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Waste fluorescent lamps containing a significantly high quantity of rare earth
metals have great potential to be an unconventional source of critical metals if
exploited efficiently for resource recovery. Therefore, the present study dealt
with the selective leaching of red phosphor rare earths from waste fluorescent
lamps. The parametric effects of the acid media and their concentrations,
addition of HyO, pulp density, temperature, and time were studied. The re-
sults revealed that 2.0 M HCI with 5 vol.% Hy0, yielded 100% yttrium and
more than 95% europium compared to only 92% and 96% yttrium and 89% and
91% europium while using HySO, and HNOj3, respectively. The green phos-
phor compounds Cegg;Thg33MgAl;10:9 and (LaggsCeq.15Tbg2)PO, were
undissolved in a residual mass that can be handled separately. Kinetics data
followed logarithmic rate law, and the chemically-controlled mechanism was
indicated by the values of apparent activation energy (i.e., E ), 87.8 kd/mol

and E gy, 54.1 kd/mol).

INTRODUCTION

Because of their distinct properties, like optics,
electronic configuration, and magnetic and catalytic
activities, the rare earth metals (REMs; a group of
15 lanthanides plus scandium and yttrium) are
increasingly being used in modern technology appli-
cations.! An array of clean and renewable energy
devices, advanced electronics, low-energy fluores-
cent bulbs, permanent magnets, and petrocatalysts
have established REMs as critical raw materials for
modern high-tech products.?? It has been estimated
that the demand for REMs reached 150,000 tons by
the end of 2018, and that it is continuously increas-
ing.* Currently, China is producing about 90% of
the total REMs,” hence, fulfilling domestic REMs
demand is a serious challenge for other countries.
On the other hand, a large volume of end-of-life
materials containing REMs, discarded as waste
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materials, are usually sent to landfills. Such a
linear practice for using natural resources is unsus-
tainable in terms of environmental pollution, and
also because of the loss of the value of the REMs.®
The worldwide awareness towards green economy
development plans, namely, Korea Green New
Deal,” the European Green Deal,® the US Green
New Deal,” etc., has resulted in looking for a rapid
transition towards the resource recycling of critical
raw materials, in particular, the REMs.
Fluorescent lamps are one of the focused-on
candidates for efficient recycling of REMs, as they
contain a significant number of various phosphors.
Red phosphors (Y,05:Eu®*), green phosphors
(LaPO4:Ce®*, Tb3") and (Ce, Th)MgAl;;0:9, and
blue phosphors (BaMgAl;o0;7:Eu®*) are commonly
used in fluorescent lamps that emit cool white light
with low-energy consumption.'® As an estimate, the
fluorescent lamps represent ~ 80% of the total
lighting waste within waste electrical and electronic
equipment in 18 European countries,'’ which is a
potential reservoir of yttrium (87 t), lanthanum
(12 t), cerium (10 t), europium (6 t), and terbium
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(4.4 t).'% In general, the REMs’ content of phosphors
is about 23 wt.%, which is several folds higher than
the exploitable primary ores of the REMs. There-
fore, resource recovery of REMs from waste fluores-
cent lamps containing a significantly high quantity
of critical metals has an excellent potential to be a
major unconventional source to be exploited. Effi-
cient recycling of waste fluorescent lamps can
effectively mitigate the supply and demand gaps
and promote the sustainable use of natural
resources. >

Hydrometallurgy is commonly used to extract
individual REMs’ oxide from mineral concentrates,
which involves leaching, separation, purification,
and recovery through precipitation.'® Therefore, it
is also largely applied to the recycling of waste
fluorescent lamps.'®'” In order to resource the
recovery of REMs, their dissolution in suitable lixi-
viants that carry out impurity (base metals)
removal followed by the mutual separation of the
REMs, using solvent extraction,'® precipitation,®
supercritical fluid extraction,?® ion exchange,?! and
ionic liquid,?* are practiced. The products can also
be deoxidized to the metallic state instead of using
the usual molten salt electrolysis and metallother-
mic reduction.?®?* Leaching of red phosphors con-
taining yttrium and europium has been widely
studied in different acidic solutions; however, the
efficiency achieved was on average < 95% and from
a less complex matrix.?® In the case of sulfuric acid
leaching, the formation of gypsum may prevent the
leaching progress due to surface passivation. To
overcome this issue, Resende and Morais?® used a
two-step leaching of red phosphors. In the first step,
red phosphor was leached in conc. HySO, followed
by dynamic leaching in water, yielding an efficiency
> 96%. Looking at the criticality of REMs, a simple
processing route is desirable with a greater effi-
ciency of metal extraction.

Therefore, the leaching behavior of REMs from
waste fluorescent powder was investigated by dis-
solving in different acid media with/without adding
an oxidant. The effects of acid concentration, HyO5
addition, temperature, time, and pulp density were
examined to achieve the selective and enhanced
leaching of yttrium and europium by keeping green
phosphors undissolved in the residue. The leaching
kinetics of both these rare earths is particularly
highlighted while establishing the dissolution mech-
anism. It should be noted that the present study
was limited to the selective leaching of red phosphor
REMs (yttrium and europium), while the residual
green phosphor materials of a refractory nature will
be treated separately.

EXPERIMENTAL

An amount of 10 kg of waste fluorescent lamps
was collected from a local source at Jeonju (South
Korea) and ball-milled to collect a stock sample of
100-mesh particle size after a sieving operation. The

composition of the prepared sample in weight
percentage was analyzed and found to be 13.5%
yttrium, 1.0% europium, 2.7% lanthanum, 1.4%
cerium, 4.4% aluminum, 16.2% calcium, 2.2% bar-
ium, 0.4% sulfur, and balance oxygen. X-ray diffrac-
tion (XRD) analysis using an X'pert PRO
PANalytical revealed that yttrium and europium
in the red phosphors of the waste lamp were mainly
present as oxide compounds. Despite the presence of
0.6% sulfur, the lack of sulfur compounds assigned
to the XRD patterns was due to the very low sulfur
content (below the detection level using XRD).
Chemical reagents like hydrochloric acid (35%
purity; Daejung), sulfuric acid (95% purity; Dae-
jung), nitric acid (65% purity; RiedeldeHé&en), and
hydrogen peroxide (30% purity; Merck) were used
without further purification.

First, 5 g of a stock sample was charged with
100 mL acid solution of a predetermined concentra-
tion at 5% pulp density into a 250 mL glass reactor
fitted with a water bath. The slurry was stirred at a
fixed agitation speed (200 rpm, optimized during
batch leaching experiments) using a magnetic stir-
rer and paddle. All the experiments were performed
in a closed system for 1 h at 55°C (until specified).
After the completion of leaching time, solid-liquid
separation was conducted, and the filtrate was
collected to analyze its metal contents and the leach
liquor wusing inductively coupled plasma spec-
troscopy (iCAP 7400 Duo; Thermo Scientific). The
leaching efficiency of the metals was determined to
be:

M
%Leaching = <MLL> x 100 (1)
IS

where Mis and M;;, are the metal content in the
input mass and the leach liquor’s output volume,
respectively. The surface morphology of the solid
samples was analyzed using scanning electron
microscopy (SEM) and energy dispersive x-ray
(EDX) images acquired by a Supra 40VP (Carl
Zeiss, Germany).

RESULTS AND DISCUSSION
Effect of Acid Media

The influence of the acid medium on leaching
metals from the fluorescent powder was investi-
gated in three different mineral acids (HCI, HySOy,,
and HNOs3) at two different concentrations (0.5 M
and 2.0 M). The results in Fig. 1 show that the red
phosphor rare earths (yttrium and europium) were
able to leach in all types of the acid media; however,
their efficiency significantly increased in high acid
solutions. The maximum of 87.4% yttrium was
leached by 2.0 M HCI solution while it was 84.8%
and 82.5% using HNO3 and H,SOy, respectively, at
the same concentration. The leaching efficiency of
europium with 2.0 M HCIl and 2.0 M HNO;3; was
unchanged (~ 87%), and was 81.1% with 2.0 M
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H,SO, solution. The REM content of the green
phosphor (cerium and lanthanum oxides) did not
leach in any acid solution, showing the material’s
refractoriness.?” Approximately 45% barium and
> 90% calcium could be dissolved in the HCI] and
HNOj solutions of any concentration, albeit they did
not leach in the HySO, solution. This behavior
essentially showed the low solubility of the sulfate
compounds (BaSO4 and CaSO,) that form in the
HySO4 solution. As the leaching efficiency of the red
phosphor REMs was below the desirable level, an
oxidant was added in order to examine the progress
in metal leaching in the next set of experiments.

Effect of H;O, Addition with Change of Acid
Media

The maximum leaching efficiency of yttrium and
europium was well below 90% using any mineral
acid. Furthermore, the oxidant H,O, was added to
improve the leaching of the red phosphor from
waste fluorescent lamp powder. Henceforth, the
leaching process was optimized by adding a fixed
dosage (5 vol.%) of Hy0O5 into different acid media
solutions of two concentrations (0.5 M and 2.0 M).
Figure 2 depicts significant progress in red
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Fig. 1. Leaching behavior of metals with different acid media of
different concentrations from waste fluorescent lamp powder in the
condition of 5% pulp density, 55°C temperature, and 1 h duration.
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Fig. 2. Leaching behavior of metals with different acid media of
different concentrations in the presence of 5 vol.% H,O, in the
conditions of 5% pulp density, 55°C temperature, and 1 h duration
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phosphor REM leaching by introducing Hy0, into
the leaching system. As can be seen, all the yttrium
was efficiently leached in 2.0 M HCI solution along
with ~ 90% europium, but they were below 40% and
< 25%, respectively, with the 0.5 M HCI solution.
The addition of HO5 into the 2.0 M HNOj3; system
gave 96.4% yttrium and 91% europium, which was
about 92% and 89% of the respective REMs using
2.0 M H,SO4. The enhanced leaching obtained by
the addition of HyOs can be corroborated by its
ability to oxidize the sulfur compounds, albeit in low
concentration and with interaction of oxygen atoms
with surface metal cations.?® This has also been
demonstrated by Diesen and Jonsson,? while Lou-
sada et al.?° reported the higher adsorption energy
of HyO, to the Y503 surface with the activation
energy and enthalpy values of 44 kJ/mol. At the
same time, the H50, also allows a vigorous reaction
enhanced by the increased rate of the reaction
through oxygen production during the peroxide
decomposition.

Effect of Pulp Density

The effect of pulp density on the metal leaching
efficiency was examined at different pulp densities,
varying from 3 wt.% to 9 wt.% of the sample in the
2.0 M HCI solution with 5 vol% Hs05 at 65°C for 1
h. The results in Fig. 3 show that the leaching
efficiency of the metals, including the REMs, did not
change with 3% and 5% pulp density. Further
increases in the pulp density significantly decreased
the efficiency of the red phosphor REMs and
reached about 89% yttrium and 81% europium at
9% pulp density; however, other metals, like alu-
minum, calcium, and barium, did not show much
change in their leaching efficiency. The phe-
nomenon of declining REM leaching at higher pulp
density can be ascribed to the solution’s lower
availability of surface area per unit volume.?’ On
the other hand, no change in other metal leaching

100 ~

%

80 +

Y%Leaching
[}
o

A
o
1

N
o
1
teesttetiiee

-+

+

-+

-+

+

-+
Eioe
>4 [ p
o e
#-

+

-+

#-

+

-

5
Pulp density (%)

Fig. 3. Leaching behavior of metals at different pulp densities in the
presence of 2.0 M HCI, 5 vol.% H»O, at 65°C, and 1 h duration
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can be corroborated to their possible leaching in low
acid concentrations, as observed in acid variation
experiments. By analyzing the experimental
results, the pulp density of 5% was optimized.

Effect of Temperature

Although an elevated temperature often posi-
tively influences solid-liquid mass transfer, the
effect of temperature was examined within a mod-
erate range (35-65°C) due to the potential degra-
dation of HyO, at higher temperatures (~ 60°C).%?
The results presented in Fig. 4 clearly show a
positive impact of increased temperature (35°C to
65°C) as the yttrium leaching progressed from
44.6% to 100%, and the efficiency of europium
leaching was enhanced from 42.8% to 95%. This
behavior commonly reveals the exothermic nature
of the leaching process, and can be ascribed to its
shifting from diffusion control at low temperatures
to chemical control at higher temperatures.?®3*
Calcium was also leached efficiently, whereas
~ 44% of the barium was leached at all tempera-
tures. The leaching of lanthanum and cerium was
insignificant, while that of aluminum was only
< 10%.

EFFECT OF TIME

The effect of time on the metal leaching from the
waste fluorescent lamp powder was examined at
65°C up to 60 min of duration. The results in Fig. 5
reveal the progress in leaching efficiency of yttrium,
europium, and calcium with respect to increasing
time. It can be seen that only 8.4% yttrium, 15%
europium, and 6.3% calcium were leached soon after
the sample charging (within 1 min), which reached
> 70% after 10 min of leaching. Within 30 min,
almost all the yttrium was leached compared to 90%
of the europium and calcium, which were finally
analyzed to be ~ 95% after completing 60 min
duration. The leaching trends show that the metal
dissolution rate was initially slow; however, a
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Fig. 4. Leaching behavior of metals at different temperatures in the
presence of 2.0 M HCI, 5 vol.% H,0,, in the conditions of 5% pulp
density and 1 h duration

prolonged contact allowed the attack and absor-
bance of HyO5 to the oxide surfaces leading to a
smooth dissolution of the red phosphor.?8~3°

As expected, the leaching of other metals was
negligible except for the 45% of barium measured in
the final leach liquor. This was further confirmed by
a comparative XRD study of the waste fluorescent
powder and HCI leached residue. As shown in
Fig. 6, the main diffraction peaks of the red phos-
phOI‘ (Y0.95Eu0.05)203 (ICDD ref. no.: 00-025-1011),
green phosphor (Ceg g7Thg.33MgAl;1019) (ICDD ref.
no.: 01-036-0073), and (La0_65Ceo_15Tb0_2)PO4 (ICDD
ref. mno.: 01-078-6321), and blue phosphor
(Bag 973Eu0.027)Alg(Alg.464Mg0.536)2017  (ICDD  ref.
no.: 01-072-6158) were observed through XRD char-
acterization. The diffraction peaks assigned to the
red phosphor were not observed in the leached
residue which showed complete dissolution of the
metals. This shows that the red phosphor REMs
could be efficiently dissolved in the 2.0 M HCl
solution and enhanced by the addition of HyO,.
However, about 5% of europium that remained
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Fig. 5. Leaching behavior of metals as a function of time using 2.0 M
HCl and 5 vol.% H»0 in the conditions of 5% pulp density and 65°C
temperature
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undissolved can be understood by the XRD analysis,
indicating the undissolved europium as a part of the
blue phosphor (Bag g73Eu9 927)A-
19(Alg 464Mg0 536)2017 material. This was also sup-
ported by the SEM-EDX images of the raw sample
and the leached residue (as shown in Fig. 7). It can
be seen from Fig. 7a that the morphology of the
fluorescent powder was closely associated with the
bulk, indicating a higher occurrence of the yttrium
and europium. On the other hand, the morpholog-
ical distribution of the HCI leached residue in
Fig. 7b is distant with detached particles. Moreover,
the yttrium disappeared from the leached residue
with only a trace presence of europium.

Leaching Kinetics and Mechanism

In addition to the parametric optimization, the
leaching kinetics for the yttrium and europium
dissolution from the time scale data was generated
at temperatures between 35°C and 65°C. The data
were examined to fit with heterogeneous solid—
liquid mass transfer onto the surface of the assumed
small particles. At first, the commonly applied
shrinking core models with the chemical- and

Choi, Ilyas, and Kim

diffusion-controlled mechanism were evaluated
using Egs. 2 and 3, respectively:3>-3*

1 (1—x)B= kst 2)

1-3(1-x)%242(1 — o) = kgt (3)

where x is the leaching fraction at the time ¢ (in
min), and k. and kq are the rate constants for the
chemical- and diffusion-controlled reactions, respec-
tively. The analysis of data fitting did not show
linearity (graphs not shown here for the sake of
brevity); thus, another model using the logarithmic
rate law was tested using:*%3

—In(1 —x) = ky#t 4)

where kj is a logarithmic rate constant. The plots of
— In(1 — x) versus ¢ showed linear fittings for
yttrium and europium dissolution, as shown in
Fig. 8a and b, respectively). Good fitting of data was
evident, and also with the values of the regression
coefficients (i.e., R > 0.98). The logarithmic model
fits revealed that the yttrium and europium disso-
lution of the red phosphor essentially relies on the
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Fig. 7. SEM-EDX analysis of the vraw fluorescent powder (a) and leached residue (b)
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real-time observations and experimental conditions,
and certainly not upon the hypothetical model for
particles shrinking towards the core.?>%¢
Furthermore, the slope values of the line equa-
tions were used for determining the apparent
activation energy (E,) of yttrium and europium
leaching through the Arrhenius equation:®33

by = Ae(7) (5)

where k., is a rate constant, A Arrhenius constant,
E, the apparent activation energy, R the universal
gas constant (8.314 kd/mol), and T the absolute
temperature (in K). Using the slope values (from the
linear plots of Fig. 8a and b) as the rate constants at
a particular temperature, the linear graphs of Ink,
versus 1/T (as shown in Fig. 8c) were plotted. Then,
the slope values were used to calculate the apparent
activation energy of yttrium and europium that
were determined to be E,y, = 85.5 kdJ/mol and
E.xw = 55.1 kd/mol, respectively. The obtained val-
ues of E, indicated that a higher activation energy
is required to overcome the energy barrier for
dissolving yttrium and europium, which is chemi-
cally controlling the overall leaching process by
following the logarithmic rate law.??> Based on the
experimental findings, the stepwise leaching mech-
anism can be understood as follows: (1) a larger
portion of yttrium and europium dissolution from
the waste fluorescent powder through the chemical
reaction between (Y 95Eug 05)203 and HCI, (2) HyO4
sufficiently increases the activation energy of the
system which initially took time to be adsorbed to
the oxide surface of the phosphors, (3) a simultane-
ous oxidation of sulfur compounds, which were
present in small quantities, and (4) soon after the
H50,5 decomposition into water and oxygen atoms,
the rapid reaction rate chemically-drives the leach-
ing reactions to give the maximum soluble products
of yttrium and europium in the leach liquor.

CONCLUSION

The accessibility and affordability of critical raw
materials, including REMs, are significant for eco-
nomic and sustainable growth. Hence, the present
study has demonstrated the extraction of REMs
from an unconventional source of waste fluorescent
lamps; however, the study was limited to the
selective leaching of red phosphor REMs (yttrium
and europium). Leaching with different mineral
acids of different concentrations, showed a higher
efficiency in 2.0 M HCI while it was least with 0.5 M
H,SO4, which additionally rejected calcium and
barium in the leach residue. Leaching was found
to increase up to 99% yttrium and ~ 90% europium
by adding 5 vol.% Hy05 in 2.0 M HCI, which was
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identical with HNO;3; (96% yttrium and 91% euro-
pium) but not adopted due to the associated gaseous
hazards with NOx emission. A temperature
increase up to 65°C could further enhance the
leachability, reaching 100% yttrium and > 95%
europium, along with 95% calcium and 44% barium
in the leach liquor. Leaching conducted at varied
temperatures (35-65°C) and times (1-60 min) gave
kinetics data that fit well with the logarithmic
model. The values of apparent activation energy
calculated for yttrium (E,y),, 87.8 kdJ/mol) and
europium (K gy), 54.1 kd/mol) indicated that leach-
ing of red phosphor REMs followed a chemically
controlled mechanism. This study offers two main
advantages: securing a secondary supply of REMs
from unconventional resources, and providing an
environmentally sustainable route for waste
treatment.
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