5 g L™" of calcium(m)
and 5 g L™ of magnesium(i) were determined within an
extraction mixture containing also manganese(u), cobalt(i)
and nickel(n), as described elsewhere.*® The distribution ratios
of iron(m) as a function of the feed concentration were studied
at the optimal hydrochloric concentration of 9 M HCI and with
feed solution concentrations ranging from 5 to 70 g L™". The
metal content of the aqueous phase was measured after the
extraction with equal volumes of the ionic liquid. The effect of
the cobalt feed concentration on the distribution coefficient
has been described elsewhere.*

Separation experiments. For the separation experiments,
4 mL of the aqueous phase was mixed with 1 mL of the ionic
liquid. The elemental concentration for a samarium cobalt
mixture is approximately the ratio found in Sm,Co;; magnets
(0.8 g L™" of samarium(m) and 2.6 g L™" of cobalt(n)). For the
neodymium/iron separation, the relative concentration of neo-
dymium is higher than found in Nd,Fe;,B magnets due to
practical issues (1.5 g L™" of neodymium(m) and 2.7 ¢ L™" of
iron(ur)). Measuring iron concentrations in the aqueous phase
with TXRF was impossible closer to the optimal hydrochloric
concentration of 9 M because the iron K, peak, caused by trace
amounts of non-extracted iron, disappears because of overlap
with the intense Ly peak of non-extracted neodymium. By
using a higher iron concentration, some extra data points
could be obtained.

Stripping experiments. The ionic liquid phase was first pre-
saturated with 9 M HCI after which it was mixed with a 9 M
HCI aqueous phase containing 30 g L™" of iron(m). After extrac-
tion, the ionic liquid phase was washed three times with equal
volumes of water to remove as much chloride as possible. 1.5
equivalents of Na,EDTA were added to the iron(m)-loaded
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organic phase, further diluted with water and the pH of the
solution was adjusted to the desired value by a 25 wt%
ammonia solution. The mixture was stirred for 10 minutes at
60 °C and subsequently the separation of the two phases was
facilitated by centrifugation at 2800 rpm for 10 minutes. Strip-
ping of cobalt from the ionic liquid can be performed by
washing the organic phase five times with equal amounts of
water. The efficiency of the stripping procedure has been
described already elsewhere.*

Distribution ratio and separation factor

The distribution ratio D of a metal M is defined as

Mo 1)

Dw = [M]ag

For metals which are strongly extracted to the ionic liquid
phase, the remaining metal concentration in the aqueous
phase was measured after extraction and eqn (1) can be rewrit-
ten as

Vag(MJo — MJaq)

Dy —
" Vorg[MJag

; (2)
where [M], is the initial metal concentration in the aqueous
phase, [M],q is the metal concentration in the aqueous phase
after extraction, and V,, and V,q are the volumes of the
organic (ionic liquid) and aqueous phase assuming constant
volumes. In most cases, equal volumes of organic and
aqueous phase have been used. In that case, eqn (2) can be
simplified to

Mo — [Mlag

Pw = Mlaq

(3)

For metals which are poorly extracted, the metal concen-
tration of the organic phase was measured and eqn (1)
becomes

Vaq [M} org

Dy =
M Vaq [M]O - Vorg [M}org

; (4)

where [M],,, is the metal concentration in the organic phase.
In the case of equal volumes, eqn (4) can be simplified to

(5)

The percentage extraction (%E) is defined as the amount of
metal extracted to the organic phase over the total amount of
metal in both phases. It can be defined as

Vorg [M] org

- M
M % 100 (6)
Vaq[M]O

NE = X 100 =
The efficiency of a separation between two metals can be

described with the separation factor a:

l)M1
Dy,’

(7)

oy M, =

922 | Green Chem., 2013, 15,919-927

where Dy, and Dy, are the distribution ratios D of metal M,
and M,, respectively.

After extraction, metals are removed from the organic phase
by a stripping agent. The percentage recovery (%R) in the strip-
ping phase can be defined as the amount of metal stripped
from the organic phase to the total amount of metal in the
organic phase before stripping:

Vag[Mlaq

%R =
Vorg [M} org,0

x 100, (8)
where [M],, 0 is the metal concentration in the organic phase
after extraction or before stripping.

Results and discussion

In the first series of experiments, the distribution ratios
between the IL phase and the aqueous phase of copper(u), iron(m),
zinc(ir), manganese(n) and cobalt(n) were determined as a
function of the hydrochloric acid concentration (Fig. 1). For
cobalt() and manganese(u), the maximum distribution ratio
was found at a HCI concentration of approximately 8 M and
the distribution ratios were found to be 460 for cobalt(i) and
31 for manganese(u). For iron(m), the maximum distribution
ratio was found at a slightly higher HCl concentration of
9 M. Moreover, the distribution ratios of iron(ir) were signifi-
cantly higher than those of manganese(u) and cobalt(u) over
the whole HCI concentration range. The maximum value of
the distribution ratio of iron(m) is 7000. For copper(n) and
zinc(n) the behavior was distinctly different from that of cobalt(u),
manganese(n) and iron(m). Here the distribution ratios were
high at low HCI concentrations and decreased with increasing
HCI concentration. The distribution ratios at concentrations
between 0.5 and 2 M HCI are above 10 000. In this concen-
tration range, the remaining copper and zinc concentration in
the aqueous phase was below 0.5 mg L' (0.5 ppm) after

100000
L 2
10000 A 2—o o
1000 Fe(lll)
Zn(ll
& n(l)
T 100 Co(ll)
S )
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Fig. 1 A plot of the distribution ratio for 5 g L™" of copper(i) (A), 5 g L' of
manganese(i) (¥), 5 g L™ of cobalt(i) (m), 5 g L™ zinc(i) (4) and 10 g L™" of
iron(in) (@) solution, as a function of the hydrochloric acid concentration. The
volume ratio of the aqueous to the organic phaseis 1: 1.
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extraction. The strong affinity of both metals for the trihexyl-
(tetradecyl)phosphonium chloride phase at lower HCI concen-
trations can be used for separating them from manganese or
cobalt.

In the second series of experiments, the separation of iron(m)
from neodymium(u) and cobalt(u) from samarium(u) was
tested (Fig. 2). The loading of the organic phase after extrac-
tion has been increased compared to previous experiments, to
obtain a concentration in the organic phase after extraction
over 10 g L™ for both iron(m) and cobalt(u). For cobalt, the dis-
tribution factor reached a maximum at 8.5 M HCI, with a value
of 450 (Fig. 3). This value is also slightly higher than the distri-
bution ratio found in our earlier work for an organic phase
loaded with 10 g L™" of cobalt, but this is probably due to the
difference in experimental conditions.*® It was not possible to
determine the maximum value for the distribution ratio for
iron(ur) with TXRF as the analysis method, because of spectral
interferences between the L lines of neodymium with the K
lines of iron. However it is expected that the distribution ratio
reaches again a maximum around 9 M HC]I, just as is the case
without adding neodymium(i). The distribution ratio at a con-
centration of 0.1 M HCI was still 10.

Fig. 2 Left: separation of cobalt(i) (5 g L=, blue) from samarium(n) (2.5 g L,
colourless). Right: iron(i) (30 g L, yellow or brown) from neodymium(i) (60 g
L™, purple). Top: before extraction and bottom: after mixing and extraction.

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 A plot of the distribution ratio of 2.6 g L' cobalt(i) (m) in a mixture
with 0.8 g L=" samarium(n) and the distribution ratio of 2.7 g L=" iron(in) (@) in a
mixture with 1.5 g L™ neodymium(ii). The volume ratio of the aqueous to the
organic phase is 4: 1.

Although it is possible to measure concentrations as low as
0.1 mg L™" (100 ppb) for all the elements of the whole lantha-
nide series by the TXRF technique, no lanthanides could be
detected in the organic phase. Even for a very small and
undiluted droplet, no TXRF signal could be observed at the
expected energy for a given lanthanide ion. Even for a single
element extraction of 45 g L™ of neodymium, no peaks were
detected in an undiluted ionic liquid droplet. If an arbitrary
value of 0.5 mg L™" was chosen as the concentration of neody-
mium or samarium in the organic phase, the separation
factors for the couples Fe/Nd and Co/Sm are 5.0 x 10° at 6 M
HCl and 8.0 x 10° at 9 M HCI, respectively.

For industrial applications, it is much more interesting to
work with more concentrated feed solutions. The effect of the
feed solution concentration on the distribution ratio of cobalt
has been described already elsewhere.”” Due to strong affinity
between trihexyl(tetradecyl)phosphonium chloride and iron(m),
the organic phase can be loaded with higher amounts of
iron(m), while it is still possible to obtain a high percentage
extraction (Fig. 4). Moreover, for the extraction of iron(ur), only
one mole of the ionic liquid is needed at 9 M HCI, because
iron(m) is extracted as the singly negatively charged tetrachloro-
ferrate(m) complex [FeCly]”. Two equivalents of the ionic
liquid are necessary to extract one cobalt(u) ion, because
cobalt(u) is extracted as the doubly negatively charged tetra-
chlorocobaltate(nn) complex, [CoCl,]>”. The extraction mechan-
ism can be summarized as follows for the extraction of iron(m)
and cobalt(u):

[Fecl4]7 + [P66614]Cl — [P66614HF6CI4] + Cl™ (9)

[C0C14]27+2[P66514}C1 — [P66514}2[C0C14} + 2C1 (10)

Here the upper bar represents the organic phase (ionic
liquid phase). The formation of the tetrachlorocobaltate(u) ion
was proven in an earlier study.*> The formation of the tetra-
chloroferrate(ur) anion was confirmed by UV-VIS spectroscopy
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Fig. 4 Graph showing the influence of the relative feed solution concentration
n(IL)/n(M) on the percentage extraction (%E) by decreasing the ratio n(IL)/n(M).
The HCl concentrations were 8 M for cobalt(i) (m) and 9 M HCl for iron(i) (@).
The volume ratio of the aqueous to the organic phase is 1: 1.
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Fig. 5 Absorption spectrum of the ionic liquid phase after extraction of iron(i),
which is typical for the [FeCl4]™ anion.

(Fig. 5). The spectrum was very similar to those reported in the
literature for this ion.®” The percentage extraction of cobalt
decreased drastically if equimolar ratios of ionic liquid over
cobalt were approached. At a concentration of 40 g L™" of
cobalt(n), the percentage of extraction dropped to 98%,
whereas at a concentration of 50 g L™ it further decreased to
92%. In the case of iron(m), the percentage extraction is
still higher than 99.98% at an iron(m) feed concentration of
70 g L7

The viscosity has a significant effect on the mass transfer
and the kinetics of solvent extraction systems. Therefore, the
viscosity of the undiluted and water saturated ionic liquid
phase is an important experimental parameter. For extraction
of cobalt(u), the viscosity of the ionic liquid phase increased
significantly when the metal concentration in the organic
phase was increased (Fig. 6). The same effect was not observed
for iron(m), and a nearly constant value (700 cP at 23 °C) was
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Fig. 6 Graph showing the influence of the metal concentration of iron(in) (@)
(23 °C) and cobalt(n) (m) (60 °C) on the viscosity of the water saturated ionic
liquid.

measured for the viscosity over a broad range of iron(ur) con-
centrations. This difference in behavior can be explained by
the fact that cobalt forms a larger ionic liquid with two cations
and an anion with a —2 electric charge, whereas the charge of
the anion in the pure ionic liquid has a —1 charge (eqn (10)). A
higher charge and thus stronger intermolecular interactions,
combined with a larger ionic liquid, are both causing the
increasing viscosity at higher cobalt loadings. The iron(ui)
complex in the ionic liquid phase contains only one cation
and an anion with a —1 electric charge (eqn (9)). The viscosity
of the presaturated ionic liquid at 23 °C and 60 °C is 830 cP
and 95 cP, respectively. The difference in viscosity between
these temperatures shows the importance of heating up the
extraction system, in order to obtain faster kinetics. The vis-
cosity of the ionic liquid loaded with cobalt was found to be
higher than the viscosity of the unloaded presaturated ionic
liquid at 60 °C. In the case of iron, the viscosity is lower than
the pure presaturated ionic liquid at room temperature (23 °C).
After extraction of iron(m), the —1 charge of the chloride anion
is distributed over the larger [FeCl,]™ anion which gives weaker
intermolecular interactions and thus a lower viscosity. A
similar trend of decreasing viscosity has been reported in di-
alkylimidazolium chloroaluminate melts.®® Although the vis-
cosity measurements for both metals have been performed at
different temperatures, it can be concluded that the viscosity
of the iron(u)-loaded ionic liquid is lower than that of the
cobalt(u)-loaded ionic liquid and less dependent on the metal
concentration in the ionic liquid phase. The densities at 23 °C
are 0.97 g mL™" and 0.91 g mL™" for the ionic liquid loaded
with 30 g L™" iron(m) and 5 g L™" cobalt(u), respectively.

The percentage extraction of elements other than iron and
cobalt has been investigated at the optimal pH range at 8 or
9 M HCI (Table 1). The percentage extraction of aluminium(u)
is just below 10% respectively. For both nickel(un) and chro-
mium(m), percentage extractions of only about 0.6% have been
found. This means that nickel(u) and chromium(u) could
be separated efficiently from iron(m), copper(u), cobalt(u),
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Table 1 Percentage extraction (%£) of different metal chlorides at 8 or 9 M
HCl

HCI conc. (M) %E
Aluminium (i) 9 9.4
Chromium(u) 9 0.6
Nickel(ir) 8 0.6
Magnesium() 8 0.1
Calcium(u) 8 0.6

manganese(i) or zinc(n) with trihexyl(tetradecyl)phosphonium
chloride, but not from samarium(m) or neodymium(u). Also
calcium(u) and magnesium(u) were not extracted to the ionic
liquid phase.

Due to the strong affinity of trihexyl(tetradecyl)phos-
phonium chloride for iron(m), the stripping of iron(m) from
the ionic liquid phase after extraction is not straightforward.
Although it was shown by other authors that the distribution
ratio of iron(m) in the presence of 0.1 M HCI and toluene is
low and a 0.1 M HCI solution could be used to strip iron(ur)
from trihexyl(tetradecyl)phosphonium chloride dissolved in
toluene,*” we found that it is not possible to strip iron(m) from
the undiluted ionic liquid. This is probably due to the high
solubility of HCIl and water in the pure ionic liquid and the
difficulty to remove it, so that the actual HCI concentration in
the ionic liquid remains high.** Using acids other than HCI is
also not recommended due to the metathesis reaction between
the acid anion and the ionic liquid chloride anion, so that the
composition of the extraction system is changed and the ionic
liquid is more difficult to re-use for a second extraction step.

Ethylenediaminetetraacetic acid (EDTA) forms a stable,
highly water-soluble chelate complex with iron(ur).°® Therefore,
it was tested to strip iron(m) from the ionic liquid with an
aqueous solution of EDTA. A fully loaded organic phase is not
suggested for the simultaneous separation of iron(m) and
other elements from neodymium(m). Especially metals with
rather low distribution coefficients, such as cobalt(n) and
manganese(ir), are sensitive to the metal loading of the organic
phase. Their distribution coefficients significantly decrease at
high metal loadings of the organic phase and a second extrac-
tion step will be necessary to remove almost all metals from
the aqueous phase. The organic phase was first loaded with
30 g L™" of iron(m) and was washed three times with water to
remove most of the chloride anions from the solution. After
three scrubbing steps (i.e. washing steps), the iron(im) concen-
tration in the organic phase could be lowered by 9% and the
pH of the last washing phase was now increased above 1
(Table 2, Fig. 7). Afterwards, 1.5 equivalents of Na,EDTA were
added to the organic phase and the pH was adjusted with an
NH; solution to remove the remaining protons from Na,EDTA.

At intermediate pH values (between pH 6 and 9.4), the
stripping efficiency was low (about 50%) and a brown precipi-
tate was found in the organic phase, which is contradictory to
what has been published in earlier work on the speciation dis-
tribution of Fe(m) with EDTA.”°””® At pH values lower than 6,
the percentage recovery was still low, but no precipitate was

This journal is © The Royal Society of Chemistry 2013

Table 2 Percentage recovery (%R) of iron(n) from trihexyl(tetradecyl)phos-
phonium chloride in each stripping step. The volume ratio of the aqueous to the
organic phase is 1: 1 for stripping steps 1, 2 and 3 with water and 5: 1 for strip-
ping step 4 with EDTA and pH = 10.1

Stripping step %R
1 0.7
2 5.7
3 2.7
4 81.0
Total 90.1
100
1 ]
Sy
754 ] ]
n
@ 504 " - n wa
R ] . u
25
0 T T T T 1
2 4 6 8 10 12
pH

Fig. 7 Graph showing the dependence of the pH on the percentage recovery
(%R) of iron(in) with EDTA. [M]org0 = 30 g L=". The volume ratio of the aqueous
to the organic phaseis 5: 1.

observed. At a pH value above 10, the stripping efficiency
increased significantly to more than 80%. Most of the iron
remained dissolved in the aqueous phase, although some
small solid particles were observed. Higher pH values could
not be used due to the formation of a large amount of precipi-
tate. After washing the organic phase three times with water
and a fourth stripping step with EDTA, the total percentage
stripping obtained at a pH of 10.1 was 90.1%. The mechanism
of the stripping process with EDTA is not fully understood yet,
because the stripping efficiency is strongly dependent on
different experimental parameters such as the pH and the con-
centrations of iron and EDTA, but will be investigated further
in the future. Anion exchange of the ionic liquid with EDTA
was tested with "H NMR and was determined to be as low as
1.6 mol%. After a washing step with 9 M of HCI, this value was
further reduced to less than 0.1 mol%.

Conclusions

The transition metals iron, cobalt, copper, manganese
and zinc can be removed from rare earths by using the ionic
liquid trihexyl(tetradecyl)phosphonium chloride. The ionic
liquid has been used in its undiluted form, and acts both as

the organic phase and the extraction agent. The efficiencies of
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neodymium/iron and samarium/cobalt separations were
tested, because of the relevance of these separations for the
design of efficient hydrometallurgical routes for the recycling
of rare earths from permanent magnets. The separation
factors were 5.0 x 10° for Nd/Fe and 8.0 x 10> for Sm/Co.
Cobalt can easily be stripped from the ionic liquid phase with
water. The high affinity of iron(m) for the ionic liquid results in
very high distribution ratios. The percentage extraction of iron(ur)
is still above 99.98% when the ionic liquid phase is loaded
with 70 g L™" of iron(m). The viscosity of the iron(mr)-containing
ionic liquid is lower and less dependent on the feed concen-
tration than that of the cobalt(u)-containing ionic liquid. Strip-
ping of iron(m) from the ionic liquid phase could not be
performed with water or with a diluted HCI solution, but the
stripping was possible with an aqueous EDTA solution. After
three sequential scrubbing steps with water and a stripping
step with EDTA, the recovery rate of iron(ur) was 90%. The
extraction behavior of aluminium, magnesium, nickel, calcium
and chromium has been tested as well, but the percentage
extraction was found to be very low. This work illustrates
the potential of hydrophobic non-fluorinated ionic liquids
for the design of environmentally friendly solvent extraction
processes, Le. solvent extraction processes without volatile
organic solvents and added extraction agents.
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