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ss for the recovery of yttrium and
europium from CRT phosphor waste†

Federica Forte, a Lourdes Yurramendi,b José Luis Aldana,b Bieke Onghena a

and Koen Binnemans *a

An integrated process flow sheet for the recovery of yttrium and europium from waste cathode-ray tube

(CRT) phosphors was developed. This flow sheet is based on a sequence of roasting, leaching with

organic acids and precipitation steps. Zinc was efficiently removed from the roasted CRT phosphors by

leaching with acetic acid, giving access to the rare earth content. Yttrium and europium were

quantitatively leached from the residue by a 1 mol L�1 methanesulphonic acid (MSA) solution.

Precipitation with oxalic acid gave a mixed Y/Eu oxalate of high purity (>99 wt%). Co-precipitation of

zinc was less than 2 wt%.
Introduction

Cathode-ray tubes (CRTs) have widely been used in the past in
television screens and computer monitors.1–3 This technology is
currently declining, due to the replacement of CRT-based screens
by LCDs, LCD/LEDs and plasma discharge displays.4 A large
number of CRTs are thus being currently discharged and need to
be properly treated. It is reported that in Europe 50 000–150 000
tons of end-of-life CRT screens are collected every year.5 One of the
main components of a CRT is the panel glass, which is covered by
a mixture of luminescent powders for producing images by exci-
tation with an electron beam (electroluminescence). The blue and
green phosphors are based on zinc sulphide (ZnS:Ag for the blue
phosphor and ZnS:Cu for the green phosphor), while the red
phosphor in the later generations of CRTs is Y2O2S:Eu

3+.4 This
phosphor is rich in the rare-earth elements (REEs) yttrium and
europium and is a potential secondary resource for these critical
raw materials. As reported by Tian et al. (2016), CRT phosphor
powder accounts for about 7 g in a CRT screen and it contains
about 30% Zn, 4% Al, 16% Y, 1% Eu and 17% S.1 Yttrium and
europium concentration values are much higher when compared
to their content in primary ores.6 This makes their recovery from
the selected waste stream of potential interest. Although many
papers have focused on the recovery of REEs from uorescent
lamp phosphor waste,7–13 much fewer studies on REEs recycling
from CRTs are available.4 The treatment of CRT phosphor waste is
challenging and several issues still need to be addressed. In
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ESI) available: XRD and micrograph of
aching tests with acetic acid. See DOI:
hydrometallurgical processes for recycling of CRT phosphors, the
waste phosphor powder mixture is leached with strong acids, such
as H2SO4.14–19 Due to the presence of sulphides, the leaching with
strong acids causes the release of toxic H2S gas, unless an oxidising
agent is used.4 Dexpert-Ghys et al. proposed a two-step process to
recover Y2O2S:Eu

3+: an alkaline attack with NaOH/NaClO, aimed at
the selective dissolution of ZnS, followed by thermal treatment at
1300–1400 �C to convert the rare-earth oxysulphide Y2O2S:Eu

3+

into the rare-earth oxide Y2O3:Eu
3+.20 An alternative approach was

proposed by Pan et al., in which roasting of the phosphors with
NH4Cl was followed by leaching of YCl3 and EuCl3 with water.21 A
recovery process was proposed by Önal and Binnemans, which is
based on sulphating roasting in the presence of ZnSO4.22 In this
way, Y2O2S:Eu

3+ was transformed into rare-earth sulphates that
could be aerwards selectively leached by water. Recently,
subcritical water extraction (SWE) was proven to be an effective
method for the leaching of yttrium and europium from waste CRT
phosphor; quantitative dissolution was achieved by using
0.75 mol L�1 H2SO4 within 30 minutes at 125 �C, with high
selectivity over zinc and lead.23

In this paper, an alternative approach is proposed to recover
yttrium and europium from waste CRT powder, which over-
comes the issues related to the release of toxic H2S gas during
leaching by making use of an integrated process. The rst step
of the recovery process is a roasting step at relatively high
temperature (850 �C) to oxidise the zinc sulphide to zinc oxide.
In the second step, the oxidised material is selectively leached
with acetic acid (CH3COOH, AcOH), giving access to the rare
earth-rich fraction of the waste powder. Yttrium and europium
are recovered from the leaching residue by a second leaching
step with methanesulphonic acid (CH3SO3H, MSA), a biode-
gradable lixiviant with low toxicity.24 Finally, precipitation with
oxalic acid gives a mixed Y/Eu oxalate which aer calcination
yielded the corresponding mixed oxide.
This journal is © The Royal Society of Chemistry 2019
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Experimental
Chemicals and materials

The CRT phosphor powder was obtained from Relight srl (Rho,
Italy). In their treatment plant, waste cathode-ray tube televi-
sions and screens are processed in a dedicated section through
a disassembly step aimed at separating the several components,
such as metallic fractions, plastic casings, cables, printed
circuit boards and the cathode-ray tube itself.25 The CRT is then
cut in two parts, i.e. the cone and the screen glass. The uo-
rescent powder, which covers the screen glass, is carefully
removed by brushing and under aspiration. Lithium metabo-
rate (reagent grade, >99 wt%) was obtained from Scharlau S.L,
lithium tetraborate (78 wt%) from XRF Scientic and lithium
bromide (250 g L�1 solution) from ICPH. Zinc oxide (>99%),
sodium chloride (>99%) and zinc acetate dihydrate (>99.5%)
were obtained from Panreac. Calibration of the alkaline fusion
analysis was carried out with 88b Dolomitic Limestone Stan-
dard Reference Material from NIST, DC60104 Clay and DC
73303 Rock Certied Reference materials from NCS, No. 156
Slag from Czechslovak Reference Material, BCS-CRM 381 and
382 Basic Slags from British Chemical Standard Certied
Reference Material. Hydrouoric acid (48 wt%) was obtained
from Scharlau S.L and Fisher Scientic, nitric acid (65 wt%)
from Sigma-Aldrich and Chem Lab, hydrochloric acid (37 wt%)
from Honeywell/Fluka and VWR Chemicals. Acetic acid
(100 wt%) was purchased from VWR Chemicals, meth-
anesulphonic acid (99.5%) from Carl Roth and oxalic acid
($99.9%) from Merck. Boric acid >95% and $99.5% were ob-
tained from Panreac and Merck, respectively. Triton X-100 was
obtained from Acros Organics and the silicone solution in iso-
propanol from SERVA Electrophoresis GmbH. The standard
solutions (1000 mg mL�1 Ga, Dy, Zn, Y, Eu, Sc, La in 3–5 wt%
nitric acid) were obtained from ChemLab. Water was always of
ultrapure quality. All chemicals were used as received without
any further purication.
Analytical techniques

For the analysis of Al, Ca, Fe, K, Mg, Na and Si, the initial CRT
phosphor waste was dissolved by alkaline fusion with lithium
metaborate.26 The melt was dissolved in diluted nitric acid,
based on ISO 14869-2.27 For the analysis of Y, Eu, Zn, S, Sr and
Pb, microwave-assisted acid digestion based on the 3052 EPA
method was used.28 A representative amount of sample was
digested in 2 mL of concentrated nitric acid, 6 mL of concen-
trated hydrochloric acid and 1mL of hydrouoric acid (48 wt%).
A second digestion procedure with boric acid was performed to
permit the complexation of uoride and thus protect the quartz
plasma torch of the analytical instrument. Both solutions were
analysed by Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES) using an axial Agilent VISTA-MPX spray
chamber.29 The mineralogical composition of the CRT powder
was determined by X-ray diffraction analysis (XRD) with
a Bruker D8 Advance X-ray diffractometer with a CuKa source
and a scintillation detector from 15� to 90� 2q using a step width
of 0.030� and 1 second per step. Phase identication was
This journal is © The Royal Society of Chemistry 2019
performed with EVA soware. In addition, the CRT powder was
analysed by Scanning Electron Microscopy (SEM) using a Jeol
SM-5910LV apparatus. The images were taken in high vacuum
mode with 20 kV voltage and a solid-state backscatter detector
(SSD-BSD). An Oxford Instruments INCAx-act Energy Dispersive
X-ray detector (EDS) was used for chemical semi-quantitative
analysis. The sample was embedded under vacuum condi-
tions in epoxy resin, pre-polished with abrasive powder and
coated with a thin layer of graphite. The zinc mineralogy of the
roasted CRT phosphors was determined as follows: separation
of sulphide from the sample matrix was accomplished by sus-
pending the sample in concentrated HCl by vigorous agitation.
The sample was distilled under acidic conditions at 100 �C
using an argon stream to avoid oxidation of sulphides. H2S gas
was released from the sample and collected in gas scrubbing
bottles containing zinc(II) and a strong acetate buffer. Sulphide
was precipitated as zinc sulphide (EPA Method 9030B). The zinc
sulphide precipitate was quantied by titration as reported in
the EPA Method 9034. The quantication of zinc oxide and zinc
silicate was performed by XRD using ZnO and Zn2SiO4 reference
standards. The calibration curve was carried out with standards
of 12.5, 25 and 50 wt% of ZnO. To complete the standards, NaCl
was used. The areas of two peaks free of interferences (2q ¼
36.2� and 67.9�) were measured in each diffractogram and two
curves were created with the areas obtained in the three stan-
dards in each peak. The measured areas were matched with the
curves and then the concentration of ZnO was calculated with
the average of the two peaks. Zn2SiO4 was used for the XRD
quantication. To complete the standards, ZnO and NaCl were
used. Then, the following standards were prepared: 10 wt%
Zn2SiO4/40 wt% ZnO/50 wt% NaCl, 15 wt% Zn2SiO4/35 wt%
ZnO/50 wt% NaCl, 30 wt% Zn2SiO4/30 wt% ZnO/40 wt% NaCl.
The area of one peak free of interferences (2q ¼ 38.7�) was
measured in each diffractogram and one curve was created with
the areas obtained for the three standards. The areas measured
in the samples were matched with the curves and then the
concentration of Zn2SiO4 was calculated. The balance to 100%
was assigned to other zinc compounds. Yttrium and europium
content in the roasted CRT samples was determined by borate
fusion by using a LENEO Fusion Instrument. A sample of
100 mg was mixed in a platinum crucible with 2.5 g of lithium
tetraborate, Li2B4O7 (ux); 20 drops of lithium bromide solution
(250 g L�1) were then added (non-wetting agent). The crucible
was placed in the furnace and heated at 1050 �C for 6 minutes.
Aerwards, the molten mixture was poured into a HNO3 5 vol%
solution while stirring. The zinc content was determined by
microwave digestion, using the Speedwave Xpert Microwave
System. A 100 mg sample was contacted with a mixture of 6 mL
of HCl (37 wt%), 2 mL of HNO3 (65 wt%) and 5 mL of HF
(48 wt%). This method resulted to be particularly effective for
the dissolution of silicates. Yttrium and europium could not be
determined through this method due to the formation of
insoluble rare-earth uorides which occurred under the inves-
tigated experimental conditions. Differently from the procedure
used for the characterization of the initial phosphors, where
a lower amount of HF was used for the digestion of the sample
(1 mL), in the case of the roasted CRT phosphors a larger
RSC Adv., 2019, 9, 1378–1386 | 1379
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volume of HF (5 mL) was employed. This led to a decrease of the
total nitric acid concentration in the mixture which affected the
rare earths solubility. It is reported that rare earth uorides
solubility monotonously increases with the nitric acid concen-
tration and upon attaining a certain maximum again
decreases.30 Samples were, aerwards, analysed by total reec-
tion X-ray uorescence spectrometry (TXRF) with a Bruker S2
Picofox TXRF spectrometer equipped with a molybdenum
source.31 Polypropylene microtubes were lled with a certain
amount of sample and an appropriate internal standard was
added. The internal standard was selected in such a way that the
X-ray uorescence energy of the standard was as close as
possible to the element to be determined in order to reduce the
effects caused by secondary X-rays absorption and minimising
at the same time peaks overlap. Samples were nally diluted to
1 mL with a Triton X-100 solution (5 wt%).32 Aer shaking the
samples on a vibrating plate (IKA MS 3 basic), a small droplet
(1 mL) was put on a quartz carrier, previously treated with
a silicone–isopropanol solution to avoid spreading of the
droplet. The quartz carriers were then dried for 30 minutes at
60 �C prior to analysis. Each sample was measured for 200 s (at
50 kV voltage and 600 mA current). TXRF was also employed for
determining metal concentration in the acetic acid and MSA
leachate.

The purity of the nal mixed oxide was determined by ICP-
OES on a Perkin Elmer Optima 8300 equipped with a Scott
spray chamber assembly. Calibration solutions were prepared
containing 1–50 ppm Zn, Y and Eu in 2 vol% HNO3; La and Sc
were selected as internal standards.

Sieving and particle size distribution analysis

The particle size distribution was measured to test the separation
of the glass particles from the CRT uorescent powder. An
industrial circular sieve shaker FTI-0550 (Filtra Vibración, S.L.,
Spain) was used to obtain the different fractions of the CRT
phosphor. The sieve shaker has amaterial inlet duct and discharge
ducts, so it can operate continuously. Chemical analysis of each
fraction was performed to determine the concentration of Y, Eu,
Zn, S, Na and K, which are the main elements present in the CRT
powder. Yttrium and europium concentration were used to
calculate the percentage of Y2O2S:Eu

3+ in each fraction, while the
zinc content is related to the ZnS amount. Finally, the Na and K
content was determined because they are representative compo-
nents of the glass and can be used to determine the amount of
glass in each fraction. In this way, the distribution of the three
main compounds could be assessed for each fraction.

Roasting

Preliminary roasting tests were carried out in a muffle furnace
by placing 10 g of CRT in a 90 � 50 mm porcelain tray. Opti-
misation tests were performed in an electric rotary furnace
HGTE-160 (COEL S.A., Spain), which operates in continuous
mode and is equipped with a rotation and liing control system
that allows the slope of the furnace and the rotation speed to be
varied. The electric rotary furnace was required during the
scaling up to increase the air–solid contact with the sample to
1380 | RSC Adv., 2019, 9, 1378–1386
ensure homogeneous roasting. The rotary furnace was heated
up to the working temperature. Rotation and slope were
adjusted to set the residence time. Temperatures from 800 �C to
1000 �C were tested with a residence time varying between 5 and
40 minutes. A ow of 1.6 m3 h�1 of air was injected into the
furnace to provide the oxygen required for the roasting reaction.
When the operation temperature was reached, the CRT powder
was fed at constant ow (about 0.3 kg h�1). The optimisation of
the roasting process was based on the conversion of the
compounds containing Zn, Y and Eu into their respective oxides
and minimising the formation of non-desirable compounds
such as zinc silicates or yttrium silicates. Since it is crucial for
further treatment to minimise the amount of zinc silicate in the
nal roasted product, the mineralogy of the zinc-containing
phases in the roasted CRT phosphor was determined using
XRD analysis.

Leaching

The leaching tests were performed in glass vials located on
a mechanical shaker (TMS-200 Turbo Thermoshaker), unless
otherwise specied. The roasted CRT phosphors were contacted
with acetic acid and several parameters were varied in order to
determine the optimal operative conditions. The agitation was
kept constant at 2500 rpm in all the experiments. The leachate
was separated from the solid residue through centrifugation
(5300 rpm, 30 minutes, Thermo Scientic Heraeus Labofuge
200 centrifuge) and analysed by TXRF to determine the leaching
efficiency EL (%), which was calculated according to eqn (1):

ELð%Þ ¼ mL

m0

� 100 (1)

wheremL is the mass of the dissolved metal in the leachate (mg)
and m0 is the mass of metal in the initial sample (mg). The
leaching residue was further treated to recover yttrium and
europium. To this aim, MSA was selected as leaching agent.
Leaching tests were performed as a function of the lixiviant
concentration, by keeping the temperature (T ¼ 90 �C), the
liquid-to-solid ratio (L/S ¼ 20 mL g�1) and the contact time (t ¼
24 h) constant. Unless otherwise specied, each experiment was
performed in duplicate.

Y and Eu recovery from the leachate

Yttrium and europium recovery from the leachate was investi-
gated through precipitation with oxalic acid. Precipitation tests
were performed in glass vials located on amechanical shaker, at
T ¼ 25 �C and for 30 minutes. The solid residue was separated
from the leachate through centrifugation (5300 rpm, 30
minutes) and the supernatant was analysed to determine the
precipitation efficiency EP (%), which was calculated according
to eqn (2):

EPð%Þ ¼ mP

mL

� 100 ¼ mL �mR

mL

� 100 (2)

where mP is the mass of metal precipitated (mg) and mR is the
remaining mass of metal in the leachate aer precipitation
(mg). Similarly to the leaching tests, each precipitation test was
performed in duplicate. The obtained mixed oxalate was dried
This journal is © The Royal Society of Chemistry 2019
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in a muffle furnace (t ¼ 12 h, T ¼ 50 �C) and then calcined (t ¼
5 h, T ¼ 950 �C) in order to get the corresponding oxide. Aer
dissolution in a 6 mol L�1 HCl solution, the purity of the oxide
was determined by ICP-OES analysis.
Results and discussion
Characterisation, sieving and particle size distribution
analysis

Table 1 shows the results obtained for the characterisation of
the initial CRT phosphor powder while Fig. S1† includes the
XRD pattern, showing that the main compounds in the waste
powder are zinc sulphide (ZnS) and yttrium oxysulphide
(Y2O2S). Yttrium is the most relevant rare earth present in the
initial CRT phosphor powder (15.5 wt%) together with some
europium (0.96 wt%). The distribution of the elements in the
CRT phosphor waste can be seen in Fig. S2,† obtained by SEM/
EDS. A section of the CRT phosphor micrograph was enlarged
Table 1 Composition of the CRT phosphor powder

Element Concentration, wt%

Zn 30.6
S 16.5
Y 15.5
Si 7.18
Al 1.95
Pb 1.73
K 1.62
Na 1.47
Ca 1.05
Eu 0.96
Sr 0.62
Mg 0.37

Fig. 1 Micrograph of the CRT phosphor powder (1000� magnifica-
tion) showing the particles analysed.

This journal is © The Royal Society of Chemistry 2019
and four representative spots were analysed (Fig. 1). On the
basis of the distribution of the elements by SEM/EDS and the
results by XRD, the main phases present in the sample were
identied and a semi-quantitative analysis was carried out by
SEM/EDS. With the elemental analysis obtained (mass
percentage normalised to 100 of each element in the particle)
and the atomic mass of the element, a mineral formula was
calculated. The particles studied were consistent with ZnS,
glass, Y2O2S and aluminium (Table 2).

Fig. 2 shows the different fractions of the CRT phosphor
powder obtained aer sieving. The particle size distribution
study showed that 75 wt% of the CRT phosphor powder is
related to the fractions with particle size smaller than 100 mm
(55 wt% belongs to the fraction <50 mm and 20 wt% to the
fraction 50–100 mm) and that the fractions with particle size
larger than 425 mm are mostly constituted by glass. Fig. 3 shows
the gravimetric distribution of each fraction sieved, expressed
as percentage of the total amount of sample, where each colour
represents an individual compound. Chemical analysis of all
the sieved fractions allowed calculating the representative
element for each fraction (Na and K for glass, Zn for zinc
sulphide and Y and Eu for Y2O2S:Eu

3+). Fractions smaller than
425 mm were all mixed to obtain the selected sample for further
tests and then analysed. The results are shown in Table 3.
Roasting

Preliminary tests showed that the glass contained in the CRT
powder produces zinc and yttrium silicates during the roasting
process. Considering this circumstance, the amount of non-
desirable compound produced during the roasting step was
reduced by separating the glass particles from the CRT uo-
rescent powder. The CRT fraction smaller than 425 mm was
subjected to a roasting step aimed at converting ZnS into ZnO,
thus avoiding H2S release during the following leaching step.
During roasting, the following reactions take place (eqn (3) and
(4)).

ZnSþ 3

2
O2/ZnOþ SO2 (3)

Y2O2Sþ 3

2
O2/Y2O3 þ SO2 (4)

ZnO and Zn2SiO4 concentrations were measured by quanti-
tative XRD and their Zn content was calculated and compared to
the total amount of Zn in the CRT sample. Fig. S3 and S4† show
the diffractograms of a CRT sample roasted at 850 �C and
1000 �C, respectively. Characteristic peaks of ZnO (2q ¼ 36.2�

and 67.9�) obtained for the roasted sample at 850 �C showed
a higher intensity than those obtained at 1000 �C, which is
a proof of the decrease in ZnO when the roasting temperature
increased. On the contrary, Zn2SiO4 concentration (character-
istic peak at 2q ¼ 38.7�) increased with temperature. The
optimum conditions for roasting are those that maximise the
ZnO concentration and minimise the Zn2SiO4 formation, along
with a complete sulphide decomposition. Table 4 reports the
ZnS, ZnO and Zn2SiO4 amount with respect to the total Zn value.
RSC Adv., 2019, 9, 1378–1386 | 1381
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Table 2 Elemental analysis with EDS of the indicated positions in the SEM micrograph in Fig. 1 and approximate composition of the CRT
phosphor powder

Elements detected with EDS Mineralogical phase Concentration, wt%

Position 1 Zn, S ZnS 46
Position 2 K, Ca, O, Na, Mg, Al, Si, Sr, Ba Glass 25
Position 3 O, Eu, Y, S Y2O2S:Eu

3+ 23
Position 4 Al, Y, S, Cl Metallic Al 1.5

Fig. 2 Appearance of the different sieved fractions of the CRT phos-
phor powder.

Fig. 3 Particle size distribution of the CRT phosphor powder,
including the composition in each fraction (referred to the total
amount of sample).

Table 3 Composition of the <425 mm CRT phosphor powder fraction

Element Concentration, wt% Element Concentration, wt%

Zn 32.8 Eu 1.37
Y 19.1 Na 1.28
S 16.6 Sr 1.14
Pb 2.08 Ca 0.30
Al 1.92 Cd 0.22
K 1.55 Fe 0.15
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The balance to 100% was assigned to other non-identied zinc
compounds. It was found that samples roasted at 850 �C had
a negligible amount of ZnS and 75 wt% of the zinc was present
1382 | RSC Adv., 2019, 9, 1378–1386
in the form of ZnO. When the roasting temperature was
increased, the Zn2SiO4 content also increased and the fraction
of zinc present as ZnO decreased to about 60 wt% at 900 �C and
to about 50 wt% at 1000 �C. Roasting at a lower temperature
(800 �C) gave worse results for ZnS decomposition, so that this
condition was not considered to be acceptable. The residence
time was optimised by determining the sulphide concentration
in the roasted material and the amount of Zn obtained as ZnO
as a function of the time, varied between 0 and 40 minutes.

Fig. 4 shows the concentration of suldes (le Y-axis) and Zn
as ZnO (right Y-axis) during the roasting of the CRT powder at
different temperatures. ZnS is expressed as percentage of
sulphide present in the roasted samples, while ZnO represents
the percentage of Zn present in the form of ZnO versus the total
zinc content. The results obtained showed that roasting of CRT
powders can be conducted successfully in a rotary furnace and
that ZnS can be fully decomposed at temperatures above 850 �C.
Temperatures higher than 850 �C signicantly increase the
formation of non-desirable Zn2SiO4, which complicates further
zinc extraction prior to recovery of yttrium and europium. The
nal concentration of Zn2SiO4 is mainly a function of the
roasting temperature, so it is preferred to carry out the roasting
at the lowest possible temperature that allows decomposition of
all the sulphides present in the CRT powder. The optimum
conditions for CRT powder roasting were 850 �C with a resi-
dence time of 10 to 20 minutes, because when the roasting time
is increased up to 33 minutes, the amount of zinc present in the
form of ZnO decreases.
Leaching

The roasted phosphor samples were subjected to a leaching step
with acetic acid to remove zinc. This leaching agent was selected
due to its capability of dissolving zincite (ZnO) and for its green
properties.33–35 Preliminary tests were performed on samples
roasted at T ¼ 1000 �C under non-optimised conditions, by
varying the acetic acid concentration, temperature and liquid-
to-solid ratio (L/S). It was found that the leaching efficiency
This journal is © The Royal Society of Chemistry 2019
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Table 4 Distribution of zinc over the different zinc compounds present in the roasted CRT, as function of temperature and residence time

Roasting temperature

1000 �C 900 �C 850 �C 800 �C

Residence time, min 10.25 11.5 27.0 36.0 8.25 15.0 20.0 10.75 15.5 20.75 33.0 9.25 16.0 19.75

wt% Zn as ZnS 0.5 0.3 0.6 0.2 1.5 0.3 0.2 1.2 0.6 0.5 0.3 3.6 3.4 3.3
wt% Zn as ZnO 51.6 51.0 49.0 48.6 60.4 59.9 59.2 74.3 73.1 72.6 70.8 79.6 79.3 79.0
wt% Zn as Zn2SiO4 20.3 20.0 20.1 19.4 10.5 10.6 10.6 8.4 8.3 8.3 8.3 8.3 8.4 8.5
wt% Zn in other forms 27.6 28.7 30.3 31.8 27.7 29.3 30.0 16.1 18.1 18.6 20.6 8.5 8.9 9.2

Fig. 4 Sulphides concentration (left axis, closed symbols) and zinc
content as ZnOwith respect to the total zinc (right axis, open symbols)
as a function of the roasting residence time.

Fig. 5 Leaching tests with 10 mol L�1 acetic acid on three samples
roasted under the optimised conditions (T¼ 25 �C, t¼ 2 h, L/S¼ 10mL
g�1).

Table 6 Metal concentration in the leachate after leaching with
10 mol L�1 acetic acid and composition of the residue (T ¼ 25 �C, t ¼
2 h, L/S ¼ 10 mL g�1)

Zn Y Eu

Leachate concentration, mg L�1 24 264 2847 219
Residue composition, wt% 4.8 24.8 1.4
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decreased with increasing roasting time (ESI, Table S1†). This is
due to the formation of zinc silicates (such as willemite,
Zn2SiO4), which are insoluble in acetic acid. It was also found
that temperature, liquid-to-solid ratio and contact time have
a negligible inuence on the leaching yields (ESI, Tables S2–
S4†). Variation of the acetic acid concentration showed that the
maximum leaching efficiency was achieved for an acetic acid
concentration of 10 mol L�1 (ESI, Table S5†). This leaching step
with 10mol L�1 acetic acid is an example of a solvometallurgical
process since solvent concentration is higher than 50 vol%.36

The advantages of a solvometallurgical process compared to
a hydrometallurgical one are, among others, the potential high
selectivity and a reduced water consumption.
Table 5 Chemical composition (wt%) of the selected roasted CRT
phosphors

Sample 1 Sample 2 Sample 3

850 �C,
20.75 min

850 �C,
15.5 min

850 �C,
10.75 min

Zn 30.2 33.0 31.3
Y 17.0 16.7 16.9
Eu 1.2 1.0 1.0 Fig. 6 Leaching of the residue as a function of methanesulphonic acid

concentration (T ¼ 90 �C, t ¼ 24 h, L/S ¼ 20 mL g�1).

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 1378–1386 | 1383
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Table 7 Metal concentration in the leachate (mg L�1) after leaching
with different concentrations of methanesulphonic acid (MSA) (T ¼
90 �C, t ¼ 24 h, L/S ¼ 20 mL g�1)

MSA concentration, mol L�1 Zn Y Eu

1 704 11 473 615
5 780 11 779 594
10 729 11 573 578

Fig. 7 Mixed yttrium/europium oxide obtained via the recovery
process described in present work.
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Further leaching tests were then performed on the samples
obtained under the optimised roasting temperature (850 �C). In
particular, three samples were selected, where more than
70 wt% of the zinc was present as ZnO and the amount of
Fig. 8 Process flow sheet.

1384 | RSC Adv., 2019, 9, 1378–1386
Zn2SiO4 was less than 9 wt%. Y, Eu and Zn content in these
samples is shown in Table 5.

Leaching was performed with 10 mol L�1 acetic acid in water
at room temperature, for 2 h, by employing a liquid-to-solid
ratio of 10 mL g�1, which represent the best conditions ob-
tained from the preliminary leaching tests. Results are shown in
Fig. 5. It was observed that about 80 wt% of zinc can be leached
from the roasted samples with the selected lixiviant. This yield
can be reasonably linked to the fraction of zinc present in the
phosphors as ZnO, which is soluble in carboxylic acids.37

Since sample 1 showed the lowest ZnS concentration
(0.5 wt%), it was selected for further investigation. A sample of
10 g was leached with 10mol L�1 acetic acid under the optimised
conditions (T¼ 25 �C, t¼ 2 h, L/S¼ 10 mL g�1). The residue was
separated from the leachate by vacuum ltration using a folded
lter paper (grade 601, cellulose, particle retention 5 to 13 mm),
followed by washing with water and was then dried at 105 �C
until constant mass. The mass loss was found to be about
43 wt%. The metal concentration in the acetic acid leachate and
the composition of the residue are reported in Table 6.

The residue obtained from acetic acid leaching was subse-
quently submitted to leaching with MSA. MSA was selected as an
acidic lixiviant because of its characteristics of thermal stability,
low toxicity and biodegradability. Due to these characteristics,
MSA is labelled as a green acid.38 MSA is a strong acid (pKa ¼
�1.8).39 One of the main advantages compared to sulphuric acid
is the higher solubility of rare-earth methanesulphonates in
aqueous solutions.40 The leaching tests with different dilutions of
MSA in water performed on the solid residue as a function of the
leaching agent concentration are shown in Fig. 6, while the metal
concentration in the MSA phase is reported in Table 7. About
90 wt% of Y and Eu was dissolved with the selected lixiviant and
the dissolution was already effective at a MSA concentration of
1 mol L�1. The residue obtained from the leaching test with
This journal is © The Royal Society of Chemistry 2019
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1 mol L�1 MSA was separated from the solid residue by centri-
fugation, washed with water and then dried at 105 �C until
constant mass. The mass loss aer leaching was about 49 wt%.

Recovery of yttrium and europium from the leachate

Yttrium and europium were recovered from the 1 mol L�1 MSA
leachate by precipitation with oxalic acid. The precipitation
reaction is reported in eqn (5):

2(Y3+, Eu3+) + 3H2C2O4 / (Y, Eu)2(C2O4)3(s) + 6H+ (5)

It was found that by adding twice the stoichiometric amount
(with respect to yttrium and europium) of solid oxalic acid,
quantitative precipitation of both rare earths was achieved.
About 2 wt% of zinc present in the MSA leachate was co-
precipitated. To obtain a sufficient amount of mixed oxalate
for the subsequent calcination step, the whole process was
repeated once more starting from 10 g of roasted sample and by
treating the entire amount of residue coming from the rst
leaching step with 1 mol L�1 MSA. The MSA leachate was then
subjected to a precipitation step with solid oxalic acid. The
obtained mixed oxalate was separated from the leachate by
ltration while washing with water, dried at 50 �C for 12 h and
then calcined at 950 �C for 5 h, according to a literature
procedure (Fig. 7).9 Aer dissolution in 6 mol L�1 HCl, the
mixed oxide was analysed by ICP-OES to determine its purity
which was found to be >99.0 wt%. The recovery process ow
sheet of the whole process is shown in Fig. 8. It was found that
about 75 wt% yttrium and europium could be recovered as
a mixed oxide from the waste CRT phosphors powder. Further
research is needed to investigate their recovery from the acetic
acid leachate so that the global recovery efficiency can be
improved.

Conclusions

An integrated process ow sheet comprising roasting, leaching,
precipitation as a mixed oxalate and calcination was developed
to recover yttrium and europium from waste CRT phosphors.
The roasting step allowed an efficient conversion of the zinc
sulphide present in the initial phosphor powder into zinc oxide,
thus facilitating further processing of the waste. Compared to
common hydrometallurgical processes, where leaching is nor-
mally performed on non-treated material, in our process the
release of toxic H2S gas is avoided. SO2 generated during the
roasting step can be used in the production of H2SO4. The
recovery of the rare earths was then performed by employing
a sequence of leaching steps with organic acids (acetic acid and
methanesulphonic acid). Both acids are labelled as ‘green
solvents’ because of their low toxicity and low environmental
impact. Acetic acid proved to be selective towards dissolution of
zinc, but still about 20 wt% yttrium and europium were
unavoidably co-dissolved, thus lowering the global recovery
yield. The stripped methanesulphonic acid could be reused in
consecutive leaching steps; in this way, reagent consumption
could be reduced. The obtained product was a mixed yttrium
europium oxide with a purity of more than 99.0 wt%. This oxide
This journal is © The Royal Society of Chemistry 2019
can be further puried by solvent extraction to obtain pure
yttrium and europium oxides for the relevant applications.
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