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Rare earth elements are commonly used in various fields due to their unique physical and chemical
properties. Waste phosphors represent an important secondary source of rare earth elements, and their
recovery is a crucial means of improving the utilization of these resources. When using FeCl, as
a reducing agent to reduce Tb** and Ce** from washed phosphors, a large amount of reducing agent is
required, and the Fe?* cycle becomes complicated. In this study, the electrochemical reduction process
was employed to treat washed phosphors. Under optimum conditions of FeCl, concentration of
0.10 mol L™, current density of 100 A m~2, HCl concentration of 3 mol L™, temperature of 80 °C, L/S
ratio of 30 mL g™, and time of 60 min, the leaching efficiencies of Tb and Ce reached 99.2% and 98.5%,
respectively. The apparent activation energies of Tb and Ce were calculated as 17.71 and 18.46 kJ mol™?,

respectively, illustrating that the leaching processes of Tb and Ce depend on the diffusion. By applying
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Accepted 8th December 2024 an external electric field, Fe“" can be recycled in the system, thereby reducing the amount of reducing
agent needed and achieving a higher leaching efficiency for Tb and Ce. These results are beneficial for

DOI: 10.1038/d4ra06334a the resource utilization of waste phosphors and have significant implications for the sustainable
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1 Introduction

Rare earth elements (REEs) include the lanthanide elements, as
well as scandium (Sc) and yttrium (Y), totaling 17 elements."
Rare earths are commonly used in various fields due to their
unique physical and chemical properties.>® With the increasing
demand for rare earths and the continuous exploitation of these
resources, the supply is facing a shortage. The recycling and
utilization of secondary rare earth resources are an important
means to improve the utilization rate of rare earth resources.*®

REEs are most widely used in luminescent materials, espe-
cially in the production of tri-color fluorescent lamps, which
feature low thermal radiation, customizable light colors, and
high light efficiency.® The tri-color fluorescent lamps have
rapidly developed within the traditional fluorescent lamp
industry and quickly became the main light source for indoor
lighting.”* However, with the upgrading of lighting products in
recent years, various new light sources, such as LED lights, have
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development of rare earth resources.

emerged and replaced traditional tri-color fluorescent lamps.®
As a result, traditional tri-color fluorescent lamps are gradually
being abandoned, and their disposal is often limited to buried
or incineration as domestic waste, leading to serious environ-
mental pollution and the waste of rare earth resources.'®" Tri-
color phosphors, which are an important component of fluo-
rescent lamps, contain significant amounts of REEs and toxic
metals that are harmful to the environment.”> As industrial
solid waste containing high-value REEs, these phosphors are
abundant, produced in large quantities, and have low disposal
costs. The total content of REEs in phosphors can be as high as
23%, which is more than 15 times that of the lowest industrial
grade of primary rare earth ore.' As the most widely used
phosphor system, aluminate phosphors have become the focus
of recycling efforts for waste rare earth phosphors.*®

The recycling of waste phosphors mainly includes two
methods: physical and chemical.'®'” The physical method refers
to the separation based on the differences in magnetic
susceptibility, hydrophobicity, density, and particle size among
different phosphors. However, the physical method cannot
efficiently recover REEs.”?° Chemical methods, including
extraction, acid leaching, alkali roasting, and mechanical acti-
vation, have become the primary methods for recycling rare
earths.”* Acid leaching can effectively extract Y and Eu from
red powder, while it is difficult to extract Tb and Ce from green
and blue powders due to the stable AlI-Mg spinel structure.**
Therefore, alkali roasting pretreatment is usually used
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employed before acid leaching to destroy the Al-Mg spinel
structure in the waste phosphors.”® Wu et al.>® used a Na,O,
roasting method to recover REEs from waste phosphors. At
aroasting temperature of 650 °C for 50 min, 99.9% of REEs were
recovered. Although alkali roasting can destroy the structure of
Al-Mg spinel in waste phosphors, the REEs of Tb and Ce are
oxidized to a high valence state after alkali roasting, while high-
valence REEs hardly dissolve in acid, resulting in low rare earth
leaching efficiency.”” Liang et al.*® inhibited the oxidation of Tb
and Ce by adding reductive iron powder during alkali roasting.
Under the conditions of a mass ratio of reductive iron powder to
waste rare earth phosphor of 1: 200, an alkali to phosphor mass
ratio of 2:1, an alkali fusion temperature of 700 °C, and an
alkali fusion time of 3 h, the total leaching efficiency of REEs
reached as high as 99.35%.

In our previous research, NaOH roasting and reduction
leaching were used in the treatment of waste phosphors. FeCl,
served as the reducing agent in the reduction leaching process,
reducing the high-valence REEs of Tb and Ce to low-valence
forms, thereby improving the leaching efficiency of REEs.”®
However, the amount of the reducing agent FeCl, required is
substantial, and Fe*" can only be recycled through a series of
processes, such as extraction. Electrochemical reduction is
a method that provides electrons to ions or molecules in
a liquid through an electrode and a solid/liquid interface,
allowing them to undergo a reduction reaction.** In recent
years, the electrochemical reduction method has been widely
used in the recovery of valuable metals, which benefits the
improvement of leaching efficiency and reduces the amount of
reagents needed.*** Yang et al.** demonstrated an improve-
ment in the leaching efficiency of Li, Ni, Co, and Mn from waste
lithium-ion batteries through an electric field-enhanced leach-
ing process. Under the conditions of 2.0 mol per L H,SOy,,
0.1 mol per L FeSO,, 20 g per L NaCl, a current density of 200 A
m ™2, an S/L ratio 80 g L', a leaching temperature of 80 °C, and
a leaching time >60 min, the leaching efficiencies of Li, Ni, Co,
Mn reached up to 98%, 97%, 97%, and 93%, respectively.
However, there are no relevant reports on the application of the
electrochemical reduction method in waste phosphors.

Based on the above, the electrochemical reduction method is
employed to treat the waste phosphors. The direct recycling of
the reducing agent Fe>" is achieved, and the leaching efficien-
cies of Tb and Ce are improved. In this text, the electrochemical
reaction process and mechanism are investigated in detail.
These results are beneficial for the resource utilization of waste
phosphors and have significant implications for the sustainable
development of rare earth resources.

2 Experimental
2.1 Pretreatment of waste phosphors

The waste phosphors used in the experiments were obtained
from fluorescent lamps (YZ32RR26, 32 W), supplied by Optonix
new material company (Guangdong, China). The chemical
composition of the waste phosphors is shown in Table 1. The
waste phosphors were composed of Y,03, Eu,03, Tb,0,, CeO,,
Al,03, MgO, and BaO. First, the waste phosphors were roasted
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Table 1 Chemical composition of the waste phosphors (wt%)

Others
8.67

Tb,0;
5.72

CeO,
8.33

Compound AlL,O; BaO MgO Y,0; Eu,0;
Content 56.49 3.70 3.95 11.30 1.84

with NaOH under the following conditions: a NaOH/sample
mass ratio of 2.5:1, a roasting temperature of 900 °C, and
a roasting time of 120 min. Then, the waste phosphors were
washed with water under the following conditions: an L/S ratio
of 50: 1, a washing temperature of 60 °C, and a washing time of
20 min. Finally, the washed phosphors were obtained for the
subsequent electrochemical reduction leaching.

2.2 Electrochemical reduction leaching of washed
phosphors

The electrochemical reduction leaching experiment was per-
formed in a beaker immersed in a thermostatically controlled
water bath with magnetic stirring. The experimental apparatus
is illustrated in Fig. 1. Both the anode and cathode electrodes
were made of graphite and powered by a DC power supply. The
washed phosphor samples and FeCl, were added to the beaker,
and a certain amount of hydrochloric acid was poured in. The
power supply was then turned on, and the current was adjusted
to the desired value according to the current density. Finally, the
filtrate was collected for analysis of the REE concentrations.

The leaching efficiency of Tb (or Ce) can be calculated as
follows:

CiXV
n=

m X w )
where 7; is the leaching efficiency of Tb (or Ce) (%), C; is the
concentration of Tb (or Ce) in the leaching solution (g L"), Vis
the volume of the leaching solution (L), m is the weight of the
waste phosphors (g), and w; is the percentage of Tb (or Ce) in the
waste phosphors (%).

2.3 Analytical methods

The chemical composition of the waste phosphors was
measured using inductively coupled plasma optical emission
spectrometry (ICP-OES, iCAP 7400, Thermo Fisher, Germany)
after acid digestion. The concentrations of Tb and Ce in the
solution were determined by ICP-OES. XRD patterns of the
leaching residue were obtained using an X-ray diffractometer
(TTRAX-3, Rigaku, Japan) equipped with Cu Ko radiation at 40
kV, 250 mA, and 10° min~". The microstructures of the leaching
residue were characterized using a scanning electron micro-
scope (SEM, Hitachi SU8100, Japan).

3. Results and discussion
3.1 Electrochemical reduction leaching factors influence

3.1.1 Effect of FeCl, concentration. Fig. 2a shows the effect
of FeCl, concentration on the leaching efficiencies of Tb and Ce.
It can be seen from Fig. 2a that as the FeCl, concentration
increased from 0.06 to 0.10 mol L™, the leaching efficiencies of
Tb and Ce increased from 73.1% and 65.3% to 94.1% and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Apparatus of the electrochemical reduction leaching experiment.

92.2%, respectively. Due to the reducibility of Fe**, Tb*" and
Ce* can be reduced to Tb®" and Ce®', respectively, thus
promoting the leaching of Tb and Ce.?® The related reactions are
listed in eqn (2) and (3):

TbsO7 + 14HCI + 2FeCl, = 4TbCl; + 2FeCl; + TH,O  (2)

CeO, + 4HCI + FeCl, = CeCl; + FeCls + 2H,0 3)

Further increasing the FeCl, concentration results in only
a slight increase in the leaching efficiencies of Tb and Ce.
Considering that Fe®* can be recycled in the system, the
optimum FeCl, concentration was chosen to be 0.10 mol L.

3.1.2 Effect of current density. The effect of current density
on the leaching efficiencies of Tb and Ce is shown in Fig. 2b.
The current density significantly affects the Tb and Ce leaching
efficiency. When no current was applied, the leaching efficien-
cies of Tb and Ce were approximately 67.3% and 64.1%,
respectively. When the current density was 50 A m™ 2, the
leaching efficiencies of Tb and Ce increased to 88.2% and
81.6%, respectively. Further increasing the current density to
100 A m~? resulted in maximum leaching efficiencies of 97.0%
for Tb and 95.3% for Ce. This increase may be attributed to the
reduction of newly formed Fe’" back to Fe** on the cathode
surface, which re-engages it in the leaching reaction and thus
contributes to the increased REE leaching efficiency.** However,
with further increases in current density, the leaching efficiency
tends to decline. This may be due to the oxidation of Tb*" and
Ce*" in the solution to Tb*" and Ce**, respectively, on the anode
surface. Therefore, the suitable current density was 100 A m 2.

3.1.3 Effect of HCI concentration. Fig. 2c shows the effect
of HCI concentration on the leaching efficiencies of Tb and Ce.
With the increase of HCI concentration, the leaching efficien-
cies of Tb and Ce initially increased and then remained

© 2024 The Author(s). Published by the Royal Society of Chemistry

unchanged. This indicates that there is a critical value for the
influence of HCI concentration on the leaching efficiencies of
Tb and Ce, which is approximately 3 mol L™". In a high-acid
system, the reduction reaction of Tb and Ce by Fe®>" can be
enhanced. Moreover, increasing the HCI concentration would
also increase the Cl™ concentration. The Cl™ loses electrons at
the anode to form Cl,, which can inhibit the oxidation of Tb**
and Ce®* on the anode surface, thus increasing the leaching
efficiency of Tb and Ce.*® As a result, the optimized HCI
concentration was determined to 3 mol L.

3.1.4 Effect of temperature. The effect of temperature on
the leaching efficiencies of Tb and Ce is shown in Fig. 2d. As the
temperature increased from 25 °C to 80 °C, the leaching effi-
ciencies of Tb and Ce increased from 78.2% and 76.1% to 99.2%
and 98.5%, respectively. This can be explained by the fact that
higher temperatures can accelerate the diffusion of substances
in the solution.”” Moreover, elevated temperatures can enhance
the kinetic processes of the reduction reaction, thereby
promoting the leaching of Tb and Ce. Considering both the
leaching efficiencies of Tb and Ce and economic factors, the
optimal temperature appears to be 80 °C.

3.1.5 Effect of L/S ratio. Fig. 2e shows the effect of the L/S
ratio on the leaching efficiencies of Tb and Ce. The leaching
efficiencies of Tb and Ce increased from 61.3% and 56.9% to
99.2% and 98.5%, respectively, as the L/S ratio increased from
10 to 30 mL g '. This is because increasing the L/S ratio
promotes the effective surface area available for each particle to
participate in the reaction, thereby accelerating mass transfer at
the liquid-solid interface.”® When the L/S ratio exceeded 30 mL
¢, the leaching efficiencies of Tb and Ce remained relatively
stable. Consequently, the optimum L/S ratio was selected to be
30mLg .

3.1.6 Effect of time. The effect of time on the leaching
efficiencies of Tb and Ce is shown in Fig. 2f. As can be seen,
extending the time is beneficial for the leaching efficiencies of

RSC Adv, 2024, 14, 39353-39360 | 39355
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Fig.2 The effects of the (a) FeCl, concentration (current density of 300 A m~2, HCl concentration of 3 mol L%, temperature of 60 °C, L/S ratio of
30 mL g~ and time of 60 min), (b) current density (FeCl, concentration of 0.10 mol L™, HCl concentration of 3 mol L™, temperature of 60 °C, L/
S ratio of 30 mL g%, and time of 60 min), (c) HCl concentration (FeCl, concentration of 0.10 mol L™, current density of 100 A m~2, temperature
of 60 °C, L/S ratio of 30 mL g™, and time of 60 min), (d) temperature (FeCl, concentration of 0.10 mol L™, current density of 100 A m~2, HCl
concentration of 3 mol L™, L/S ratio of 30 mL g%, and time of 60 min), (e) L/S ratio (FeCl, concentration of 0.10 mol L™, current density of 100 A
m~2, HCl concentration of 3 mol L™, temperature of 80 °C, and time of 60 min), and (f) time (FeCl, concentration of 0.10 mol L%, current density
of 100 A m~2, HCl concentration of 3 mol L%, temperature of 80 °C, and L/S ratio of 30 mL g~%) on the leaching efficiency of Tb and Ce.

both Tb and Ce. This can be explained by the fact that the
reduction reaction can be fully completed given sufficient
time.** Moreover, the oxidized Fe*" can be reduced to Fe** and
re-engage in the leaching reaction with adequate time. When
the time exceeded 60 min, the leaching efficiencies of Tb and Ce
remained unchanged. Therefore, the appropriate time was
determined to be 60 min.

In summary, under the conditions of FeCl, concentration of
0.10 mol L™, current density of 100 A m~>, HCI concentration
of 3 mol L%, temperature of 80 °C, L/S ratio of 30 mL g ', and

39356 | RSC Adv, 2024, 14, 39353-39360

time of 60 min, the leaching efficiencies of Tb and Ce can reach
99.2% and 98.5%, respectively.

3.2 Kinetics study of Tb and Ce during the leaching process

Kinetic experiments were conducted using the conditions of the
leaching process. The leaching of waste phosphors can be
regarded as a solid-liquid reaction. The leaching efficiencies of
Tb and Ce are plotted as functions of time, as shown in Fig. 3(a)
and (b). The shrinking core model was applied in the leaching
process, as given in eqn (4) and (5):

© 2024 The Author(s). Published by the Royal Society of Chemistry
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temperatures for (c) Tb and (d) Ce, and (e) plot of Ink — T°%.

1=2x3—-(1-x)* =kt (4)

1-(1 =" =kt (5)

Based on Fig. 3(a) and (b), the relationship between 1 — 2x/3
— (1 — x)*® and ¢ at various temperatures for Tb and Ce were
drawn, as shown in Fig. 3(c) and (d). Moreover, the relationship
between 1 — (1 — x)** and ¢ is shown in Fig. S1. The results
indicated that 1 — 2x/3 — (1 — x)*> — t demonstrated the best
experimental fit.

Temperature primarily affected the leaching efficiencies of

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Tb and Ce through the rate constant, which is expressed by the
Arrhenius equations (eqn (6)):

k= Ay x exp (*ﬁ})

(6)

6000

u BaFe, O,
29
5000 | ..
® Nag 5Si40g3 3
* (Mg,Fe),ALSis0
4000 - :
2
‘@ 3000
=
|7
E
2000 °

1000

.o [ -

0 1 1 I [
20 40 60

2-Theta (°)

Fig. 4 XRD pattern of the leaching residue.
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Fig. 3 Leaching efficiencies of (a) Tb and (b) Ce at various temperatures as a function of time, plots of 1 — 2x/3 — (1 —

T'x107K

2/3

Xx)<’° — t at various

The plot of Ink — T~ * for Tb and Ce is shown in Fig. 3(e).
According to Fig. 3(e), the apparent activation energies of Tb
and Ce were calculated as 17.71 and 18.46 kJ mol ™, respec-
tively. The smaller the apparent activation energy, the easier it is
for leaching to occur. Therefore, Tb is more easily leached than
Ce. In addition, the apparent activation energies of Tb and Ce
are both less than 20 k] mol ™", further illustrating that the Tb
and Ce leaching process depended on the diffusion.

3.3 Phase composition of leaching residue

The XRD pattern of the leaching residue is presented in Fig. 4. It
can be observed that the leaching residue is primarily
composed of BaFe,0,, Nag 55140043 3, and (Mg,Fe),Al,Si50;g. In
comparison with the original phosphors shown in Fig. S2,T the
main phase of the leaching residue does not contain REEs,
which preliminarily indicates that this process effectively
leaches REEs from waste phosphors.

Fig. 5 displays the SEM-EDS analysis of the leaching residue.
Blocky and spherical particles, presumed to be the different
substances, are present in the leaching residue. These
substances exhibit no obvious edges or corners and have
a dense structure. Moreover, the contents of Y, Eu, Tb, and Ce in
locations 1, 2, and 3 are relatively low, primarily consisting of
elements such as Na, Mg, Al, Si, Fe, Ba, and O. Therefore, most
of the REEs are leached into the solution during the leaching
process, which effectively improves the leaching efficiency of
the REEs.

3.4 Leaching mechanism

The schematic diagram of the electrochemical reduction
leaching mechanism is shown in Fig. 6. In the leaching process,

RSC Adv, 2024, 14, 39353-39360 | 39357
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Fig.5 SEM images of the leaching residue. (a: x2000; b: x5000, c: x10 000), and (d) EDS spectra of the leaching residue. (Points 1, 2, and 3 from b).

Fe®" was used as a reducing agent to react with Tb,0, and CeO,
in the washed phosphors. The reduction reactions are shown in
eqn (2) and (3).

In the reduction reaction, Tb,O, and CeO, were reduced to
TbCl; and CeCl;, respectively, while FeCl, was oxidized to FeCls;.
Therefore, Tb and Ce are recovered in the forms of TbCl; and
CeCl;, respectively.

When an external electric field was applied, Fe*" was reduced
to Fe** on the cathode surface, and Fe®" re-participates in the
reduction reaction, allowing eqn (2) and (3) to be fully
completed. Thus, Fe** acts as a reducing agent; through the
application of the electric field, Fe’" can be recycled in the
system, thereby reducing the amount of reducing agent needed
and achieving a higher leaching efficiency of Tb and Ce.

Moreover, other reactions could occur in the system. At the
anode, CI~ and H,O would lose electrons to form Cl, and O,,

[CICICICIOICICICICN -

©
©
©
©
©
©
©
©
©

Lol o

Fig. 6 Schematic diagram of electrochemical reduction leaching
mechanism.
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respectively, as shown in eqn (7) and (8). At the cathode, H"
would gain electrons to form H,, as listed in eqn (9).

2C1° — 2 = Cl, )
2H,0 = 4H* + 0, + 4e (8)
2H+ +2e = Hz (9)

4. Conclusions

In this study, the electrochemical reaction process and mech-
anism were investigated. The conclusions can be summarized
as follows.

(1) The optimum conditions were determined to be a FeCl,
concentration of 0.10 mol L™, a current density of 100 A m 2,
an HCI concentration of 3 mol L™, a temperature of 80 °C, an L/
S ratio of 30 mL g, and a time of 60 min. Under these
optimum conditions, the leaching efficiencies of Tb and Ce
reached 99.2% and 98.5%, respectively.

(2) Leaching kinetics confirmed that the leaching process
followed a shrinking core model. The apparent activation
energies of Tb and Ce were calculated to be 17.71 and
18.46 kJ mol ', respectively, illustrating that the leaching
process of Tb and Ce depended on the diffusion.

(3) The main phase of the leaching residue does not contain
REEs, indicating that most of the REEs are leached into the
solution during the leaching process.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(4) Fe** was used as a reducing agent to react with Tb,0, and
CeO, present in the washed phosphors. By applying an external
electric field, Fe** can be recycled in the system, thereby
reducing the amount of reducing agent needed and achieving
a higher leaching efficiency of Tb and Ce.
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