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Rare-earth recycling using a functionalized ionic
liquid for the selective dissolution and revalorization
of Y,03:Eu** from lamp phosphor waste

David Dupont,? Koen Binnemans®*

The supply risk for certain rare-earth elements (REEs) has sparked the development of
recycling schemes for end-of-life products like fluorescent lamps. In this paper a new recycling
process for lamp phosphor waste is proposed based on the use of the functionalized ionic liquid
betainium bis(trifluoromethylsulfonyl)imide, [Hbet][Tf,N]. This innovative method allows the
selective dissolution of the valuable red phosphor Y,03:Eu®* (YOX) without leaching the other
constituents of the waste powder (other phosphors, glass particles and alumina). A selective
dissolution of YOX is useful because this phosphor contains 80 wt% of the REEs although it
only represents 20 wt% of the lamp phosphor waste. The proposed recycling process is a major
improvement compared to currently used hydrometallurgical processes were the non-valuable
halophosphate (HALOQ) phosphor (Sr,Ca)10(PO4)s(Cl,F),:Sb**'Mn?* is inevitably leached when
attempting to dissolve YOX. Since the HALO phosphor can make up as much as 50 wt% of the
lamp phosphor waste powder, this consumes significant amounts of acid and complicates the
further processing steps (e.g. solvent extraction). The dissolved yttrium and europium can be
recovered by a single stripping step using a stoichiometric amount of solid oxalic acid or by
contacting the ionic liquid with a hydrochloric acid solution. Both approaches regenerate the
ionic liquid, but precipitation stripping with oxalic acid has the additional advantage that there
is no loss of ionic liquid to the water phase and that the yttrium/europium oxalate can be
calcined as such to reform the red Y,04:Eu®" phosphor (purity > 99.9 wt%), effectively closing
the loop after only three process steps. The red phosphor prepared from the recycled yttrium
and europium showed excellent luminescent properties. The resulting recycling process for
lamp phosphor waste consumes only oxalic acid and features a selective leaching, a fast
stripping and an immediate revalorization step. Combined with the mild conditions, the
reusability of the ionic liquid and the fact that no additional waste water is generated, this
process represents a very green and efficient alternative to traditional mineral acid leaching.

recycling of REEs from end-user products like magnets and
fluorescent lamps, which together represent over 70% of the

The rare-earths elements (REESs) include the 15 lanthanides
plus yttrium and scandium. They are used in many high-tech
applications including wind turbines, electric vehicles, NiMH
batteries, hard disk drives and fluorescent lamps.! The demand
for these elements is expected to grow by more than 8% per
year until 2020.2 China dominates the REE supply from
primary mining (> 90% of the global production in 2013) and
the worldwide recycling rate is still very low (<1 %).? Since the
tightening of the Chinese export quota for rare earths in 2010,
the rare-earth elements have been labeled as critical raw
materials by the European Commission and the U.S.
Department of Energy.}* Opening or reopening mines outside
China requires time and large financial investments. Therefore
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rare-earth market in terms of value (38% for magnets; 32% for
lamp phosphors), could help to secure the supply of these
critical elements.® Efficient recycling of these elements could
help to create a closed-loop system and to solve the balance
problem which is caused by the unwanted co-production of
other rare-earth elements during primary mining.>® This
unwanted co-production has led to the accumulation of large
stocks of certain elements (La, Ce) while facing shortages of
others (Y, Eu, Tb, Nd, Dy).*>” New recycling technologies are
becoming increasingly selective, efficient and sustainable and
they are opening up new possibilities for urban mining and
rare-earth waste revalorization.>33
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Originally, the collection of fluorescent lights was put in
operation to assure the safe disposal of the mercury contained
in the lamps; however, the lamp phosphors were discarded or
stockpiled. It is estimated that by 2020 the stockpiled lamp
phosphor waste will contain around 25,000 tons of rare earths.®
In recent years, the recovery of the REEs contained in these
powders received a lot of attention due to the increasing supply
risk for some of these elements.®*® Lamp phosphor waste
powder contains around 20 wt% of REEs including critical (Y,
Eu, Tb) and less critical (La, Ce, Gd) REEs.**'* These powders
are used in fluorescent lights to convert ultraviolet radiation
into visible light. They consist of fine particles (1-10 pm)
coated on the inside of the glass. A blend of red Y,O4Eu®
(YOX), blue BaMgAl;(O7:Eu?* (BAM) and green
LaPO,:Ce* Th*(LAP),  (Ce,Tb)MgAl;;0,4 (CAT) or
(Gd,Mg)BsO;,: Ce®*, Th* (CBT) phosphors is used to get the
desired color rendering index (Table 1). Besides rare-earth
phosphors, lamp phosphor waste also often contains large
amounts (40—50 wt%) of non-valuable halophosphate (HALO)
which emits cold white light and does not contain any REEs.®
The recycling value of the different phosphor components
varies greatly. The phosphor with the highest economic value is
the red Y,05:Eu®" (YOX) phosphor. This phosphor consists
almost entirely of the two critical rare earths yttrium and
europium as opposed to the other phosphors which are only
doped with small amounts of critical REEs. This explains why
YOX holds 80 wt% of the rare earths present in the lamp
phosphor waste powder even though YOX only accounts for 20
wit% of the lamp phosphor waste (Table 1).3

Table 1. Overview of the lamp phosphors considered in this work and the
approximate content found in lamp phosphor waste.®

Name Formula Waste fraction Value
(Wt%)®

HALO  (Sr,Ca)10(P04)s(Cl,F),:Sb* Mn* 40-50 Low

YOX Y,05:Eu** 20 High

BAM BaMgAl;,0;7:Eu?* 5 Low

LAP LaPO,:Ce* Tb* 6-7 High

(@ Approximate fraction found in lamp phosphor waste, the remaining consist
of SiO; (as fine glass particles), Al,Os, and small quantities of other
phosphors like CAT which behaves similarly to BAM, and CBT.

Many approaches have been proposed for the recycling of
lamp phosphors. Physical separation methods like magnetic
separation, flotation and centrifugation could allow the direct
reuse of the phosphors, but so far they are not used industrially
due to the high purity requirements and the deterioration of the
phosphor powders during their lifetime.>*>¥ Chemical
methods can be used to dissolve the phosphors completely or
selectively based on the increasing difficulty to dissolve some
of the phosphors: HALO < YOX << LAP/BAM/CAT 39141821
The halophosphate (HALO) phosphor is easily dissolved in
dilute hydrochloric acid solutions at room temperature. The
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dissolution of Y,03:Eu®* (YOX) requires more acidic
conditions (e.g. 1 M HCI, 60-90 °C).>* LAP requires the use
of very strong acidic conditions (e.g. 18 M H,SO,, 120—230
°C),*22 while the aluminate phosphors BAM and CAT are best
dissolved in strong alkaline conditions (35 wt% NaOH, 150 °C)
in an autoclave or by molten alkali (e.g. Na,CO3, 1000 °C).>*
lonic liquids have been proposed for the selective extraction of
previously dissolved rare earths, but so far they have not been
used yet as a tool for the dissolution of phosphors.?*?* New
recycling schemes often focus on the recovery of yttrium and
europium from the red phosphor Y,03:Eu®" (YOX) phosphor,
because of its high value and the relative ease to dissolve this
phosphor compared to BAM, CAT and LAP.181%2224 The main
problem with these processes is that the halophosphate
phosphor (HALO) is often ignored as they focus mostly on the
so-called tri-band phosphors which all contain rare earths
(YOX, BAM, LAP, CAT). However, real lamp phosphor waste
contains up to 50 wt% of HALO and therefore has to be
considered when trying to develop an industrially applicable
recycling  method.*%!*%  Unfortunately,  halophosphate
(Sr,Ca)10(PO,)s(Cl,F):Sb* ,Mn?*  (HALO) is very easily
dissolved in dilute acids even at room temperature.® HALO
contains no rare earths and has a very low intrinsic value;
therefore dissolving this phosphor leads to considerable
pollution of the leachate and introduces a large amount of
unwanted exogens (Sr, Ca, F, Sb, Mn, CI) in the waste water,
greatly complicating the further processing (eq 1).°

(Sr,Ca)10(PO4)s(Cl,F)2:Sh* ,Mn** + 18 H" — 10 (Sr,Ca)** + 6 H3PO,

+2 (CLF) +Sb* + Mn** @

The dissolution of HALO also consumes considerable amounts
of acid (18 protons per formula unit of HALO) and leads to the
formation of large amounts of H;PO, (6 molecules per formula
unit of HALO) which forms very insoluble YPO, and EuPO,
precipitates with the dissolved Y*" and Eu®" ions from the
YOX. The design of a selective dissolution method for YOX
without dissolving HALO would therefore greatly increase the
efficiency and profitability of a recycling process for lamp
phosphor waste, but, to the best of our knowledge, such a
process has not been described yet.

At present, only one example is known of an industrially
applied recycling process for lamp phosphor waste. This
process was successfully implemented by Solvay in 2012 and
treats more than 2000 tons of phosphor waste powder per year.®
According to the patent literature, multiple consecutive acidic
(HCI, HNO3) and alkaline (NaOH) attacks are required,
including an alkaline fusion with Na,CO; at 1000 °C, to fully
disintegrate all the phosphors. The individual rare earths are
then separated and recovered using solvent extraction, in order
to manufacture new phosphors.** The main drawbacks of this
process are the large consumption of chemicals, the large
production of waste water and the many process steps required
to fully recycle the lamp phosphor waste.®

This journal is © The Royal Society of Chemistry 2012
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The process described in this paper aims to solve all these
issues by proposing a functionalized ionic liquid as an
alternative to selectively dissolve and regenerate the valuable
red phosphor Y,03:Eu®" (YOX). This three-step process (no
need for solvent extraction) is very efficient, consumes only
oxalic acid and generates zero additional waste (except CO,).
The ionic liquid is also automatically regenerated during the
stripping step and can be reused. This type of leaching system
can be described as ionometallurgy, which is the analogue of
hydrometallurgy in ionic liquids and has shown interesting new
behavior in various cases.?* Depending on the application,
ionic liquids are considered to be green solvents because of
their negligible vapor pressure, low-flammability and reduced
toxicity compared to organic solvents and have led to several
important improvements in various fields such metallurgy,
extraction,  electrochemistry,  organic  synthesis  and
catalysis.’®239%% Here, the functionalized ionic liquid
betainium bis(trifluoromethylsulfonyl)imide [Hbet][Tf,N] is
proposed for the selectively dissolution of Y,03:Eu®* without
dissolving the other components in the lamp phosphor waste
(HALO, BAM, LAP, CAT, SiO,, Al,O3). [Hbet][Tf,N] is a
Brgnsted acidic functionalized ionic liquid which has the ability
to dissolve rare-earth oxides and many transition metal oxides
(Figure 1).2**" The dissolution of metal oxides in this ionic
liquid has been studied extensively by Nockemann et al %38
Silica and alumina cannot be dissolved in [Hbet][Tf,N] which
is highly relevant to the recycling of lamp phosphor waste since
these powders can contain significant amounts of silica (as fine
glass particles) and alumina.®® The dissolution is driven by the
reactivity of the carboxylic acid group located on the cation of
the ionic liquid. In the resulting complex the rare-earth ions are
coordinated by the betaine ligands, which are zwitterionic
compounds when deprotonated.®® The anions in [Hbet][Tf,N]
simply act as spectator anions and do not participate in the
complex formation. However, the Tf,N" anion is required to
obtain a hydrophobic ionic liquid ([Hbet]Cl is a water-soluble
salt). The Tf,N™ anion is also very stable and well-suited for
high-temperature applications.*®

O\\ - N@\ //O
N S S
/; F3C/ \\O O// \CFs

OH

Figure 1. Structure of the ionic liquid betainium bis(trifluoromethylsulfonyl)imide
[Hbet][Tf;N]. The acidic proton of the betaine group is highlighted in red.

A blend of YOX, LAP, BAM and HALO was used to simulate
the composition of the lamp phosphor waste and to study the
selective dissolution of YOX in [Hbet][Tf,N]. The dissolution
of CAT was not investigated in this work because this
aluminate phosphor behaves similarly to BAM, meaning that it
will not dissolve in the ionic liquid and thus ends up in the
same rest fraction as BAM and LAP.

This journal is © The Royal Society of Chemistry 2012
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Experimental

Chemicals

The phosphors BaMgAl;,0:7:Eu?* (BAM), Y,05:Eu* (YOX),
LaPO,:Ce*" Th®" (LAP), and (Sr,Ca)10(PO4)s(Cl,F),:Sb* Mn?
(HALO) were purchased from Nichia (Japan) with 99% purity.
Betaine chloride (HbetCl) (99%), methyl red sodium salt (pure)
and 1,4-dioxane (99.9%) were obtained from Acros Organics
(Geel, Belgium). Lithium bis(trifluoromethylsulfonyl)imide
(LiTF,N) (99%) was obtained from loLiTec (Germany) and
oxalic acid dihydrate (>99.5%) from J.T. Baker. Heavy water
(D,0) (99.9 atom % D) was purchased from Sigma Aldrich
(Belgium). Absolute ethanol and hydrogen chloride (HCI) were
obtained from VWR (Belgium). The silicone solution in
isopropanol was purchased from SERVA Electrophoresis
GmbH (Germany) and the gallium standard solution (1000
ppm) from Merck (Belgium). All chemicals were used as
received without further purification.

Equipment and characterization

'H NMR and ®C NMR spectra were recorded on a Bruker
Avance 300 spectrometer, operating at a frequency of 300 MHz
for '*H and 75 MHz for **C, respectively. The samples were
prepared by dissolving a small amount of product in heavy
water (D,0). Elemental analysis (carbon, hydrogen, nitrogen)
was performed on a CE Instruments EA-1110 element analyzer.
Thermogravimetric analysis (TGA) was done on TA
instruments T500 thermogravimeter (heating rate: 2 °C min™
from room temperature to 350 °C, nitrogen atmosphere). The
viscosity of the ionic liquid was measured using an automatic

Brookfield plate cone viscometer, Model LVDV-II CP
(Brookfield Engineering Laboratories, USA).
Photoluminescence spectra and luminescence lifetime

measurements were recorded on an Edinburgh Instruments
FS920 spectrofluorimeter. This instrument is equipped with a
xenon arc lamp (450 W), a microsecond xenon flashlamp (60
W) and a red-sensitive photomultiplier (Hamamatsu R-2658).
The morphology and size distribution was determined by
scanning electron microscopy (SEM) using a Philips XL 30
FEG devise. Powder X-ray diffraction (XRD) was carried out
on an Agilent SuperNova X-ray diffractometer, using Mo Ka
radiation (A = 0.71073 A) and a CCD detector. ICP-MS
measurements were done on a Thermo X-Series PlasmaQuad
(PQ) 2 devise. Microwave irradiation experiments were carried
out in a CEM Discover monomode microwave apparatus (2.45
GHz, 100 W) with an integrated IR sensor, using 10 mL glass
tube containers, sealed with snap caps. A Heraeus Megafuge
1.0 centrifuge was used to separate the undissolved phosphor
particles from the ionic liquid after the leaching experiments.
Total reflection X-ray fluorescence spectroscopy (TXRF) was
performed with a Bruker S2 Picofox TXRF spectrometer
equipped with a molybdenum source. For the sample
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preparation, plastic microtubes were filled with a small amount
of ionic liquid sample (200 mg), ethanol (700 pL) and 100 pL
of a gallium standard solution (1000 ppm). Gallium was chosen
because this element has a high sensitivity and does not
interfere with the lanthanide signals. The microtubes were then
vigorously shaken on a vibrating plate (IKA MS 3 basic).
Finally, a 1 pL drop of this solution was put on a quartz plate,
previously treated with a silicone/isopropanol solution
(Serva®) to avoid spreading of the sample droplet on the quartz
plate. The quartz plates were then dried for 30 min at 60 °C
prior to analysis. Each sample was measured for 10 min.

Synthesis of [Hbet][Tf,N]

The ionic liquid [Hbet][Tf,N] was synthesized according to a
literature method.*® HbetCl (0.390 mol, 59.91 g) and LiTf,N
(0.390 mol, 111.97 g) were dissolved in water (50 mL) and
stirred for 2 h at room temperature. The mixture was then
allowed to phase-separate and the water phase containing LiCl
was removed. [Hbet][Tf,N] was then washed several times with
ice water (10 mL) to remove chloride impurities until the
AgNO; test was negative in the water phase after the washing
step. The remaining water was removed using a rotary
evaporator under reduced pressure. The yield was 79 % (0.310
mol, 123.47 g) with a chloride content below detection limit for
TXRF analysis (0.1-0.2 ppm).** NMR characterization with
Chemical shifts (8) given in ppm and J values given in Hz
resulted in §4(300 MHz; DMSO; Me,Si) 3.22 (9 H, s, 3 x Me)
4.30 (2 H, s, CH,) and 8¢(75 MHz; DMSO; Me,Si) 166.34 (s,
COO0) 119.45 (q, 2 x CF3, J = 312.75), 62.60 (s, N-CH,), 52.88
(3 x CH3). CHN elemental analysis found (%): C, 21.17; H,
3.96; N, 6.76. Calc. (%) for C7H12N20eF6S2: C, 21.11; H, 3.04;
N, 7.03.

Leaching experiments

Small glass vials (4 mL) were filled with a fixed amount of
[Hbet][Tf,N] (2 g), a 10 mg sample of each of the four
phosphors per g of ionic liquid (4 x 10 mg/g) and also a small
amount of water during some experiments (1 to 5 wt%). Note
that all the quantities are expressed per gram of ionic liquid
(mg/g). A magnetic stirring bar was then added to each of the
vials and they were closed using a plastic screw cap. The
dissolution experiments were carried out using a heating plate
with a silicone oil bath, an integrated magnetic stirrer and a
temperature sensor. The vials were placed in the silicone oil
bath at the appropriate temperature and stirred for a certain
amount of time. The vials were then placed in a centrifuge
(5300 rpm, 20 min) to precipitate the undissolved phosphor
powders and to obtain a clear ionic liquid. The metal content
dissolved in the ionic liquid was determined using total
reflection X-ray fluorescence spectroscopy (TXRF).

Stripping experiments

4| J. Name., 2012, 00, 1-3

Two different stripping methods were investigated. Method 1
involved the use of an aqueous HCI phase to extract the rare-
earth ions from the ionic liquid to the water phase, method 2
consisted of adding pure (solid) oxalic acid directly to the ionic
liquid to precipitate the rare-earth ions as rare-earth oxalates.
For every stripping experiment, Y,04:Eu®" (10 mg/g) was first
fully dissolved in a large batch of ionic liquid (5 wt% H,0).
Small glass vials (5 mL) were then filled with a fixed amount of
this REE-containing ionic liquid (1 g). For method 1, a HCI
solution (1 g) was then added to the rare-earth containing ionic
liquid. This lowly viscous biphasic mixture was shaken (1500
rpm) using a mechanical shaker at a set temperature (25, 70 and
80 °C). The samples were then centrifuged (1 min, 5300 rpm)
to speed up phase separation, and analyzed by TXRF to
determine the remaining metal content in the ionic liquid phase.
For method 2, pure (solid) oxalic acid was added directly to the
ionic liquid phase. These samples were more viscous and
consisted of only one phase, so they were stirred using a
magnetic stirring bar and a stirring plate/oil bath set-up to
control the temperature (25, 50 and 70 °C). The samples were
then centrifuged (5300 rpm, 20 min) to remove the oxalate
precipitate and the ionic liquid phase was analyzed with TXRF
to determine the remaining metal content.

Optimized full recycling process

The retained recycling process consisted of three steps. First a
synthetic mixture of HALO, YOX, BAM and LAP phosphors
was added to the ionic liquid [Hbet][Tf,N] containing 5 wt% of
water. The system was optimized for 10 mg of YOX per g of
ionic liquid, which corresponds to approximately 40 to 50 mg
of real lamp phosphor waste. A stirring bar was added and the
samples were stirred for 24 to 48 h at 90 °C to obtain a selective
and 100 % leaching of YOX. The remaining solid lamp
phosphor waste was separated from the ionic liquid by
centrifugation (5300 rpm, 20 min). A stoichiometric amount of
pure oxalic acid was then added to the ionic liquid loaded with
yttrium and europium to precipitate the rare-earth ions as
oxalates and regenerate the ionic liquid. The samples were
stirred for 10 min at 70 °C to obtain 100 % stripping. The
oxalate precipitate was separated from the ionic liquid by
filtration and washed with water (lowers the viscosity). The
water can be removed by evaporation later on. An alternative
could be to filter at 70 °C at which point the viscosity of the
[Hbet][Tf,N] (5 wt% H,O) becomes very low. The mixed
(yttrium,europium) oxalate was dried in a vacuum oven at 50
°C and then calcined at 950 °C (5 h) in an oven to obtain new
Y,03:Eu® (YOX) with a purity > 99.9 wt%

Results and discussion

Selective dissolution of YOX in [Hbet][Tf,N]

The protonated functionalized ionic liquid betainium
bis(trifluoromethylsulfonyl)imde [Hbet][Tf,N] has the ability to
dissolve certain metal oxides, including rare-earth oxides like

This journal is © The Royal Society of Chemistry 2012
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Y,0; and Eu,03.%%" Different parameters (water content,
temperature,...) were investigated to find which leaching
conditions were required to selectively dissolve the red
Y,05:Eu®* (YOX) phosphor within a reasonable period of time.

In the first experiment, the influence of water addition was
investigated. Water-free ionic liquid was used and increasing
amounts of water were then added (0, 1, 2.5 and 5 wt%). Care
was taken never to exceed the solubility of water in the ionic
liquid (13 wt%), because it was important to maintain one
homogeneous phase during the leaching process to avoid the
loss of metal ions to the water phase.** A mix of YOX, HALO,
BAM and LAP was added to the ionic liquid (4 x 10 mg/g) and
stirred (600 rpm) at 90 °C. The water-free ionic liquid was
compared with water-containing ionic liquid (1, 2.5 and 5 wt%
water added). Closed vessels with screw caps were used to
contain the small amounts of water at elevated temperatures.
The results show that the addition of water has a positive
influence on the leaching of YOX due to the lower viscosity
and better ion diffusion. With a water content of 5 wt% (50
puL/g) in the ionic liquid, full dissolution of YOX was observed
after 24 h (Figure 2). More importantly, in these conditions
very little dissolution of HALO was observed (< 0.05 wt%)
(Figure 3) and no leaching of BAM and LAP could be detected.
Higher water contents are not advisable since this will lead to
increasing dissolution of HALO (Figure 3). It was also
confirmed in a separate experiment, that SiO, and Al,O; do not
dissolve in the [Hbet][Tf,N] ionic liquid.3"*2

100 Y Py Y
80
S
2 60-
D
£
5 —=—5wt% H,0
3 404 —a—25wt% H,0
5 —e— 1 wt% H,0
> 204 —x— Water free
0 20 40 60 80 100
Time (h)

Figure 2. Dissolution of YOX (wt%) in [Hbet][Tf,N] at 90 °C with varying amounts
of water in the ionic liquid (0, 1, 2.5 and 5 wt%). The solutions were stirred at
600 rpm. No dissolution of BAM and LAP was observed.

This journal is © The Royal Society of Chemistry 2012
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Figure 3. Leaching (wt%) of HALO by [Hbet][Tf,N] at 90 °C (600 rpm) after 24 h
and 100 h, with increasing amounts of water in the ionic liquid: 0, 1, 2.5, 5, 7.5,
10 and 13 wt% (= water-saturated). Leaching is also shown in an aqueous
solution containing [Hbet]Cl (1 M) which has a pK, of 1.83.

It is clear from Figure 2 and Figure 3 that in water-poor
conditions (< 5 wt% H,O in the ionic liquid) Y,O4Eu®
dissolves much better than HALO. This is surprising
considering that in dilute acidic aqueous solutions (e.g. 1 M
[Hbet]CI), HALO dissolves much more easily than Y ,03:Eu®".
To explain this unusual behaviour a hypothesis is proposed
based on the difficult solvation of anions in [Hbet][Tf,N].
While metal cations (e.g. rare-earth ions) can be coordinated
efficiently in [Hbet][Tf,N] by the carboxylate groups of the
deprotonated betaine, this is not the case for anions.®*2® It was
previously observed by Nockemann et al., that the solubility of
oxides in [Hbet][Tf,N] was much higher than that of chloride
salts, which is in agreement with our hypothesis.*® This
hypothesis was supported by the observation that NaCl, EuCl;
and YCI; could not be dissolved in the pure ionic liquid, while
it was possible to dissolve their corresponding oxides. It was
also observed that when [Hbet][Tf,N] was contacted with an
aqueous YClI; solution some yttrium was extracted to the ionic
liquid phase but no chloride was extracted. The extraction of
metal ions is based on the release of protons by [Hbet]* and
coordination of the metal ion by zwitterionic betaine groups,
but there is no suitable mechanism for the coordination or
solvation of anions in the ionic liquid. Since the dissolution of
metal oxides does not create anions, they easily dissolve in this
ionic liquid (eq 2) while metals salts like rare-earth chlorides
(eq 3) (or even NaCl), do not, due to the formation of anions.
This behaviour is opposite to what is found in aqueous
solutions, where chlorides dissolve much easier than oxides
which require the presence of acid. Only when sufficient
amounts of water are added to the ionic liquid, it will dissolve
(some) chloride salts because water can solvate anions (eq 3).
The same is true for HALO, where many phosphate and
chloride ions need to be solvated in order for HALO to dissolve
(eq 1). HALO dissolves very fast in dilute acidic aqueous
solutions, but very little dissolution (< 0.05 wt%) is observed in
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[Hbet][Tf,N] when less than 5 wt% of water is present. This is
why such a drastic change in the dissolution behavior of HALO
is observed when the water content is increased (Figure 3). The
leaching of metal oxides like YOX also accelerates in the
presence of water but this is mainly due to the lower viscosity
and faster diffusion of protons in the ionic liquid.*®%” YOX
forms upon dissolution only water and cations, which are
efficiently solvated by the betaine groups, and it does not form
anions (eq 2). The water content is therefore the most crucial
parameter as the control of the water content in the ionic liquid
allows the selective dissolution of YOX, without dissolving
HALO.

Ln,O3+6H" — 2Ln* +3H,0 )
LnCl; — Ln* +3CI )

It is important to keep the dissolution of HALO to an absolute
minimum, not only from an economic point of view but also
from a chemical point of view as it constitutes up to 50 wt% of
the waste. The dissolution of HALO consumes a large amount
of acid and releases unwanted metal ions (eq 1) which means
purification methods (e.g. solvent extraction) are required to
retrieve pure rare earths. The dissolution of HALO also leads to
the formation of phosphate ions (eq 1) which can form very
insoluble YPO, and EuPO, with the dissolved Y*' and Eu®
from the YOX. This hampers the further processing because
rare-earth phosphates are very difficult to dissolve (like LAP
and monazite). The optimal leaching system is therefore a
compromise between the fast dissolution of YOX and keeping
the leaching of HALO as low as possible. [Hbet][Tf,N] with 5
wt% of H,O (90 °C, 24h) seems to be the best compromise
between speed and selectivity. In these conditions, the leaching
of YOX and HALO is 100 wt% and 0.04 wt% respectively, and
BAM and LAP leaching below detection limit (Figure 2 and
Figure 3).

The influence of temperature on the leaching of YOX was
also investigated for this optimized ionic liquid system (5 wt%
H,0) and compared with water-free ionic liquid (Figure 4). In
both cases a noticeable increase in leaching speed was observed
with increasing temperature (Figure 4). A temperature of 90 °C
with 5 wt% (50 pL/g) of H,O in the ionic liquid was chosen as
the optimal system because of its high leaching efficiency and
the fact that the water pressure is still manageable.
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Figure 4. Dissolution (wt%) of YOX in water-free [Hbet][Tf,N] and water-
containing (5 wt% H,0) [Hbet][Tf,N] as function of time and temperature.

A higher temperature is favorable because it accelerates the
dissolution reaction and lowers the viscosity of the ionic liquid
which improves the diffusion. This is important because the
leaching rate of this solid material is diffusion-controlled. The
viscosity was measured as a function of the water content in the
ionic liquid and the temperature (Table 2). It is clear that a
higher water content and temperature drastically diminish the
viscosity. The viscosity of the ionic liquid with 5 wt% water at
80 °C is only 25 cP. The viscosity at 90 °C could not be
measured with our equipment but it will be even lower. Of
course, the viscosity of the leaching system used in this work
(ionic liquid with 5 wt% H,O at 90 °C), is still higher than that
of water (0.3 cP at 90 °C) but it is sufficiently low in order not
to be an issue.

Table 2. Viscosity (cP) of [Hbet][Tf;N] as function of the water content
and temperature.

Viscosity Viscosity Viscosity
(cP)at30°C  (cP)at50°C  (cP)at80°C
[Hbet][Tf.N] 925 252 65
(1 wt% H,0)
[Hbet][Tf.N] 172 67 25
(5 wt% H,0)
[Hbet][Tf.N] 22 12 6

(water-sat.)®

(a) Water-saturated [Hbet][Tf,N] contains approximately 13 wt%
H,0.%

The thermal stability of [Hbet][Tf,N] was tested by
thermogravimetric analysis (TGA) and **C NMR. The thermal
stability is an important characteristic since the ionic liquid will
be used for leaching at temperatures up to 90 °C for prolonged
amounts of time. The Tf,N™ anion is known to have a high
relative stability compared to other common ionic liquid
anions.®® For TGA, the ionic liquid was first dried under
reduced pressure at 80 °C until all the remaining traces of water

This journal is © The Royal Society of Chemistry 2012
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were removed and the mass of the ionic liquid was stable. The
jonic liquid was then heated (2 °C min™) under nitrogen
atmosphere, from room temperature to 350 °C. The results of
the dynamic TGA show that the ionic liquid only starts to
degrade at temperatures around 200 °C, which proves it is
definitely stable at 90 °C (Figure 5). A static measurement at 90
°C for a period of 24 h, showed negligible (< 0.01%)
degradation of the ionic liquid. *C NMR was used to
investigate the degradation of water-containing ionic liquid in
experimental conditions (90 °C, 5 wt% H,0, 600 rpm, 48 h). A
13C NMR spectrum was taken before and after to confirm the
stability of the ionic liquid in these conditions.

100

90

80 +

Mass loss (%)

60
50 +

404 lonic liquid stability range

70 :
lonic liquid degradation

0 50 150 200 250 300 350

Temperature (°C)

100

Figure 5. Thermogravimetric analysis of [Hbet][Tf,N], measured from 40 to 350
°C(2°C min'l) under nitrogen atmosphere.

The loading capacity, meaning the amount of YOX that can
be dissolved in the ionic liquid, was also investigated. The
theoretical maximal stoichiometric solubility of Y,O3 in the
ionic liquid would amount to 95 mg/g. However, this requires
the addition of more water under reflux conditions in order to
be sufficiently fast.?® This would undermine the selectivity of
this system since in these conditions the HALO would easily
dissolve in the water phase. Higher loadings also resulted in
higher viscosities due to the highly charged rare-earth ions in
the ionic liquid, making the system much more difficult to
handle. It was shown that in the previously mentioned
optimized conditions (90 °C, 5 wt% H,0) up to 40 mg/g of
YOX could be fully dissolved in the ionic liquid after 40 h
(Figure 6). The parameter optimization in this work was done
for a YOX loading of 10 mg/g (10,000 ppm), but it is possible
to work in more concentrated conditions (solid/liquid ratio)
without significant modifications. As shown in Figure 6, a
dissolution of 40 mg/g of YOX in the ionic liquid would
correspond to a solid/liquid ratio of 200 mg/g (200 g/kg) of
waste in the ionic liquid, since fluorescent lamp waste contains
around 20 wt% of YOX.
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Figure 6. Dissolution (wt%) of YOX in [Hbet][Tf,N] (5 wt% H,0) as function of

initial YOX concentration in the ionic liquid (solid/liquid ratio). The dissolutions

were carried out at 90 °C during 40 h and 100 h.

The dissolved Y3 and Eu®" (YOX) in [Hbet][Tf,N] was
recovered by a stripping step. This was achieved either by
contacting the loaded ionic liquid with an acidic water phase to
extract the rare-earth ions (method 1), or by directly
precipitating the rare earths from the ionic liquid using pure
(solid) oxalic acid (method 2). Stripping method 1 has
important limitations due to the loss of ionic liquid to the water
phase. Stripping with pure oxalic acid (method 2) is clearly a
better alternative since no ionic liquid is lost and the YOX
phosphor can be immediately regenerated from the
yttrium/europium oxalate salt in a simple calcination step.
However, it is still interesting to also investigate the stripping
with HCI and quantify the loss of ionic liquid to the water phase
even if it is not the best method. Both stripping systems are
discussed separately and compared.

Stripping method 1: Recovery of yttrium and europium
using an acidic aqueous phase

The first stripping system involves the use of an acidic aqueous
phase, which is contacted with the loaded ionic phase. In this
process the rare-earths ions (Ln) are transferred to the water
phase as soluble compounds (e.g. chlorides). The acidic protons
protonate the betaine ligands and regenerate the ionic liquid (eq
4).

[Ln(bet)s][TF,N]; + 3 HCI — LnCl; + 3 [Hbet][TF,N] @)

The fact that a two-phase system is now used, means that it
is necessary to look at possible losses of ionic liquid to the
water phase. The loss of ionic liquid depends on the phase ratio
and the amount and type of dissolved ions.**® lons can be
divided as salting-in (e.g. NOg") and salting-out (e.g. CI", SO,%)
agents as described by the Hofmeister series.*>*” The former
class of ions tends to lead to an improved mixing of ionic
liquid/water, while the latter leads to a better separation of ionic
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liquid/water and therefore a smaller loss of ionic liquid to the
water phase. The loss of ionic liquid to the water phase (1:1
phase ratio by mass) was quantified using 'H NMR
spectroscopy with 1,4-dioxane as an internal standard and D,0
instead of H,O as water phase. The loss of [Hbet][Tf,N] to a
(pure) water phase was determined to be 13 wt%. Lowering the
pH increases the loss of ionic liquid to the water phase even
more to 15.1%, 15.4% and 18.1% for 1 M H,SO,, HCI and
HNO; respectively. This is in agreement with the sequence
found in the literature.”® Although stripping with H,SO,
resulted in the lowest loss of ionic liquid, stripping with HCI is
still the better choice because the solubility of rare-earth
sulfates in water is much lower than the corresponding rare-
earth chlorides. The loss of ionic liquid is very significant and it
is cumbersome to recover the ionic liquid from the water phase,
even though various techniques exist to recover ionic liquids at
a later stage using for example strong salting-out agents,
adsorbents, special membranes, electrodialysis or
nanofiltration.*®? This is why the oxalic acid precipitation
route (method 2) is the preferred method.

The different stripping parameters were then investigated
for stripping with HCI, starting with the influence of acid
concentration. First, 10 mg/g of YOX was dissolved in
[Hbet][Tf,N] (5 wt% H,0). Then, the loaded ionic liquid was
contacted with aqueous solutions containing varying
concentrations of HCI (1:1 phase ratio by mass) and shaken
(1500 rpm) for 1 h at 25 °C. The remaining metal content in the
ionic liquid was then analyzed using TXRF. The results showed
that contacting the ionic liquid with 1 M HCI resulted in 99.6 %
and 99.7 % stripping of Y*" and Eu®" respectively (Figure 7). A
sufficient amount of HCI is needed to protonate the betaine and
to form the water-soluble YCI; and EuCl; compounds. In this
set-up, the stoichiometric HCI concentration is 0.3 M in the
water phase, but an excess of HCI is required to obtain full
stripping (1 M) (Figure 7). An interesting observation is the fact
that in diluted acidic conditions with an excess of rare-earth
ions compared to HCI, Y3* is easier to strip than Eu®". This is in
agreement with previous reports where yttrium(lll) had a
slightly lower affinity for betaine ligands compared to
europium(I11).** For HCI concentrations > 0.4 M no difference
was observed and the stripping process became very efficient
and reproducible. An HCI concentration of 1 M was retained as
the optimal stripping concentration because of the fast and
reliable stripping.
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Figure 7. Stripping of Y** and Eu* from [Hbet][Tf,;N], previously loaded with 10
mg/g of YOX. The influence of the HCl concentration on the stripping efficiency
for Y* and Eu® is shown. The biphasic system was shaken (1500 rpm) at 25 °C
for 1 h.

Secondly, the stripping kinetics was investigated. When
dealing with a biphasic system, the process Kkinetics is
controlled by the extent of the interface since the exchange of
ions can only happen at this interface. The area of the interface
is usually increased by intense stirring or shaking, however, a
special feature of the [Hbet][Tf,N]/H,O system is that it shows
thermomorphic behavior with an upper critical solution
temperature.** This means that the biphasic system will become
one homogeneous phase above a certain temperature called the
cloud point temperature. This is very interesting since the
process kinetics will be much faster as they are then no longer
limited by the diffusion across an interface. In order to get
phase separation, the mixture has to be heated above the cloud
point and shaken briefly (1 s) to overcome the metastable state,
but the homogeneous state then remains stable as long as the
temperature is above the cloud point. Below the cloud point, the
phase separation automatically occurs again (Figure 8).

=

5y
g

h !

Figure 8. Reversible formation of a homogeneous phase when increasing the
temperature above the cloud point (55 °C for a pure water/ionic liquid system in
1:1 ratio).* A coloring agent (methyl red sodium salt) was dissolved in the
transparent ionic liquid phase to help the visualization. The density of
[Hbet][Tf,N] liquid is higher than that of water.
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The cloud point is dependent on the amount and type of ions
present in the water phase, but also on the loading of the ionic
liquid and the water to ionic liquid ratio.*! The cloud point was
determined for this stripping system consisting of one phase
with 1 g of ionic liquid in which Y,05:Eu®* was dissolved (10
mg/g), contacted with another phase consisting of a 1 g HCI
solution (1 M) in a 1:1 phase ratio. The cloud point was found
to be 74 °C by heating the sample to 80 °C and then slowly
cooling it down, keeping it steady at every degree for 5 min to
see if it would become cloudy when gently shaken which
indicates that the mixture starts to phase separate.>® This cloud
point is higher than for a pure H,O/[Hbet][Tf,N] system,
because of the H*, CI", Y3 and Eu®" ions dissolved in it.**

The stripping Kkinetics was then investigated at room
temperature (25 °C) and just below (70 °C) and above (80 °C)
the cloud point temperature (74 °C) both with and without
shaking (1500 rpm) (Figure 9).
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Figure 9. Stripping kinetics and the influence of shaking (1500 rpm) are shown
for 25 °C, 70 °C and 80 °C with 1 M HCI. The cloud point temperature is 74 °C so
at 80 °C the system is one homogeneous phase which explains the efficient
stripping without shaking. For 25 °C and 70 °C it consists of two phases, a water
phase and an ionic liquid phase, making shaking essential for an efficient
stripping process.

Raising the temperature from 25 °C to 70 °C only slightly
increases the stripping speed. However, when the temperature
is raised to 80 °C, which is above the cloud point temperature,
the stripping is much faster due to the disappearance of the
interface between the ionic liquid and the water phase and the
formation of one homogeneous phase. It is also clear that
shaking has a major influence when working at temperatures
below the cloud point temperature because the system is then a
biphasic mixture. Shaking the samples at 80 °C (above the
cloud point) has no influence since the system is then one
homogeneous phase. It is clear from this experiment (Figure 9)
that from an energy-saving point of view, the best choice for
stripping is either to work with a biphasic mixture at 25 °C
while shaking, or to work at 80 °C without shaking thanks to

This journal is © The Royal Society of Chemistry 2012

Green Chemistry

the formation of a homogeneous phase. Other combinations
require more energy and are less efficient.
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Figure 10. Stripping of yttrium and europium from [Hbet][Tf,N], using pure
(solid) oxalic acid. The influence of oxalic acid concentration on the stripping
efficiency is shown. A ratio of 1.5:1 is the stoichiometric amount of oxalic acid
required to precipitate all rare-earth ions (REE = Y + Eu) in solution as
(Y,Eu),(C,04)3 and results in a stripping efficiency of 100%.

Stripping method 2: Recovery of yttrium and europium
using pure oxalic acid

The problem of the loss of ionic liquid to the water phase can
be avoided by stripping with solid oxalic acid, directly in the
ionic liquid phase. This acid forms insoluble oxalate complexes
with the rare-earth ions (eq 5) and precipitates them while
regenerating the ionic liquid. This stripping precipitation
method is very efficient for rare-earth ions. The rare-earth
oxalate precipitate can then be separated from the ionic liquid
and thermally decomposed in an oven at high temperature to
form the corresponding rare-earth oxides.> By carefully
choosing the conditions it is also possible to directly
resynthesize the Y,03:Eu®" phosphor by calcination of the
mixed yttrium/europium oxalate (eq 6), as described by the
Solvay patent.®® The advantage is that the yttrium and europium
are already present in the right ratio to manufacture the YOX
phosphor, since they have been selectively leached from used
lamp phosphors in the first place. This stripping system is
therefore definitely the preferred choice compared to the
stripping system using an acidic water phase. The oxalic acid
stripping is much more convenient and can be carried out
directly in the ionic liquid, meaning there is no loss of ionic
liquid to the water phase.

2 (Y3 Eu®) + 3 H,C,0,4 — (Y,Eu)5(Cy04)3) + 6 H* (5)
3 950°C o
(Y,EU)2(C204)35) +5 O2 ——  Y;03:EU™ () + 6 CO, (6)

The different parameters of this stripping method were
investigated. The results show that a stoichiometric amount (eq
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5) of oxalic acid compared to the amount of rare-earth ions
(3:2) is sufficient to obtain a stripping efficiency of 100%
(Figure 10). Oxalic acid does not show individual selectivity for
yttrium or europium in these conditions.

The influence of temperature on the stripping kinetics of
this heterogeneous stripping process was investigated. The
viscosity of this pure ionic liquid is obviously higher than for a
biphasic water/ionic liquid mixture, but it is still very
manageable especially at higher temperatures (Table 2). An
ionic liquid containing 10 mg/g of YOX and 5 wt% H,0 was
reused, and a stoichiometric amount of oxalic acid was added
compared to the amount of rare-earth ions (3:2). The samples
were then stirred (600 rpm) at different temperatures and for
increasing amounts of time. The results show a drastic increase
in the stripping efficiency when raising the temperature from 25
°C to 50 °C and 70 °C (Figure 11). This increase is attributed to
the lower viscosity (Table 2) and the improved diffusion of the
oxalic acid in the ionic liquid. At 70 °C, a stripping efficiency
of 100 % was obtained after only 10 min, which is a very
satisfactory result.
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Figure 11. Stripping of yttrium and europium from [Hbet][Tf,N] ionic liquid, using
a stoichiometric amount (3:2) of pure (solid) oxalic acid. The influence of time
and temperature on the total stripping efficiency (Y+Eu) is shown.

It can be concluded that this oxalate stripping process is
very efficient since stoichiometric amounts of oxalic acid
suffice to get full stripping of the rare-earth ions from the ionic
liquid. The formation of the rare-earth oxalate precipitate is also
very convenient since the oxalate salt can be transformed into
new YOX phosphor Y,03:Eu® by a simple calcination step.
The major advantage of this stripping system compared to the
biphasic system (method 1), is the fact that no ionic liquid is
lost. The drawback is that this stripping system is kinetically
slower and therefore requires heating at 70 °C for 10 min
(Figure 11). The biphasic stripping system using HCI could be
carried out efficiently by shaking at room temperature for 10
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min (Figure 9). All things considered, the oxalic acid stripping
method was retained for the final recycling process.

Regenerating the Y,05:Eu®" phosphor

The (Y,Eu),(C,0,4); precipitate was separated from the ionic
liquid by filtration with a Bichner funnel and washed with
water to lower the viscosity of the ionic liquid. Afterwards the
water can be removed by evaporation. An alternative could be
to filter at 70 °C at which point the viscosity of the
[Hbet][Tf,N] (5 wt% H,O) becomes very low. The mixed
oxalate was then dried in a vacuum oven at 50 °C for 12 h. The
dry (Y,Eu),(C,0,); was then placed in an oven at 950 °C for 5
h to obtain the Y,05:Eu®" phosphor. The YOX particles were
characterized using ICP-MS, SEM imaging, luminescence
spectroscopy and powder XRD, and compared with the
purchased YOX. The purity of the recycled YOX was
determined to be > 99.9 wt% by TXRF and ICP-MS with only
small traces of calcium (< 0.1 wt%). The purchased YOX had a
certified purity of > 99 wt%. SEM images can be found in the
supplementary information (Figure S1). They showed that the
particles had a size of 4.11 + 1.41 um which is in range with the
commercial YOX phosphor (3.61 + 1.52 pm). However, the
recycled YOX phosphor had a rougher surface then the
purchased phosphor (Figure S1). Powder XRD was carried out
to compare the commercial YOX with the recycled YOX. The
diffractograms were essentially identical, which confirmed the
successful synthesis of Y,03Eu®* (Figure S2). The
luminescence of this material was also compared with the
commercially obtained Y,04:Eu* phosphor (Figure 12). When
the spectra are scaled to have the same intensity of the °Dy —
’F, transition, it is interesting to compare the intensity of the
°Dy — 'F, transition (around 612 nm) since this is a so-called
hypersensitive transition, meaning its intensity is very
dependent on its environment.>®*® It can be seen that the
maximum intensity peak (°Dy — F,) has the same intensity for
the recycled phosphor than for the commercial phosphor. The
luminescence lifetime was also measured by studying the decay
of the 5D, emitting state of Eu®*. The samples were excited with
254 nm light and the emission light was collected at 612 nm.
The decay curves (Figure S3) were fitted as a mono-
exponential decay, resulting in a luminescence lifetime of 0.989
ms (R? = 0.998) and 1.003 ms (R? = 0.997) for the recycled and
purchased YOX phosphor respectively. The very good
luminescence and luminescence lifetime of the recycled YOX
confirms that the recycling process yields a sufficiently pure
yttrium/europium oxalate product to allow direct resynthesis of
the YOX phosphor (> 99.9 wt% purity). This process is only
possible because of the highly selective dissolution of YOX in
the ionic liquid, because any dissolution of HALO, BAM or
LAP would lead to an impure product and a significant
decrease in luminescence. Optimization of the calcination
process (flux agents, temperature, time,...) could further
improve the luminescence properties and particle morphology
to obtain an optimal red phosphor, but this is outside the scope
of this work and has been studied by others.%*°

This journal is © The Royal Society of Chemistry 2012
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Figure 12. Luminescence spectra (Aexc = 254 nm) of the commercial red Y203:Eu3+

(YOX) phosphor, compared with the spectrum of the recycled YOX phosphor
after calcination of the (Y,Eu),(C,04); precipitate. The spectra were scaled to
have the same intensity for the °Dy — ’Fy transition in order to compare the
intensity of hypersensitive *Do—> 'F, transition. Picture: recycled YOX phosphor in
a quartz container irradiated by 254 nm light. The luminescence lifetimes are
also shown (Figure S3).

An overview of the proposed recycling process is shown in
Figure 13. This process selectively recovers the YOX which
represents 80 wt% of the critical rare-earths in the lamp
phosphor waste powder and approximately 70 % of the value.**
Only oxalic acid is consumed (cheap chemical) and it creates
no waste besides some CO, (the ionic liquid is entirely
reusable). This process is a sustainable alternative compared to
mineral acid leaching and could be applied on industrial scale
as an on-site valorization method for recyclers since no
complex solvent extraction installations are needed.

1
YOX
HALO Al,O4 90°C, 24 h
BAM LAP —  »  [(Y,Eu)(bet)s][Tf2N];
CAT [Hbet][Tf,N]
sio CBT
2 \\ 2 | oxalic acid
s [Hbet][TfoN]
+
(Y,Eu)2(C204)3
— 3 l AT

Y,05:Eu* (YOX)

Figure 13. Overview of the proposed recycling process for lamp phosphor waste,
based on the selective dissolution and revalorization of YOX with the protonated
functionalized ionic liquid [Hbet][Tf,N]. Step 1: selective dissolution of YOX, step
2: stripping with pure oxalic acid (regenerates the ionic liquid), step 3: direct
resynthesis of YOX.
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This process was optimized using a synthetic mix of phosphors
(HALO, YOX, BAM, LAP). However, it is also applicable to
real lamp phosphor waste because the other components (CAT,
CBT, SiO,, Al,03) do not interfere with this process as they do
not dissolve in [Hbet][Tf,N].>"*> The influence of mercury on
this process was not investigated, but many techniques exist to
remove mercury from the phosphor powders.®%24662 At the
end of the recycling scheme, no additional waste has been
created. The rest of the lamp phosphor waste (SiO,, Al,Os,
HALO, BAM, LAP, CAT, CBT) can be discarded or further
processed, for example by doing a rough separation of the
HALO with physical separation methods.>%® This would results
in a terbium concentrate (= 8 wt% Tb) held in LAP, CAT and
CBT. The terbium content in this concentrate is much higher
than any commercially exploited ore from primary mining (<
1.3 wt% Th).* The high demand for terbium could therefore
make it worthwhile to dissolve the LAP, CAT and CBT
phosphors in a final stage, but these phosphors are much more
difficult to dissolve and require a lot of energy input.**
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Figure 14. Heating of different solvents in a microwave oven (100 W), equipped
with an infrared temperature probe.

Microwave heating

In most of our experiments, the ionic liquid was heated by a
conventional heating source. However, since the leaching of
YOX in the ionic liquid requires high temperatures over
prolonged periods of time, it is interesting to note that ionic
liquids can be heated in a very energy-efficient way by
microwave irradiation. lonic liquids consist entirely of ions as
opposed to water or organic solvents which explains the high
adsorption of microwave radiation.®* Microwaves do not
interfere with the dissolution process and provide a highly
economical way to heat an ionic liquid in an industrial
context.®*®> The immediate on/off behavior of microwave
irradiation is also useful for process control. A programmable
microwave oven with temperature and pressure control was
used to test this. At 100 W, the ionic liquid [Hbet][Tf,N] was
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heated to a temperature of 100 °C in less than 15 s (Figure 14).
The temperature can be kept constant at a low cost.

Conclusion

The ionic liquid leaching system described in this work is a
major improvement compared to mineral acid leaching, since it
allows the selective dissolution of Y,03:Eu®" (YOX) without
dissolving the other phosphors (HALO, BAM, LAP). An
interesting  feature of the process is that the
(Sr,Ca)10(PO,)s(Cl,F)»:Sb* ,Mn?" phosphor was not leached by
the ionic liquid (< 0.05 wt%). This non-valuable broad-band
white phosphor known as “halophosphate” (HALO) can make
up as much as 50 wt% of the lamp phosphor waste fraction.
Dissolution of HALO is unavoidable when using dilute mineral
acids, especially in the conditions required for the dissolution of
Y,03:Eu®. The unusual selectivity of the ionic liquid was
attributed to the fact the [Hbet][Tf,N] is unable to solvate
anions efficiently, which explains why it is only able to
dissolve metal oxides efficiently and not metal salts like (LnCl3,
NaCl). The yttrium and europium dissolved in the ionic liquid
[Hbet][Tf,N] were then stripped with an HCI solution or by
adding pure (solid) oxalic acid directly to the ionic liquid. The
oxalic acid route precipitates the rare earths as a mixed
(yttrium,europium) oxalate salt, which can be transformed into
new Y,03:Eu®" phosphor by a simple calcination step at 950
°C. The ionic liquid is automatically regenerated during the
stripping step and can be reused. This innovative approach
offers selectivity, mild conditions and reusability which make
this a promising green technology for the targeted recovery of
Y,03:Eu®" and the valorization of lamp phosphor waste. 70 %
of the value and 80 % of the critical rare earths in the lamp
phosphor waste are recovered this way. Further processing of
the terbium-rich rest fraction can be done but requires much
harsher conditions. No additional waste is generated during this
process and there is no need for additional solvent extraction
steps since the YOX is dissolved selectively and immediately
regenerated. This opens the way to a more simple, economic
and energy-efficient industrial process for the revalorization of
lamp phosphor waste.
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