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a b s t r a c t

In this study, desilication, decomposition, and acidolysis were used to recycle rare earth elements (REEs)
from real waste trichromatic phosphors containing glass at laboratory and pilot plant scales. The effects
of pre-sintering temperature, sieving, alkaline leaching conditions and alkaline fusion temperature on
removal of glass and recovery of REEs were investigated. About 88% of glass fragments in the original
matrix were removed after dry sieving through a 0.05mm mesh sieve and leaching by 5mol/L NaOH
solution at 90 �C for 4 h at the appropriate 5:1 liquid-solid ratio. The blue and green phosphors were
decomposed by alkaline fusion at 600 �C for 2 h. Y, Eu, Ce and Tb-rich solutions were respectively ob-
tained by the two-steps acidolysis. The total leaching rate of REEs reached 94%, while the rates of Y, Eu,
Ce, and Tb were 96%, 99%, 81%, and 92%, respectively. Furthermore, in the ton level industrial pilot, the
successful application of this approach increased the recovery of the REEs up to 90% compared with the
existing technology. Except for the fixed capital investments and taxes, this approach showed positive
economic feasibility, since the savings are 1115 V/ton. Therefore, recycling of REEs from waste phosphors
is one of the cleaner and economical ways to balance the demand and supply of REEs outside of China.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The rare earth elements (REEs), especially Tb and Eu, are
considered the most critical materials by the European Union
(European Commission, 2017). Coupled with the limited supply,
market availability and significant price fluctuations (Mancheri,
2015), there are still significant technical and economic chal-
lenges to create substantial REEs supply chains outside of China in
the next ten years (Goodenough et al., 2018). Mining from deposits
brings environmental problems caused by ammonia nitrogen and
heavy metals (Tang et al., 2018). Therefore, aside from primary
mining, recycling REEs from the end-of-life goods is one of themost
useful pathways to ensure an independent supply for future ap-
plications (Binnemans et al., 2015; Ali et al., 2017). Recycling sec-
ondary resources can reduce the environmental pollution and costs
(Kumari et al., 2018; Pellegrini et al., 2017).
Many studies have been conducted on recycling REEs from
waste, with a particular focus on lamp phosphors (Jowitt et al.,
2018). Phosphors in compact fluorescents are a rich source of the
critical and highly valued elements, including Y, Ce, Tb and Eu,
which are retained in red phosphor (Y2O3: Eu, YOX), blue phosphor
(BaMgAl10O17:Eu2þ, BAM) and green phosphor (CeMgAl11O19:Tb3þ,
CTMA or LaPO4:Ce3þ, LAP), and the REEs content is 10e20%
(Lederer et al., 2017). Due to the long-term exposure to UV radiation
and bombardment by mercury atoms and ions, the phosphors are
contaminated by mercury after a long-time continuous use (Aljerf
and Al Masri, 2018; Tanaka et al., 2013). Most of the mercury
absorbed by phosphors (Jang et al., 2005) is typically carried out
thermally by distillation (Chang et al., 2009). For a complete
removal of glass-bound mercury, 800 �C treatment for several
hours is often needed. However, due to mercury vapor contami-
nation, it is not quite desirable. Thus, wet decontamination routes
have also been investigated. Oxidative leaching using sodium hy-
pochlorite or iodine in potassium iodide (I2/KI) has shown high
leaching efficiency of mercury, while leaving the REEs in the
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residue (Tunsu et al., 2015; Coskun and Civelekoglu, 2015).
Hydrometallurgy is a traditionally established and easy method

for the recovery of REEs from waste phosphors, and pyrometal-
lurgical pretreatments are used to aid REEs leaching. Some of the
2014e2019 representative studies and the corresponding achieved
results are presented in Table 1. Since red phosphor (Y2O3: Eu, YOX)
is an oxide that is easy to leach, Y and Eu have been intensively
recovered and even regenerated into new red phosphor (Tunsu
et al., 2016). However, blue (BAM) and green phosphors (CTMA or
LAP) are difficult to dissolve due to their stable crystal structure.
These structures lead to high chemical stability and high energy
input requirements to break the chemical bonds; therefore, blue
and green phosphors show high resistance to acid attack. However,
they are sensitive to the effects of alkaline fusion (NaOH at 800 �C,
Na2CO3 at 1000 �C, Na2O2 at 650 �C, or Ba(OH)2 at 950 �C), me-
chanical activation (high-energy milling), or mechano-chemical
treatment (milling-leaching). Alkaline fusion is used to decom-
pose blue and green phosphors into oxides, which can be leached
under mild conditions. Mechanical activation (high-energymilling)
causes changes in the crystallite surface and induces strain in the
crystal lattice, resulting in a disordered crystal structure, which
extensively accelerates the subsequent leaching operation and thus
avoiding the need for thermal activation (Tan et al., 2016, He et al.
(2018)). Since some defects are not stable and have short relaxation
time, highly excited states decay before the leaching stage is initi-
ated (Balaz et al., 2013). The process of mechanical activation fol-
lowed by leaching only utilizes the long-lived excited states.
Therefore, Van et al. combined milling and leaching, called the
mechano-chemical process, where all excited states are used,
including the short-lived states. The activated outer shell of the
particle can be simultaneously leached, thereby exposing fresh
surface and improving the leaching performance (Van Loy et al.
(2018)). Bioleaching is considered as an eco-friendly alternative to
the currently applied methods that use strong inorganic acids, but
its leaching efficiency is currently less than 15% (Hopfe et al., 2017,
2018; Reed et al., 2016). Above all, the current technical routes
could be classified into four categories, (1) direct leaching, (2)
Mechanochemical-assisted leaching, (3) Alkaline fusion and
leaching, and (4) Bioleaching. From the perspective of industriali-
zation (large-scale and low cost), alkaline fusion and leaching is
probably more likely to be used to recycling REEs from waste
phosphors.

Multiple literature reports dealt with the laboratory-scale
research of REEs recycling from waste phosphor powders or pure
phosphors. Processes for waste phosphor powders with glass, such
as alkaline fusion and mechano-chemical-assisted leaching, have a
relatively high energy consumption due to high calcination tem-
perature or high milling speed, including desilication, decomposi-
tion, and acidolysis. It should be noted that alkaline fusion leads to
the formation of silicates due to the presence of fine glass particles,
which is seldom discussed by researchers. During the following
leaching, SiO3

2� is easily transformed into H2SiO4
2�, H3SiO4

� and
H4SiO4 through the hydrolysis reaction (1), then turn into network
structure through the -Si-O-Si- linkage as reaction (2) (Coradin
et al., 2002).

3SiO3
2� þ 3H2O þ 3Hþ/ H2SiO4

2� þ H3SiO4
� þ H4SiO4 (1)

H2SiO4
2� þ H4SiO4 þ 2Hþ / (OH)3 Si O Si (OH)3 þ H2O (2)

Isolated Ludox particles and aggregates made of silica particles
are bound to the polypeptide chain via the SieO-/RE3þ electrostatic
interactions. This can be ascribed to the interaction of the coun-
terion (RE3þ or other cations in the solution) with the surface or
some anions in the solution. The RE ions can come into close
contact with the surfaces of Ludox particles and neutralize their
negative charge. As a result, the silica aggregates containing REEs
become a deposit, which reduces the recovery of REEs.

In order to increase the recovery of REEs from real waste
trichromatic phosphors containing glass, and reduce the cost,
improved processes, including desilication, decomposition and
acidolysis were synthetically investigated during REEs recycling
from real waste trichromatic phosphors at the laboratory (g and kg
sample size) and pilot plant (metric ton sample size) scales in this
paper. Economic assessment and technical feasibility, along with
the ecological aspects are briefly discussed.

2. Materials and methods

2.1. Materials

Real waste trichromatic phosphors (WTP) used in experiments
were supplied by the Xinli Co. Ltd from Guangzhou, China. The
chemical composition always varies between different batches of
waste phosphors. The waste phosphors used in the laboratory and
pilot plant scale experiments were from the same batch. They have
been processed by the homogenization treatment and packed. For
the laboratory experiment, ten samples were collected from ten
packs (25 kg/pack) in different layers, respectively, by random
sampling, 500 g each. Then the samples were manually blended.
The WTP mainly contains fine trichromatic phosphors (YOX, BAM,
and CTMA), glass fragments and flocculent organics (possibly from
the package).

2.2. Proposed process flow

The process to recover REEs from WTP follows the flowchart
shown in Fig. 1. The process mainly includes the six following steps.

(1) Burn off flocculent organics. The WTP was calcinated at
200e600 �C for 2 h, since flocculent organics were detri-
mental to separate the glass fragments by sieving.

(2) Remove large size glass fragments. Waste samples were dry
sieved (38 mm, 50 mm, 74 mm, and 150 mm mesh sizes,
respectively) and the particle size distribution was deter-
mined by weighing the collected sieved fractions.

(3) Selective leaching of red phosphors (YOX) was carried out
with HCl at 60 �C for 4 h at the optimized conditions: 4M HCl
and 3:1 liquid-solid ratio, as described in the previous study
(Liu et al., 2014). After filtration, Y and Eu-rich solution was
obtained as filtrate 1, and the residue 1 was dried at 100 �C.

(4) Remove fine glass. Leaching of fine glass was carried out with
NaOH solution (1.25M, 2.5M, 3.75M, 5M, and 6.25M) at
90 �C for 4 h. After filtration, residue 2 was dried at 100 �C.

(5) Decomposition of BAM and CTMA. Residue 2 and NaOHwere
mixed with 1:1wt ratio. The mixture was placed into 100ml
iron crucibles. Sintering was performed in a furnace at
200e900 �C for 2 h. In order to remove NaAlO2 generated
during the alkaline fusion, the products were cleaned by
deionized water (5:1 liquid-solid ratio) at 60 �C for 2 h twice.
The insoluble matter was filtered and dried at 100 �C.

(6) Leaching of REEs from washed fusion products. The washed
products were leached by 5M HCl at 60 �C for 2 h (Liu et al.,
2014). After filtration, Ce and Tb-rich solution was obtained
as filtrate 3.

To reduce the possibility of REEs loss, extra deionized water was
used to clean the samples during filtration. In the end, two mixed
REEs oxides were prepared by precipitating with oxalic acid, fol-
lowed by thermal treatment of oxalates at 800 �C.



Table 1
Various processes reported for recovering REEs.

Targeted REEs Raw materials Processes Results References

Y, Eu, Tb, Ce, La and Gd Waste phosphors Leaching and solvent extraction The total recovery yields were: 93% Y,
90% Eu, 77% Tb, 60% for Ce and 50% for
La and Gd.

Innocenzi et al. (2018)

Ce, Tb and Eu BAM and CTMA phosphors Alkaline fusion and leaching The maximum leaching rate of Ce
(96.47%), Tb (92.23%) and Eu (82.43%),
and the RE oxides (94.12%) were
obtained.

Yu et al. (2018)

Y and Eu Waste phosphors Bioleaching Highest leaching results with K. xylinus,
L. casei and Y. lipolytica (up to 12.6%).
The oxidic red phosphor was preferably
leached.

Hopfe et al. (2018)

La and Ce Green phosphor, LaPO4:Ce3þ Mechanochemical-assisted leaching 98% recovery of REEs at room
temperature after cycled mechanical
activation.

Van Loy et al. (2018)

Y, Eu, Tb, La and Ce Waste phosphors Mechanochemical treatment
and leaching

The chelator-induced leaching yield (%)
of REs was enhanced significantly by
wet milling (Ce, 60.5± 6.6; Eu,
84.1± 1.5; La, 53.1± 4.9; Tb, 56.5± 3.7;
Y, 83.8± 2.3).

Hasegawa et al., (2018)

Ce and Tb Waste phosphors Alkali mechanical activation The leaching rates of Ce and Tb reach
85% and 89.8%, respectively due to the
changes caused by the destruction of
the spinel structure.

He et al. (2018)

Y, Eu, Tb, La, Gd and Ce Waste phosphors Thermal pretreatment, alkaline
fusion and leaching

The extraction yields were: 99% for Y
and Eu, 80% for Tb, 65% for La, 63% for
Gd and 60% for Ce.

Ippolito et al., 2017

Y and Eu Waste phosphors Bioleaching The leaching rates ranged between 6.7
and 12.5mol-% for Y and 5.5 and
12.1mol-% for Eu. All other elements
were released in only very small
amounts by the microorganisms or its
supernatant.

Hopfe et al., (2017)

Y, Tb, La, Ce and Eu Waste phosphors Mechanical activation and leaching The leaching rates of Tb, La and Ce had a
significant enhancement of around 90%;
and the leaching rates for Eu and Ywere
93.1% and 94.6%.

Tan et al., 2017

Y and Eu Waste phosphors Leaching and solvent extraction The leaching rate of Y and Eu was
higher than 95%, an oxide containing
99.96% REEs, of which 94.61% was Y and
5.09% was Eu, was obtained.

Tunsu et al., (2016)

Y, Eu, Tb, La and Ce Waste phosphors Alkaline fusion and leaching Final product was Y2O3 (86.43%), CeO2

(4.11%), La2O3 (3.18%), Eu2O3 (3.08%)
and Tb4O7 (2.20%). The estimated total
recovery of the REEs was around 70%
for Y and Eu, and 80% for the others.

Innocenzi et al., (2016)

Y, Eu, Tb, La and Ce Waste phosphors Bioleaching Total REEs leaching was low, with a
maximum of ~2% for the organism B58.
Y accounts for approximately 70% of the
REEs in the RPP, and 80% of the REE in
all of the leachates.

Reed et al., (2016)

Tb, Eu and Y Waste phosphors Mechanical activation and leaching Due to physicochemical changes of
structural destruction and particle size
reduction after mechanical activation,
dissolution yields were 89.4%, 93.1%
and 94.6% for Tb, Eu and Y, respectively.

Tan et al., (2016)

Y and Eu Pure phosphors Leaching and ionic liquid extraction Functionalized ionic liquid, [Hbet]
[Tf2N], was used with ~100% Eu and Y
was selectively recovered from the
waste phosphor.

Dupont and Binnemans
(2015)

Eu Pure BAM Alkaline fusion and leaching Recovery of Eu was ~100% Zhang et al., (2015)
Ce and Tb Pure CTMA Alkaline fusion and leaching Recovery of Ce and Tb was ~100% Liu et al., (2015)
Y and Eu Waste phosphors Leaching and extraction Efficient leaching of Eu and Y (over 95%

with 97% dissolution) was achieved.
Tunsu et al., (2014)

Y, Eu, Ce and Tb Waste phosphors Alkaline fusion and Leaching The total leaching rate of the REEs was
94.6%. The leaching rate of Y, Eu, Ce and
Tb reached 94.6%, 99.05%, 71.45%, and
76.22%, respectively.

Liu et al., (2014)

Ce and Tb Waste phosphors Alkaline fusion and Leaching More than 99.9% of REEs were
recovered.

Wu et al., (2014)
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Fig. 2. Weight loss ratio of the waste phosphor powder baked at different
temperatures.

Fig. 1. The flow chart for recovering REEs from WTP.
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2.3. Testing at the laboratory pilot scale

X-ray diffraction (XRD) analysis was performed using Philips
APD-10 X-ray diffractometer with Cu Ka radiation, 40 kV voltage
and 150mA current at 10�/min scanning rate and 10e70� 2q range.
The morphology, aspect ratio andmean particle size were observed
in the scanning electron microscope (Zeiss EVO-18, German).
Chemical composition of solids was analyzed by X-ray fluorescence
(XRF, Shimadzu XRF-1800, Japan). XRF provides semiquantitative
analysis with the ±5% uncertainty. Chemical composition of the
solution was analyzed by the inductively coupled plasma atomic
emission spectroscopy (ICP-AES, PerkinElmer OPTIMA 7000DV,
USA).
Fig. 3. XRD pattern of the WTP after pre-calcination at 400 �C.
3. Results and discussion

3.1. Pre-calcination

Five WTP samples (100 g for each) were calcined at 200 �C,
300 �C, 400 �C, 500�, and 600 �C, respectively, for 2 h and the
calcination experiment was repeated three times. The calcination
temperature shows a positive effect on the removal of the organics
in Fig. 2, with an increase inweight loss from 0.87 to 3.23± 0.1wt %
when the temperature was increased from 200 �C to 500 �C.
Afterward, the effect is smaller, and theweight loss is 3.28 ± 0.05wt
% at 600 �C because most of organics burn off at 500 �C. The phase
changes were also analyzed by XRD (inset in Fig. 2). The SiO2
diffraction reflection intensity near 26� 2q angle becomes stronger
after calcination, even at 200 �C. The YOX diffraction reflection in-
tensity near 29� 2q angle becomes slightly stronger past 400 �C,
since thermal treatment induces crystallization. The positions of X-
ray diffraction reflections are not changed after calcination, which
means that the main crystalline phases have not changed. More
details about the main phases in WTP are shown in Fig. 3. Thermal
treatment at high temperature (>400 �C) causes the formation of
silica sol in the next leaching (see photos in Fig. 2), which reduces
the leaching rate of Y and Eu because of absorption. Therefore, the
appropriate pre-calcination temperature is 400 �C.

The chemical composition of the WTP after pre-calcination is
presented in Table 1. Prior to the ICP-AES analysis, 10 g of the
sample were roasted with an appropriate amount of sodium car-
bonate and H3BO3 at 1200 �C for 30min, and then the product was
crushed and mixed until homogeneity. 1 g of powder was dissolved
in 20ml 1M hydrochloric acid solution at 60 �C until it was
completely dissolved. The solutionwas left to cool and diluted 1000
times with pure water (18.25MU at 25 �C). Pure water was



Table 2
Chemical composition of the WTP after pre-calcination in wt. %.

Heavy REEs Light REEs Harmful elements

Y2O3 Tb4O7 Eu2O3 CeO2 SiO2 Al2O3

15.9± 0.1 1.0± 0.05 1.6± 0.1 2.8± 0.1 31.8± 1 10.5± 0.2

Other elements

P2O5 CaO BaO MgO Na2O K2O
9.3± 0.2 13.0± 0.2 4.0± 0.4 1 ± 0.05 3.5± 0.02 3.7± 0.3

Fig. 4. SEM image of the WTP after pre-calcination at 400 �C.
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prepared by the Aike Discovery-I device. The content was deter-
mined using ICP-AES. Standard solutions containing elements listed
in Table 2 of various concentrations (0, 5, 10 and 20 ppm) were used
for calibration as the internal standard. The results show that the
content of REEs is ~20wt % and Y2O3 is ~16% because the sample
mainly contains trichromatic phosphors (Fig. 3), since the red
phosphor accounts for a large percentage. However, it also has a
large amount of SiO2, ~32wt %, as the glass was collected together
during collecting WTP from waste lamps by crushing, sieving and
Fig. 5. The particle size distribution o
air separation, since the density of glass is ~2.5 g/cm3, which is less
than WTP (Y2O3:Eu3þ: 5.1 g/cm3, CTMA: 4.7 g/cm3 and BAM: 3.7 g/
cm3), but has larger volume. Therefore, during leaching REEs,
removal of glass is required in this paper.

XRD pattern of theWTP after pre-calcination at 400 �C is shown
in Fig. 3. It mainly consisted of trichromatic phosphors, including
YOX (JCPDS 25e1011), CTMA (JCPDS 36e0073) and BAM (JCPDS
50e0513), as well as impurities, such as SiO2 (JCPDS 46e1045) and
Ca8Eu2(PO4)6O2 (JCPDS 33e0275). SEM analysis in Fig. 4 shows that
the particles vary in size and can be larger than 500 mm or smaller
than 2 mm. According to a preliminary inspection, large particles
(>100 mm)with a smooth surface are glass fragments, and the small
particles (<50 mm) are phosphors and fine glass, which have a
tendency to form larger aggregates consisting of multiple small
particles.
3.2. Removal of large size glass

The WTP after pre-calcination were dry sieved (38 mm, 50 mm,
74 mm, and 150 mm mesh size, respectively). Sieving results based
on the size gradation and cumulative percentage passing by weight
are presented in Fig. 5. The fraction consisting of particles <50 mm
accounts for the bulk of the material (up to 68.4wt %).

The XRD and SEM results of different size particles are shown in
Fig. 6. The fraction <50 mm contains the majority of the phosphors
powder (YOX, CTMA, and BAM, as well as Ca8Eu2(PO4)6O2), and fine
glass particles impurities (SiO2). The other fractions contain larger
glass fragments and a small amount of YOX. This is also proven by
the chemical composition of different size particles in Table 3.
f the WTP after pre-calcination.



Fig. 6. XRD and SEM results of the different size particles.

Fig. 7. The weight loss rate of the residue 1 treated by a hot alkaline solution at
different conditions.
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Therefore, the large size glass can be removed by sieving with the
50 mm mesh sieve.
3.3. Leaching of red phosphor

Red phosphor (YOX) is the REEs oxide, which can be easily
leached by HCl (4mol/L) with the 3:1 liquid-solid ratio for 4 h with
250 rpm stirring at 60 �C (Liu et al., 2014), while part of
Table 3
Chemical composition of particles with different size in wt. %.

Size, mm Y2O3 Eu2O3 CeO2 Tb4O7 SiO2 A

<50 22.9 2.3 4.0 1.5 17.2 1
50e74 1.3 e e e 61.2 4
74e150 0.6 e e e 64.3 3
>150 0.5 e e e 64.6 3

-, not detected.

Table 4
Chemical composition of the residue 1 in wt. %.

Y2O3 Eu2O3 CeO2 Tb4O7 SiO2 Al2O3 CaO

1.6 e 7.3 2.8 31.3 25.3 7.8
Ca8Eu2(PO4)6O2 was also dissolved during leaching. The main
chemical reactions of the first acid hydrolysis are as follows.

(Y0.95Eu0.05)2O3 þ 6HCl / 1.9YCl3 þ 0.1EuCl3 þ 3H2O (3)

Ca8Eu2(PO4)6O2 þ 22HCl / 8CaCl2 þ 2EuCl3 þ 6H3PO4 þ2 H2O(4)

The weight loss was ~45%, and the chemical composition of the
residue 1 tested by XRF is listed in Table 4.
3.4. Removal of fine glass

The fine glass remained in the residue 1 was dissolved in hot
alkaline solution and the main chemical reaction is:

SiO2 þ 2NaOH / Na2SiO3 þ H2O (5)

The experiments were carried out at 90 �C and the effects of
NaOH concentration and liquid-solid ratio on the weight loss are
shown in Fig. 7. The weight loss is 5.85% when the NaOH concen-
tration is 1.25M and the liquid-solid ratio is 3, which increases with
the NaOH concentration and the liquid-solid ratio. The weight loss
reached ~21% when the NaOH concentration was 5M and the
liquid-solid ratio was 5, but these contributions slow down with
further increase. Considering the cost, when the concentration of
NaOH is 5mol/L and the liquid-solid ratio is 5:1, the weight loss is
21wt %. Theweight loss increases with leaching time, but no longer
increases after 4 h.

The XRD patterns of samples (residues 1 and 2) before and after
hot alkaline leaching are shown in Fig. 8. After hot alkaline leaching,
the intensity of the SiO2 diffraction reflection significantly
l2O3 CaO P2O5 BaO K2O Na2O MgO

3.5 15.8 13.3 2.7 2.2 1.4 1.5
.2 8.6 0.9 7.3 6.8 7.8 0.1
.9 6.6 0.7 6.6 7.2 8.1 0.2
.7 6.2 0.5 6.7 7.3 8.6 0.2

P2O5 BaO K2O Na2O MgO Others

6.2 5.1 4.0 2.7 2.6 3.3



Fig. 8. XRD patterns of the residues 1 and 2 before and after hot alkaline leaching.

Fig. 9. Phase transformations during alkaline fusion at different temperatures.
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decreases near 26�, and part of the amorphous silicon diffraction
reflection disappeared between 20� and 40�. The diffraction in-
tensity of BAM decreases near 32� and 58� 2q angles. This means
that most of SiO2 and maybe a small amount of BAM are dissolved
in the hot alkaline fusion. However, the diffraction reflection of
CTMA has barely changed. The chemical composition of the residue
1 tested by XRF is listed in Table 5. The SiO2 content reduced to
13wt % from 31wt %. These results showed that most of the fine
SiO2 was further removed by hot alkaline leaching. Finally,
approximately 88% of glass fragments in the original matrix were
removed after two steps desilication process.
3.5. Decomposition of blue and green phosphors

In the previous study, CTMA and BAM were decomposed to
acid-soluble oxides following reactions (6) and (7). However, the
residual fine SiO2 causes complicated reactions (8e10), based on
the XRD data of alkaline fusion products at different temperature.
Since the diffraction data is complicated, the phase transformations
are summarized in Fig. 9. BAM (Zhang et al., 2015) and CTMA begin
to decompose at 250 �C (Liu et al., 2015), and the interim phases
were EuAl12O19 and CeAl11O15, while the Na2SiO3 phase was
generated. When the temperature increased to 450 �C, the main
phases were REO and NaAlO2. However, above 600 �C, the NaAlO2
reacts with Na2SiO3 to generate complicated aluminosilicates, such
as Na2SiO3, Na1.95(Al1.95Si0.05O4), and Na(AlSiO4). The REO changed
to NaREO2 at 800 �C, and since it is water-soluble, it would reduce
the recovery of REEs during next washing (Liu et al., 2014).

BAM þ NaOH þ CO2 / NaAlO2 þ MgO þ BaCO3 þ Eu2O3 þ H2O(6)

CTMA þ NaOH / NaAlO2 þ MgO þ CeO2 þ Tb2O3 þ H2O (7)

SiO2 þ 2NaOH / Na2SiO3 þ H2O (8)

NaAlO2 þSiO2 / Na (AlSiO4) (9)
Table 5
Chemical composition of the residue 2 in wt. %.

Y2O3 Eu2O3 CeO2 Tb4O7 SiO2 Al2O3

1.5 0 9.0 3.4 13.3 31.7
1.95NaAlO2 þ0.05SiO2 þO2 / Na1.95(Al1.95Si0.05O4) (10)

Therefore, in order to decompose BAM and CTMA, but avoid
generating complicated aluminosilicate, the residue 1 and NaOH
were mixed at the 1:1 mass ratio. Sintering was performed at
600 �C for 2 h.

The product was washed by deionized water several times to
remove excess NaOH, NaAlO2, and part of Na2SiO3. Next, the
washed product was leached with HCl (5mol/L) for 2 h with
250 rpm stirring at 60 �C and the liquid-solid ratio was 5:1. During
the acidolysis, the REOs were dissolved as REClx (x¼ 3 or 4) by HCl,
following reactions (11).

CeO2 þ Tb2O3 þ 10 HCl / CeCl4 þ 2 TbCl3 þ 5 H2O (11)

After filtration, the filtrate 3 (TbeCe chloride concentrate) was
obtained. YeEu and CeeTb oxides are then treated with oxalic acid
at 70e80 �C and 1.8e2.1 pH to precipitate REE oxalates, which are
subsequently thermally treated at 800 �C to obtain oxides. The final
product obtained with the described process was a mixture of REEs
oxides, which could be further treated to selectively recover the
solo REE by solvent extraction.
3.6. The leaching rate

Under the above appropriate conditions, 200 g of waste phos-
phors after pre-calcination were used as the raw materials. Since
the uncertainty of XRF is ±5%, the REEs content of the filtrate 1
(YeEu rich solution) and 3 (TbeCe rich solution) tested by ICP-AES
were used to calculate the leaching rates in Table 6. The total REOs
leaching ratewas 94%. Meanwhile, the leaching rate of Y, Eu, Ce, and
Tb reached 96%, 99%, 81%, and 92%, respectively. Most of the SiO2
had been removed, but it is hard to remove it completely. It cannot
CaO P2O5 BaO K2O Na2O MgO

9.8 7.8 6.4 4.9 5.4 3.3



Table 6
REEs content of the filtrates 1 and 3.

REEs content, g Y2O3 Eu2O3 CeO2 Tb4O7

Filtrate 1 30.12± 1.5 3.06± 0.2 e e

Filtrate 3 0.46± 0.02 0.04± 0.002 4.27± 0.21 1.91± 0.05
Total 30.58± 1.5 3.10± 0.2 4.27± 0.21 1.91± 0.05
Waste phosphors 31.88± 1.5 3.14± 0.2 5.30± 0.26 2.08± 0.05

Leaching rate, % 96 99 81 92
Total rate, % 94

Table 8
The operating costs and the revenues from the one-ton waste phosphors.

Feature V Share, %

Operating costs
Raw materials 1260 40.76
Pre-calcination 30 0.97
Removal of large size glass 10 0.32
Leaching of red phosphor 6 0.19
Removal of fine glass 154 4.98
Decomposition of blue and green phosphors 192 6.21
Washing 1 0.03
Leaching of blue and green 2 0.06
Precipitation and calcination 461 14.91
Solvent extraction 513 16.60
Precipitation and calcination 461 14.91
Total 3090 100

Revenues
Tb4O7 (99.9%) 3310 78.72
Eu2O3(99.5%) 503 11.96
Y2O3(99.99%) 356 8.47
CeO2(99.5%) 36 0.86
Total 4205 100
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be totally avoided that the Ludox particles adsorbed RE ions.
Therefore, the leaching rate of Ce and Tb was lower than Y and Eu.

4. Sustainability

4.1. Saving auxiliary materials and energy

The existing process of recycling waste phosphors in Chinese
factories includes three steps. (1) Remove large glass fragments, but
ignore the fine glass. (2) Decompose the phosphors by alkaline
fusion at about 800 �C. (3) Remove excessive alkali and NaAlO2 by
washing, then leach rare earth elements from the alkaline fusion
products. There are two cons: (1) compared with the existing
commercial process, red phosphor with other phosphors react with
NaOH in the alkaline fusion process. However, the red phosphor
transforms into NaYO2. This causes the loss of Y in the following
washing process. However, in this paper, this loss can be avoided,
since red phosphor was dissolved in the first acid hydrolysis, and
almost all of Y was recovered in the filtrate 1 (Liu et al., 2014). (2)
Fine glass becomes aluminosilicate and generates silica gel during
leaching, which is the main reason for the low REEs leaching rate.
Therefore, two-step acidolysis and desilication were designed.
Compared with the new process in the paper, it has a higher cost of
auxiliary materials and energy, but a lower recovery of about 50%.

In the industrial trial, 1000 kg trichromatic phosphors contain-
ing glass was used as raw material. The statistics of the cost of
auxiliary materials and energy recorded from pilot plant research
are listed in Table 7. According to the comparison of the auxiliary
materials cost and energy, this approach increased the REEs re-
covery to 90%, although the process route is more complicated.
There are two major reasons. (1) Selective leaching of YOX before
alkaline fusion, which avoids the loss of Y during washing, since
YOX is easily transformed into water-soluble NaYO2 during alkaline
fusion. (2) Desilication decreasing the amount of colloidal silica,
which can adsorb REEs ions during leaching. Additionally, the use
Table 7
The comparison of the cost of auxiliary materials and energy.

Water, L HCl, 10M, L NaOH

The approach in this work
1st acidolysis 2000 1200 e

Remove fine glass 3000 e 550
Alkaline fusion e 433
Washing 9000 e e

2nd acidolysis 2600 1175 e

Total 16400 2375 983

Existing commercial process

Alkaline fusion e 1500
Washing 22000
Acidolysis 5500 2500 e

Total 27500 2500 1500

Savings, % 40 5 34
of water, hydrochloric acid, and sodium hydroxide is saved by 40%,
5%, and 34%, and the consumption of coal and electricity is addi-
tionally reduced by 34% and 8%, respectively. The leaching effi-
ciency is increased by the two-step acidolysis, which also decreases
the content of impurities and glass, consuming less unnecessary
auxiliary materials and energy.
4.2. Economic assessment

The economic assessment provides the operating costs
(including raw materials, utilities, maintenance, labor, fixed and
general, overhead and capital depreciation) and revenues for one-
ton waste phosphors in China (Table 8). The price of raw mate-
rials depends on the content of REEs and impurities, which is
normally 30e80% of the total value of REEs. In this paper, the
purchasing cost of raw materials is around 30% market price of the
REOs in the waste phosphors, because it has low content of high
valuable REEs (Tb and Eu), but large amount of glass. The cost of
raw materials accounts for the vast majority proportion of the total
cost, followed by the purification process, including solvent
extraction (16.6%), precipitation and calcination (29.8%), which
require expensive organic reagents and more energy. The cost
proportion of removal of fine glass and decomposition of blue and
green phosphors is 4.98% and 6.21%, respectively. The others are
, Kg Energy Recovery, %

Coal, kg Electricity, kWh

30.91 26.50 90
6.90 17.33
42.24 6
e

23.73 8.17
103.78 58

97.53 18 50

60.18 45
157.71 63

34 8
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less than 1%. Revenues of production are calculated based on the
latest price of rare earth oxides (February 2019). From the revenues,
the value of Tb4O7 is the highest, accounting for 78.72% of all rev-
enues. Except for the fixed capital investment and taxes, it shows a
positive value for this approach, which implies economic feasibility,
since the benefit is 1115 V/ton.

4.3. Balance of supply and demand

China is by far theworld's largest producer and consumer of rare
earth elements, supplying around 80% of the globe's rare earth
needs. Due to the socio-environmental issues and the health
impact, the Chinese government has drastically cut back on do-
mestic production of rare earth minerals (McLellan et al., 2014).
This causes exports to oscillate wildly frommonth to month. In the
first half of 2018, the figure was 70,000 tons, 40% higher than the
first half of 2017, but it reduced to 45,000 tons in the second half of
2018. Before exporting, China is likely to attend to its own needs.
However, REEs will remain critical for future generations, allowing
for further improvements in product miniaturization, performance
and efficiency. Therefore, the approach presented in this paper
makes it possible to supply REEs outside of China through recycling
of REEs from waste trichromatic phosphors.

5. Conclusions

The desilication, decomposition, and acidolysis were used to
recycle rare earth elements from real waste trichromatic phosphors
containing glass at laboratory and pilot plant scales. The effects of
sieving, alkaline leaching conditions and alkaline fusion tempera-
ture on removal of glass and recycling of REEs were investigated.

1. 88% of glass fragments were removed after dry sieving through a
0.05mm mesh sieve and leaching by 5mol/L NaOH solution at
90 �C for 4 h with the appropriate 5:1 liquid-solid ratio.

2. The total leaching rate of rare earth elements reached 94%, while
the rates of yttrium, europium, cerium, and terbium were 96%,
99%, 81%, and 92%, respectively.

3. Comparedwith the existing technology in China, the application
of this approach increased the recovery of REEs from 50% to 90%.

4. Except for the fixed capital investments and taxes, it shows a
positive value for this approach, which implies economic
feasibility, since the benefit is 1115 V/ton.

Therefore, the recycling of REEs fromwaste phosphors is one of
the cleaner and economical way to balance the supply and demand
of REEs outside of China.
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