Journal of Sustainable Metallurgy (2018) 4:437-442
https://doi.org/10.1007/s40831-018-0189-x

RESEARCH ARTICLE

@ CrossMark

Leaching Kinetics of Yttrium and Europium Oxides from Waste

Phosphor Powder
P. M. Eduafo’ - B. Mishra®

Published online: 5 September 2018
© The Minerals, Metals & Materials Society 2018

Abstract

Phosphor powder sample was characterized, and the leaching kinetics of yttrium, and europium in hydrochloric acid were
investigated. Under optimized leaching conditions, 98% Y and 97% Eu were extracted, and a reaction curve was generated
using the percentage of extraction as a function of time and temperature. Based on R? values, shrinking spherical particle
and shrinking core model were not applicable. SEM analysis also confirmed shrinking core behavior was not applicable
due to the lack of core—shells in the leach residue. The kinetic data were best fitted by a logarithmic rate expression of the
empirical model. Activation energy was calculated to be 77.49 kJ/mol for Y and 72.75 kJ/mol for Eu in the temperature

range of 298-343 K.

Keywords Kinetics - Leaching - Phosphor powder - Rare earth elements - Waste fluorescent lamp

Introduction

Rare earth elements (REEs) are used in nearly all high-
technology applications ranging from green energy to
defense-related equipment. Rare earth—phosphor mixture
makes up 2 wt% of a typical 40 W fluorescent lamp [1].
Thus, several processes have been investigated for recov-
ery of the REEs in phosphor powder.

Takahashi and co-workers performed a series of
hydrometallurgy-based separation methods to recover of
rare earths from phosphors [2, 3, 4]. Rabah proposed a
process for the recovery of europium, yttrium, and other
valuable rare earth salts from waste fluorescent lamp
phosphor using pressure leaching [5]. Wang et al. con-
ducted leaching experiments on spent trichromatic phos-
phor mixtures and recovered 96.28% of yttrium with 4 M
hydrochloric acid with 4.4 g/LL hydrogen peroxide [6].
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Yang et al. developed a two-stage leaching process with
sulfuric and nitric acid in the first and second stages,
respectively, to recover 99% yttrium and 95% europium
from phosphor dust [7]. De Michelis et al. produced
yttrium oxalate of 99% purity after leaching yttrium from
waste phosphor powder followed by precipitation with
oxalic acid [8]. Eduafo et al. developed a three-stage
leaching and precipitation process for selective extraction
and recovery of the REEs from waste phosphor powder to
produce 99.57% pure, mixed oxides with yttrium to euro-
pium ratio of 1:21 [9, 10]. Tunsu et al. extracted rare earth
metals (REMs) from fluorescent lamp waste leachates
using solvent extraction process with Cyanex 572 and 923
[11, 12].

While there is increasing attention on recovering REMs
from spent fluorescent lamps due to the criticality of these
metals, little effort has been placed in investigating the
mechanism and kinetics of leaching REEs from waste lamp
phosphors. This paper addresses the kinetics of leaching of
yttrium and europium.
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Materials and Methods
Materials

Waste phosphor powder from the waste fluorescent lamps
was provided by Veolia ES Technical Solutions, L.L..C
(WI, USA). Solutions of known concentration were pre-
pared with deionized water and diluted with 2% HNO;
before chemical analysis with ICP-OES. All chemicals
used were of analytic grade reagents (Sigma Aldrich,
USA).

Procedure

Waste phosphor powder from lamps were sieved to 75 pm
to separate any broken glass particles present [9]. A
weighed sample of the sieved phosphor powder was added
to a heated solution and stirred with a magnetic stirrer for
the desired time. The amount of sample added was gov-
erned by the needed solid-liquid ratio (S/L) or pulp den-
sity. After leaching, the mixture was filtered, and samples
were taken from the leachate and analyzed for REEs and
other elements.

Analysis

The concentration of ions in the leach liquor was deter-
mined by using inductively coupled plasma-optical emis-
sion spectrometer (ICP-OES, Optima 5300 DV Perkin
Elmer Co., MA, USA) and chemical composition of the
phosphor powder was determined with X-ray fluorescence
spectrometer (XRF). Phosphor powder samples were
obtained and characterized for specific mineralogical and
metallurgical parameters using Microtrak particle analyzer,
X-ray powder diffraction analysis (XRPF), and scanning
electron microscope analysis with energy-dispersive X-ray
spectroscopy (SEM-EDX, JEOL JSM-7000F).

Results and Discussion
Characterization of Phosphor Powder

Cumulative particle size analysis of the phosphor powder
ranges from 1 to 700 pm (Fig. 1). The REE bearing are
less than or equal to 30 um. Table 1 shows CaO and P,Os,
which come from the white halophosphate phosphor, and
are present in higher concentrations. There are also oxi-
des—Si0,, Na,O, and K,O—which are from glass splin-
ters introduced into the waste phosphor powder during
lamp recycling. Yttrium is the predominant REE, while
terbium has the lowest concentration. XRD analysis shows
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Fig. 1 Cumulative particle size distribution of the waste phosphor
powder (color figure online)

Table 1 Chemical composition

of Veolia feed Dry powder (wt%)

Ca0 20.53 £ 3.11
P,0s 21.12 + 3.40
ALO; 8.89 + 0.92
Fe,0, 0.40 + 0.12
Si0, 24.73 £ 0.85
Cu0 0.32 £ 0.12
K,O 0.43 £ 0.04
Na,O 5.33 £ 0.86
NiO 0.07 £ 0.12
ZnO 0.04 + 0.01
MgO 111 + 0.01
Y,0; 9.77 £ 1.95
Eu,0, 0.73 £ 0.29
Tb,04 0.59 + 0.22
La,0; 174 £ 1.18
Ce,04 176 & 0.39

the major phases identified in the powder were fluoroap-
atite, wakefieldite, calcite, quartz (crystalline SiO,),
yttrium oxide, and monazite (Fig. 2) [9].

The surface morphology of powder particles was
detected with SEM imaging with backscattered electron
detector (BSE). The micrograph shows the particles have
different shapes and sizes (Fig. 3). The lighter fraction is
heavier by atomic weight and represents the REEs, while
the lower atomic weight darker fraction represent the non-
REEs such as calcium, phosphorus, aluminum, and silicon.
Table 2 shows the different phosphors used in lamps with
calcium halophosphate phosphor at point 6; red, blue, and
green rare earth phosphors at points 1, 5, and 8, respec-
tively. Point 4 shows silica, while points 2 and 7 show a
combination of calcite and alumina.
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Fig. 2 XRD pattern for phase identification in the phosphor powder.
F fluoroapatite, Y yttrium oxide, W wakefieldite, C calcite, M mon-
azite, Q quartz

Leaching of REEs

The phosphor powder was sieved to 75 pm to remove
coarse glass and pretreated with hydrochloric acid at room
temperature to remove the bulk of the non-REEs according
to the flowsheet developed by Eduafo et al. [9]. Yttrium
and europium were then extracted from the leach residue at
varying times and temperatures using hydrochloric acid
and under the optimized leaching conditions—2 M HCI,
180 g/L pulp density, and 600 rpm stirring speed. From
these experiments, a maximum yields of 98% Y and 97%
Eu were recovered under the optimal leaching conditions
of 2 M HCI, 180 g/L, 600 rpm, 80 °C, and a reaction rate
curve was generated to determine the leaching model. The
proposed chemical reaction for the leaching of yttrium or
europium (Re) with HCl is as follows (Eq. 1):

Re,O; + 6H™ (aq) + 6C1™ (aq)
— 2Re™(aq) + 6Cl™ (aq) + 3H,0 (1)

The proton destabilizes the rare earth oxide crystal lat-
tice by attacking the oxygen to form water. The chloride
ion from HCI is a strong complexing ligand and forms an
aquo-complex with the unbounded rare earth cation to form
rare earth chlorides. The reaction can go forward or
backward depending on the concentration and solubility of
rare earth chlorides.

The reaction curve in Fig. 4 shows that the extents of
leaching of Y and Eu increased with the increasing time
and temperature. The rate of the leaching reaction is very
fast as the reaction curve starts to flatten after 7.5 min.

Leaching Model

Data obtained in the leachings of Y and Eu as a function of
temperature and time were used in a kinetics study to

Fig. 3 SEM micrograph showing the morphology of particles in  determine the leaching model. Chemical- and film
phosphor powder
1 2 3 4 5 6 7 8

O 28.12 8.61 30.05 39.33 14.48 30.99 44.62 23.59
Al 7.08 1.11 17.18 4.83 3.98 2.36 8.06 7.06
Si 9.13 0.86 24.94 27.05 0.86 0.36 1.34 10.01
Y and P 20.93 1.98 2.03 5.39 12.31 18.74 1.43 13.21
Cl 4.06 0.18 0.15 0.11 0.11 0.12 0.07 0.24
Ca 7.25 72.33 8.13 11.92 2.99 38.68 29.27 16.2
La 2.02 0.77 4.2 2.8 6.69 0.55 0.7 8.43
Ce 5.98 1.62 6.42 2.16 4.38 0.46 0.54 6.57
Eu 3.32 6.7 1.66 1.91 4.9 0.68 0.46 5.39
Tb 1.75 3.47 1.62 0.99 2.65 1.1 0.57 4.47
Fe 1.28 1.32 0.28 0.06 0.43 0.37 0.24 0.45
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Fig. 5 SEM micrograph showing morphology of particles in the
(b) Eu second leach residue
100
90 Table 4 EDS elemental analysis of leach residue
H 32 =m25°C Element Composition (Wt%)
g e A B C D E F G
g 50 I [ =70 °C
> .
= 40 I I ] He=g0°C ¢} 304 2775 3625 2887 28.66 28.61 38.63
N
° 22 T I Al 1455 1452 1033 1373 13.64 13.66 1245
10 Si 2463 19.67 2371 20.8 2092 20.89 3446
0 Y 000 0.00 000 000 0.00 000 1.1
0 10 20 30 40 50 60
. . P 1.3 247  3.08 226 21 1.65  0.00
Time (min)
Ca 2.75 1.92 214 234 211 23 3.44
Fig. 4 Reaction rate curves of leaching of a yttrium and b europium La 9.81 10.46 8.73 8.67 8.73 8.68 0.79
for kinetics study (color figure online) Ce 8.65 9.41 6.6 9.18 8.77 3.88 3.14
) ) o ) ) Eu 000 062 000 083 0.83 055 1.07
diffusion-controlled models for shrmkl-ng spherical partlcl.e TH 268 357 064 2 328 323 024
model were tested but were not applicable to the experi- Fe 011 02 000 053 045 041 029

mental data as can be seen by the R?> values in Table 3.
Chemical-, ash-diffusion-, and film-diffusion-controlled
models for the shrinking core models also showed a poor fit
at 70 °C. This assessment seems to be confirmed by SEM
which showed the lack of core-shells to support shrinking
core behavior (Fig. 5). The micrograph and EDS data in
Table 4 shows the predominant elements in the leach
residue is mainly silicon, aluminum, and the green phos-
phor—lanthanum, cerium, and terbium.

The kinetic data were also analyzed using the empirical
model of leaching governed by the following logarithmic
equation (Eq. 2) [13]:

(=In(1 = E))* = ki, (2)

where E is the percentage of particle leached into the
solution at time ¢ and k; is the specific rate constant for the
empirical model. Table 3 shows that the kinetic data rela-
tively show a better fit to the logarithmic equation than the
shrinking spherical particle and shrinking core models, and
this is evident from the high R? values.

Table 3 Leaching models with °C  Shrinking particle

Shrinking core Empirical model

their respective R* values
Chemical control

Film diffusion  Ash diffusion  Film diffusion

Y 25 0.8443
50  0.9894
70 0.9193
Eu 25 0.7879
50 0.9969
70 0.9548

0.8440 0.8913 0.7892 0.9661
0.9826 0.9959 0.9699 0.9873
0.9211 0.9409 0.9174 0.9487
0.7460 0.7857 0.7046 0.8768
0.9912 0.9971 0.9817 0.9809
0.9521 0.9647 0.9491 0.9678
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The activation energies for leaching of yttrium and
europium from the phosphor powder were calculated using
the specific rate constant, k; to generate the Arrhenius plot
(Fig. 6). Activation energies were calculated to be
77.49 kJ/mol for yttrium and 72.75 kJ/mol for europium
between 298 K and 343 K, and these values are within the
range for metal dissolution following the logarithmic
equation [14]. Therefore, the empirical model explains the
mechanism of leaching of yttrium and europium from
waste lamp phosphor powder. Himanshu et al. investigated
the kinetics and mechanism of leaching of rare earth metals
from phosphor powder, and their experimental data also
followed empirical model of leaching. They found the
activation energies to be 76 kJ/mol and 61 kJ/mol for
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Fig. 6 Arrhenius plot for empirical kinetic model for leaching of a Y

and b Eu

dissolution of Y and Eu, respectively, in the temperature
range of 343-368 K [14].

Conclusion

The kinetics of leaching of yttrium and europium have
been studied in the temperature range of 25-70 °C, and this
present work shows the experimental data best fit the
logarithmic equation of the empirical model than the
shrinking spherical particle and shrinking core models
using the R? values. SEM further confirms the inapplica-
bility of the shrinking core model. Data should have been
taken between O and 7.5 min to effectively analyze the
reaction kinetics. Kinetic data after 7.5 min measured the
thermodynamic effect since the extent of reaction did not
change much with time. The activation energies required
for dissolution of yttrium and europium in the temperature
range from 298 K to 343 K were found to be 77.49 kJ/mol
and 72.75 kJ/mol, respectively.
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