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The recovery of rare earth elements (REEs) from spent fluorescent lamp phosphors is essential for resource
sustainability and circular hydrometallurgy. While yttrium (Y) and europium (Eu) can be recovered through
simple acid leaching, extracting cerium (Ce), lanthanum (La), and terbium (Tb) from green phosphors is chal-
lenging due to their resistance to dissolution. This study presents a novel sulfation-based process at relatively low
temperatures to selectively recover REEs, particularly Tb, while minimizing energy consumption and environ-
mental impact by preventing sulfuric acid and mercury evaporation.

Initially, sulfuric acid leaching selectively recovered most of Y and Eu, leaving other REEs in the solid residue.
These elements were then precipitated as a nearly pure REE oxalate mixture (>99 % purity). The effects of
sulfation time, temperature, and acid-to-powder weight ratio were optimized using Response Surface Method-
ology (RSM). Sulfation at 150 °C for 5 h enabled the recovery of nearly 100 % Ce and Gd, 98.01 % La, and 98.15
% Tb through water leaching. The mixed oxalate precipitate, enriched in La, Ce, and Tb, exhibited >98 % purity.
SEM analysis revealed the formation of flower-like mixed REE oxides after calcination.

This process achieved high recovery efficiencies of 99.98 % Y, 100 % Eu, 99.92 % Ce, 97.22 % La, 97.68 % Tb,
and 99.97 % Gd. By using only sulfuric and oxalic acid, it aligns with sustainable hydrometallurgy, reducing
chemical diversity and enabling acid regeneration. This study provides an efficient, environmentally friendly

approach for REE recovery from phosphor waste.

1. Introduction

Fluorescent lamps (FLs) have grown exponentially since the early
2000s, becoming a significant lighting source due to their energy effi-
ciency, replacing the obsolete incandescent lamps (IL) technology. IL are
known for their higher energy consumption, generating significant heat,
and shorter lifetime, which have motivated their replacement. Today,
light-emitting diodes (LED) replace FLs regarding energy efficiency;
however, FLs are still widely used, especially in developing countries.
FLs are responsible for large amounts of waste. According to recent es-
timates, fluorescent lamps accounted for approximately 33 % of global
lighting sales in 2020, with many units still in use and destined for
disposal in the coming years (Viana et al., 2022). The production and
sale of FLs has been very high globally. In 2007, about 397 million
compact FL units were sold in the U.S. and about 288 million units in
Europe (Silveira and Chang, 2011; Tunsu et al., 2014). China produced 7
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billion units in 2011 (Peng et al., 2014; Tan and Li, 2014). Despite a
significant decline over the past decade due to LED adoption, particu-
larly in Europe and the United States, in countries like India and China,
FL still represents a substantial share of the lighting market. According
to Market Research Future, the fluorescent lighting industry is expected
to grow from USD 7.995 billion in 2024 to USD 16.506 billion by 2032,
reflecting a compound annual growth rate (CAGR) of 9.48 % over the
forecast period (2024-2032) (Dhapte, 2025). This continued production
and use pose a serious environmental concern due to the improper
disposal of spent lamps. Most FLs finish in municipal waste or open
dumps, even in developed countries, contributing to pollution. For
instance, in Europe, more than half of FLs are discarded improperly; in
Brazil, only 11 % of the 2021 recycling target was met by 2019. Simi-
larly, low recycling rates are reported in China, the Philippines, Sri
Lanka, and even in countries like the U.S., Canada, and Japan, where
rates remain between 7 % and 23 % (Viana et al., 2022).
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The inappropriate disposal of FL is a serious environmental problem.
These lamps contain mercury (Hg), known for its high toxicity, and
potentially hazardous metals. Another critical aspect is the presence of
rare earth elements (REEs), essential elements for many modern tech-
nologies, including displays, batteries, wind turbines, and electric ve-
hicles. Fluorescent lamps contain significant amounts of REEs, especially
yttrium (Y), europium (Eu), cerium (Ce), lanthanum (La), and terbium
(Tb). The phosphor used for luminescence behavior constitutes up to 2
wt % of FL and consists of a 9 to 26 % REEs content, significantly higher
than REEs ore deposits (Dhawan and Tanvar, 2022).

The limited and concentrated mining of these resources in China
(which holds about 90 % of the world’s production) and the export re-
strictions imposed by this country in recent decades have forced many
nations to find alternative sources of REEs, including the recycling of
end-of-life electronic products and spent fluorescent lamps (Tan et al.,
2015).

In the past decades, most studies have focused on the recovery of Y
and Eu from red phosphors due to their relatively easy extraction and
high economic value in spent fluorescent lamp powders (De Michelis
et al.,, 2011; Innocenzi et al., 2017). However, recent research has
shifted toward the comprehensive recovery of all REEs from this type of
waste, with particular interest in Tb due to its exceptionally high value.
Among REEs, Tb is the most expensive, with a significantly higher
market price compared to others. However, its recovery presents a major
challenge because it is primarily found in green phosphors, which are
more chemically resistant and difficult to dissolve.

Several approaches have been explored to recover Tb, including
high-temperature processes such as alkali fusion or acid fusion using
molten salts at temperatures up to 950 °C, followed by acid leaching
(Innocenzi et al., 2016; Ippolito et al., 2017; Porob et al., 2012; Tian
et al., 2025; Vaz et al., 2025; Wu and al., 2014). In some cases, even
more complex techniques, such as microwave-assisted alkali fusion
combined with carbothermal reduction at elevated temperatures, have
been employed before acid leaching (Liu et al., 2025). Other
energy-intensive methods, including mechanical activation, have also
been investigated (Ippolito et al., 2021; Song et al., 2017; Tan et al.,
2017; Van Loy et al., 2017).

Despite these efforts, Tb recovery is often incomplete, even with
these aggressive processes (Shukla and Dhawan, 2022). Furthermore,
the use of high reagent concentrations and extreme temperatures,
sometimes as high as 950 °C, adds to the complexity and cost of REEs
extraction. These conventional methods are not ideal due to their reli-
ance on highly corrosive chemicals, strict emission control re-
quirements, and significant energy consumption. As a result, there is a
growing need for more efficient, cost-effective, and environmentally
friendly alternatives for the recovery of Tb and other REEs from spent
fluorescent lamp powders.

Sulfation roasting and acid baking processes have also been
employed to recover REEs from the phosphor powder of spent fluores-
cent lamps. Sulfation roasting involves an initial low-temperature
baking of the powder with a sulfate source, followed by high-
temperature roasting at 600-700 °C. In contrast, the acid baking pro-
cess requires thermal treatment of the mixture at 200-300 °C, some-
times assisted by microwaves (Onal and Binnemans, 2019; Shukla and
Dhawan, 2022; Shukla et al., 2021). While both methods achieve high
REEs recovery rates, their major drawback is high energy consumption
due to the elevated temperatures required. Additionally, sulfuric acid
evaporation and decomposition to SO3 poses a significant environ-
mental concern in both sulfation roasting and acid baking, creating
challenges for practical applications. This issue has not been adequately
addressed in previous studies, despite the fact that many have employed
temperatures as high as 200-500 °C, well beyond the boiling point of
H3S04 (337 °C) (Shukla and Dhawan, 2022; Shukla et al., 2021).

Therefore, developing a sulfation process that can safely and effec-
tively treat spent fluorescent lamp powders at lower temperatures is
both necessary and highly desirable. This study aims to design such a
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novel process, optimizing REEs recovery, particularly for Tb, while
minimizing process temperature to overcome the limitations of con-
ventional methods.

Furthermore, most previous studies have primarily focused on REEs
leaching, overlooking the behavior of impurities during the process. In
contrast, this study not only investigates REE recovery but also examines
the dissolution and removal of impurities, providing a more compre-
hensive understanding of the system.

Another critical aspect often overlooked in REEs recovery from spent
fluorescent lamps is the excessive use of diverse chemicals throughout
the process. Many conventional methods, such as alkali fusion followed
by acid leaching, involve multiple chemical reagents, increasing both
complexity and environmental impact. In pursuit of a more sustainable
hydrometallurgical approach, what can be termed circular hydromet-
allurgy, it is crucial to reduce chemical diversity and regenerate reagents
wherever possible (Binnemans and Jones, 2023). This study embraces
this philosophy by using only sulfuric acid for almost complete REE
recovery, including Tb, and oxalic acid for precipitation. Additionally,
sulfuric acid is regenerated within the process, ensuring a more sus-
tainable and efficient recovery system.

2. Materials and methods
2.1. Materials

Spent fluorescent powder was obtained from the Relight Srl
dismantling plant. A quantitative analysis of the phosphor powder was
conducted through chemical digestion using aqua regia (HCI to HNOg3 in
a 3:1 ratio) at 90 °C. Metal concentrations in the resulting solutions were
determined using ICP-OES (Agilent Technologies 5100). The particle
size distribution of the powder was measured using a particle size
analyzer (Mastersizer 2000, Malvern Instruments Ltd.). Analytical-grade
sulfuric acid (VWR Chemicals, >95 %) and oxalic acid (Fluka Chemika,
>97 %) were used for the leaching, sulfation, and precipitation experi-
ments, respectively.

2.2. Leaching and precipitation (acid leaching, water leaching)

The phosphors in spent fluorescent powder are typically a mixture of
three main groups of red phosphor Y,03: Eu®™ (YOX), green phosphor
LaPO,: Ce*, Tb®* (LAP), GdBsOy9: Ce*, Tb®*, Mg (CBT), CeM-
gAl;1010: Tb®>! (CMAT) and blue phosphor BaMgAl;40;7:Eu?" (BAM)
(Binnemans et al., 2013; Innocenzi et al., 2018). Dissolving rare earth
elements (REEs) from green and blue phosphors requires very aggressive
conditions, whereas red phosphor can be dissolved using sulfuric acid
(Van Loy et al., 2017). Therefore, the leaching experiments were divided
into two stages. First, sulfuric acid leaching was performed to dissolve
the red phosphor, selectively recovering yttrium and europium from the
other REEs present in the green and blue phosphors. Eq. (1) shows the
hypothesized sulfuric acid leaching reaction for Y and Eu from the red
phosphor (Sadri et al., 2017):

REE,05 + 6H" + 3(S04)* ->2REE*" + 3(S04)*” + 3H,0 6h)

where REE represents Y and Eu.

After recovering yttrium and europium via acid leaching, the solid
residue, primarily composed of green phosphor, was treated through
sulfation process. The sulfated samples were then subjected to water
leaching to dissolve the remaining REEs. Eq. (2) demonstrates the hy-
pothesized water leaching reaction of REE sulfate salts (Kim and
Osseo-Asare, 2012):

REE,(S04), + nH,O—2REE*" + 3(S04)* + nH,0 )

where REE represents Tb, Ce, La, Gd and any remaining Y and Eu.
All leaching experiments were conducted in a borosilicate glass
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reactor at a preset temperature, with continuous stirring at 250 rpm. A
vacuum filter with a 0.45 um pore size was employed for solid-liquid
phase separation, and all solutions were analyzed by ICP-OES (Agilent
Technologies 5100) to determine leaching efficiency.

To recover REEs from the leaching solutions (from both the acid and
water leaching steps), precipitation tests were performed by adding
oxalic acid, as the most commonly used precipitant for REEs, to the leach
liquors to precipitate REE oxalates as shown in Eq. (3) (Han, 2020):

2REE®*' + 3C,H,04—REE,(C,04), + 6H" 3)

where REE represents Y, Eu, Tb, Ce, La, and Gd. As observed, the oxalate
precipitation reaction facilitates the regeneration of sulfuric acid in the
process (Eq. (3)). These experiments were performed at room temper-
ature for 1 hour. Afterward, the solid particles were filtered, and pre-
cipitation efficiency was determined by analyzing the final solutions
using ICP. The precipitated REE oxalates were then calcined to obtain
REE oxides as the final products, which were subsequently characterized
using ICP, SEM (Philips), and XRD (Philips Panalytical instrument).

2.3. Sulfation process

These experiments aimed to recover Tb, Ce, La, and the remaining
Gd after sulfuric acid leaching of Y and Eu. A statistical analysis was
performed to assess the effects of different parameters on the sulfation
process using an experimental design approach. Specifically, response
surface methodology (RSM) with a central composite design (CCD) was
employed, and the results were evaluated using analysis of variance
(ANOVA) (Montgomery, 2017). The acid-to-powder weight ratio, tem-
perature, and baking time were considered as independent variables.
Supplementary Table S1 presents the levels of these variables used in the
study. The experimental design included 14 experiments for the 3 in-
dependent variables, plus 3 center point runs to evaluate experimental
error variance. This approach allows for the generation of the best
mathematical model to predict the extraction efficiency of each REE as a
function of the three independent variables within the selected ranges in
Supplementary Table S1. Typically, a first- or second-order polynomial
is used to generate the model based on significant parameters, as shown
in Egs. (4) and 5, which often provide good approximations for small
design spaces:

k
Yy=5+ ZﬂiXi 4
i=1
k k k-1 k
Y=PBo+ D BXi+ > BXEY N BXX; Q)
i=1 i=1 i=1 j=2

In sulfation experiments, various amounts of sulfuric acid were
added to the powder and mixed to create a homogeneous paste. The
mixture turned gray, and the temperature increased as the sulfation
reactions commenced. The homogenized pastes were then baked at
different temperatures for varying durations according to the experi-
mental design (Supplementary Table S1). All experiments were con-
ducted in a random order to minimize systematic errors. Finally, the
sulfated samples were leached in water to dissolve the REE sulfates,
allowing the determination of the extraction efficiency of the sulfation
process.

3. Results and discussion
3.1. Characterization of the spent fluorescent powder

The chemical composition of the spent fluorescent powder is pre-
sented in Table 1. Calcium and manganese originate from the white

(HALO) phosphor. Yttrium and europium are primarily derived from
YOX, or red phosphor, while cerium, lanthanum, and terbium mainly
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Table 1
Chemical composition of the spent fluorescent
powder determined by ICP-OES.

Element Wt.%

Y 15.82 + 0.26
Eu 0.97 + 0.02
Ce 0.91 + 0.02
La 1.39 + 0.02
Tb 0.46 + 0.01
Gd 0.35 + 0.01
Ca 13.41 + 0.33
Ba 2.24 +0.24
Al 1.69 + 0.1
Fe 0.71 + 0.05
Mn 0.35 £ 0.01
B 0.30 + 0.01

come from the LAP compound in green phosphor. The presence of
gadolinium and boron indicates CBT (green phosphor) in the mixed
phosphor powder. Aluminum is likely from CAT (green phosphor) and
BAM (blue phosphor), and barium also originates from BAM.

Supplementary Figure S1 shows the XRD pattern and particle size
distribution of the initial powder. The X-ray analysis revealed the
presence of HALO phosphor (CajgP¢O2¢), red phosphor (Y203), and
green phosphor compounds (CePO4, EuMgAl;1019) were detected in X-
ray investigation. However, blue phosphor was not detected, likely due
to its low concentration in the powder or interference and overlap with
other peaks. The particle size distribution data indicates that 50 % of the
particles are below 6.55 pm, 90 % are below 28.66 um, and the
maximum particle size is approximately 138 um.

3.2. Thermodynamic evaluations

Sulfuric acid evaporation poses an environmental concern in sulfa-
tion and acid baking processes, representing a significant challenge in
developing practical applications. This issue has not been adequately
considered or addressed in previous studies, which have used temper-
atures as high as 200-500 °C, despite the boiling point of HSO4 being
around 337 °C (Shukla and Dhawan, 2022; Shukla et al., 2021).
Therefore, selecting an appropriate temperature range that reduces
sulfuric acid evaporation to a negligible level while maintaining a high
reaction rate is crucial. Additionally, phosphorous powders that have
not undergone mercury removal before REE extraction are at risk of Hg
evaporation during acid baking processes, given mercury’s boiling point
of around 357 °C. Hence, it is also important to operate at temperatures
that minimize Hg evaporation during sulfation and acid baking pro-
cesses, particularly for samples that have not undergone prior mercury
removal.

Supplementary Figure S2 shows the vapor pressure of H,SO4 and Hg
as a function of temperature, calculated using HSC Chemistry® 10. As
illustrated, the evaporation rate becomes significant for both substances
at temperatures above 200 °C. Since thermal treatment of the powder
and acid mixture at temperatures above 200 °C is categorized as the acid
baking process, and at lower temperatures as the sulfation process
(Shukla et al., 2021), it is clear that sulfuric acid evaporation has been a
significant issue in studies using acid baking at these higher tempera-
tures, an issue that has not been adequately addressed. Conversely,
Supplementary Figure S2 demonstrates that evaporation is negligible at
temperatures below 150 °C, with vapor pressures between 0.003-0.004
atm at 150 °C for both substances, indicating a safe operating temper-
ature for the sulfation process of spent fluorescent powder.

For spent fluorescent powders containing mercury, after sulfation
within the above temperature range, it is expected that Hg will remain in
the solid residue after water leaching. This is due to the positive standard
Gibbs free energy values of the hypothesized sulfation reactions of Hg, as
shown below (Egs. (6) and 7):
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2Hg + H,S04—~Hg>S0, + Hy [AG)s.. =64.21 kJ AGYy,. =62.16 kJ]|

150°

(6)

Hg + H,S04—~HgS04 + Hy [AGo;..=141.06 kJ AGY5. o =124.27 kJ]
)

Therefore, the final solid residue after water leaching can be treated
separately for Hg removal in a safe manner.

The hypothesized sulfation reactions for the main oxides and phos-
phate compounds of REEs present in red and green phosphors are shown
below (Egs. (8)-14). The variations in the standard Gibbs free energy
values of these reactions as a function of temperature were calculated
using HSC Chemistry® 10, and the results are illustrated in Supple-
mentary Figure S3. As noted earlier, the red phosphor primarily consists
of yttrium and europium oxides, while the green phosphor contains
phosphates of La, Ce, and Tb. For Gd, which is typically found in the
GdBs012 compound (CBT) (Innocenzi et al., 2018), thermodynamic data
were not available in the software’s database. Therefore, sulfation re-
actions for gadolinium oxide and phosphate were considered instead.

Y505 + 3H3S04 = Y,(S04); + 3H,0 8)
Euy03 + 3H,S04 = Euy(SO4), + 3H,0 9
Gd,05 + 3H,S04 = Gdy(S04), + 3H,0 (10)
2LG.PO4 + 3H2-SO4 = Laz(SO4)3 + 2H3PO4 (11)
2C€PO4 + 3H2$O4 = Cez (504)3 + 2H3PO4 (12)
100 25 °C
90 4
80 4
°\: 70 A
z
,§ 60 4
2
£ 509
o
£ 40
=
<
§ 30 3
20 4
10
o R e [
Y Eu Ce La Tb Gd
O1M @E2M
100 4
Tl seC
90
SEE
g 70 ‘}
1
£ 607
=
2 50 9
%
s 40 4
-
30 4
20 A
10 r—‘ﬂ
. ]|
Y Eu Ce La Thb Gd
OolM @2M

Resources, Conservation & Recycling 222 (2025) 108495

2TbPO, + 3H2S04 = Tby(S04); + 2H3P04 13)

2GdPO4 + 3H,S0,4 = Gd,(S04)5 + 2H3PO, 14)

Supplementary Figure S3 demonstrates negative standard Gibbs free
energy values for sulfation reactions across the entire temperature
range, except for TbPO4, GdPOy4 (if present in the powder), and CePO4
with negative values up to 119 °C, 149 °C, and 249 °C, respectively.
According to these predictions, sulfation reactions for all investigated
REEs are theoretically feasible up to 150 °C, except for Tb, which is
feasible only up to 119 °C. Although the sulfation reaction is theoreti-
cally feasible at lower temperatures for all the mentioned compounds, in
practical conditions using sulfuric acid solutions, as previously noted,
only Y and Eu can be efficiently recovered from the red phosphor below
the boiling point of water. Most of the Ce, La, and Tb remain as
unreacted phosphates in the solid residue. Consequently, extracting
these latter REEs from green phosphor requires more harsh conditions,
such as higher temperatures and acid concentrations, making the sul-
fation process necessary instead of the acid leaching process.

3.3. Y and Eu recovery by acid leaching and precipitation

According to the above results and literature, dissolving REEs from
green and blue phosphors requires very harsh conditions, whereas red
phosphor can be dissolved with high efficiency using sulfuric acid (et al.,
2017). Therefore, a sulfuric acid leaching step was performed to selec-
tively dissolve the red phosphor, enabling the recovery of yttrium and
europium from the other REEs present in the green and blue phosphor.

100 1 TT

90

i

70

25°C

60
50
40 4

30

Leaching Efficiency (%)

20

s

|

Mn Fe B Ba

01M @E2M

T I

70

80 °C

60 ‘
50 1K
40

30

Leaching Efficiency (%)

20 4

10 4

Al Ca Mn Fe B Ba

01M @E2M

Fig. 1. Effect of sulfuric acid concentration and temperature on the leaching efficiency of REEs and impurities (1 hour of mixing at a solid-to-liquid ratio of 5 %).
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Consequently, Y and Eu can be dissolved from red phosphors according
to Eq. (1).

Leaching experiments were conducted at 25 °C and 80 °C using
sulfuric acid concentrations of 1 M and 2 M, with a solid-to-liquid ratio
of 5 %. The reaction time was 1 h, and the mixture was stirred constantly
at 250 rpm. The results are shown in Fig. 1. It is evident that sulfuric acid
concentration has no significant effect on the leaching efficiency of REEs
and impurities. Fig. 1 demonstrates high selectivity in the leaching of Y
and Eu over Ce, La, and Tb across both temperatures and acid concen-
trations. The effect of temperature, however, is significant for the
leaching efficiency of Y and Eu which are present in red phosphor and
Gd which is present in green phosphor. Gadolinium likely originates
from GdB5012:Ce3+, Tb3* (CBT), consistent with the partial dissolution
of Ce and Tb, which increases with temperature, probably from this
oxide. Cerium and terbium may also originate from EuMgAl;1019: ce3t,
Tb®* (as shown in Supplementary Figure S1). This indicates that CBT
and CMAT dissolve more readily than phosphates containing La, Ce, and
Tb. Furthermore, the results suggest that the majority of Ce and Tb,
along with all La, exist in the phosphate form CePO4:La®", Tb" (Sup-
plementary Figure S1).

For the impurities, barium originating from the blue phosphor
(BAM), forms insoluble barium sulfate during leaching and therefore
remains in the solid residue (Fig. 1). The leaching efficiency of
aluminum, derived from CMAT and BAM, increases with temperature,
similarly to cerium and terbium. As expected, the dissolution rate of
boron also rises with temperature, like gadolinium, due to their shared
origin (CBT). Manganese, originating from HALO phosphor which is
soluble in sulfuric acid. Consequently, the leaching efficiency of Mn is
high even at room temperature.

In order to recover REEs from solution after leaching at 80 °C, some
precipitation experiments were performed using oxalic acid. Rare earth
elements can be recovered as oxalates (Ippolito et al., 2017) by adding
oxalic acid to the leach liquor as represented in Eq. (3). Hence, precip-
itation behavior of REEs was evaluated by adding different values of
oxalic acid. Fig. 2 Illustrates precipitation efficiency of REEs and im-
purities versus added values of oxalic acid as its concentration in the
solution. As can be seen the precipitation efficiency of REEs increased by
oxalic acid value significantly, up to 0.15 M oxalic acid. Adding more
values of oxalic acid didn’t affect the precipitation efficiency of REEs
significantly. On the other hand, the precipitation efficiency of impu-
rities is almost zero, except for calcium which is increased above 0.15 M
of oxalic acid. Consequently, a 0.15 M oxalic acid is effective to pre-
cipitate the majority of REEs selectively from the leaching acid solution,
resulting in almost pure REEs oxalates mixture with 99.17 % purity,
which contains 93.44 % of yttrium oxalate hydrate, 4.05 % of europium
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oxalate hydrate, 1.12 % gadolinium oxalate hydrate, 0.28 % terbium
oxalate hydrate, 0.27 % cerium oxalate hydrate, 0.01 % lanthanum
oxalate hydrate, and 0.83 % calcium oxalate and calcium sulfate.

The precipitated REE oxalate mixture was analyzed using XRD, TGA-
DTA, and SEM. Fig. 3 presents the characterization results of the final
product, both before and after calcination. The XRD pattern of the
precipitate reveals two forms of yttrium oxalate hydrate as the main
phases in the final precipitate. TGA-DTA analysis was performed to
determine the optimal temperature for calcination to convert REE oxa-
lates into oxides. As shown in Fig. 3-c, yttrium oxalate hydrates lose
water in two stages: the first below 200 °C and the second below 400 °C.
Subsequently, the dehydrated oxalate begins to decompose into yttrium
oxide, with the reaction completing at 700 °C. This temperature is
higher than the value reported in the literature, likely due to differences
in the composition of the mixed oxalate (Mesaros et al., 2015), but
almost the same results obtained in a recent study (Bilen et al., 2025).
Based on TGA results, the yttrium oxalate hydrate mixture was calcined
at 700 °C for 1 h.

The XRD pattern of the calcined sample confirms yttrium oxide as the
main product, with europium oxide sulfate identified as a byproduct of
the calcination process (Fig. 3-b). Particle size distribution analysis in-
dicates minimal change in size and distribution before and after calci-
nation, implying that the calcination process had little effect on particle
size (Fig. 3d-e).

SEM images of the sample reveal irregularly grown crystals of
yttrium oxalate hydrate prior to calcination. After calcination, some
particles developed a flower-like morphology (Fig. 3-i). Thus, SEM
analysis demonstrates the formation of yttrium oxide with a flower-like
morphology, recovered from spent fluorescent lamp powder.

3.4. Tb, La, Ce recovery by sulfation followed by water leaching and
precipitation

The solid residue remaining after sulfuric acid leaching of yttrium
and europium was subjected to a sulfation process to investigate the
effects of key parameters on the recovery of terbium, lanthanum, and
cerium. Response Surface Methodology (RSM) with a Central Composite
Design (CCD) was employed, using the parameter levels indicated in
Supplementary Table S1. The results were analyzed using Analysis of
Variance (ANOVA).

Following the sulfation process, the solid residue was leached in
water to dissolve and recover rare earth element sulphates (Eq. (2)).
Preliminary water leaching experiments indicated that a 10 % solid-to-
liquid (S/L) ratio and a leaching time of 10 min were sufficient to
dissolve nearly all leachable REE sulphates from the solid obtained after
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Fig. 2. Effect of oxalic acid value on the precipitation of REEs and impurities after sulfuric acid leaching (1 h of reaction time at room temperature).
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Fig. 3. (a) XRD pattern of the yttrium and europium oxalate, (b) XRD pattern of the yttrium and europium oxides after calcination, (¢) TGA-DTA graph of the yttrium
and europium oxalate in the presence of air with a heating rate of 10 °C/min, (d) and (e) particle size distribution of the yttrium and europium oxalate before and
after calcination, (f) schematic view of the calcination process of yttrium oxalate in the presence of oxygen, (g) SEM image of yttrium and europium oxalate, (h-i)

SEM image of yttrium and europium oxides after calcination.

sulfation (results not shown here). Consequently, all solids underwent
leaching under these conditions at room temperature and 250 rpm.

Supplementary Table S2 presents REE recovery results after sulfation
and water leaching. It is important to note that the recovery percentages
of Y, Eu, Gd and the other REEs are based on the remaining amounts of
these elements in the solid residue after the initial sulfuric acid leaching.
As shown in the table, the results demonstrate an almost complete re-
covery of all REEs, particularly terbium at 150 °C, after 5 h with an acid-
to-powder weight ratio of 2. This is significant because terbium is the
most valuable REE in phosphor powder and one of the most challenging
to recover, often exhibiting lower recovery efficiency in previous studies
(Ippolito et al., 2021; Shukla and Dhawan, 2022). These findings high-
light the effectiveness of the sulfation process in achieving complete REE
recovery from spent fluorescent lamp powder.

Analysis of variance was performed to model the leaching efficiency
of different REE according to the results in Supplementary Table S2. In
ANOVA, the P-value criterion was used to determine significant pa-
rameters. A P-value of <0.05 indicates that the model terms are statis-
tically significant. Accordingly, insignificant parameters were removed
during the model development. Supplementary Table S3-S8 show the
results of ANOVA for Y, Eu, Ce, La, Tb, and Gd. The obtained models for
predicting recovery efficiencies are summarized in Supplementary
Table S9.

Supplementary Figure S4 illustrates the model-fitted results versus
the actual values for REE recovery, plotted based on the models pre-
sented in Supplementary Table S9. As shown in Supplementary
Figure S4, the data for Y, Eu, and Gd are more scattered compared to Ce,
La, and Tb, which can be attributed to their different origins. This

observation aligns with the adjusted R? values presented in Supple-
mentary Table S9. A better fit between the models and actual values is
observed for Ce, La, and Tb, indicating more accurate model predictions
for these three REEs.

Based on the fitted models and the coefficients of key parameters
(Supplementary Table S9), it is evident that the recovery efficiency of Y
and Eu depends primarily on the acid-to-powder weight ratio and the
temperature during the sulfation process. Among these, the acid-to-
powder weight ratio has a more significant effect than temperature.
This similar behavior can be attributed to the shared origin of Y and Eu,
both of which originate from red phosphor and were largely recovered
during the initial sulfuric acid leaching.

Gadolinium exhibits a similar pattern but also shows dependency on
the sulfation time.

Supplementary Figure S5 presents 3D response surface plots for REE
recovery efficiencies, generated from the fitted models based on the
three key parameters: sulfation time, temperature, and acid-to-powder
weight ratio for Y, Eu, and Gd. The dependency of Y and Eu on tem-
perature and acid-to-powder weight ratio, along with their indepen-
dency to sulfation time, is clearly evident in the first two rows of
Supplementary Figure S5, consistent with the data in Supplementary
Table S9.

The curvature observed in the response surfaces is attributed to
second-order terms such as A2 and T2 In contrast, the last row of Sup-
plementary Figure S5 displays flat response surfaces for Gd, indicating
that its recovery is influenced solely by the three main parameters
without any significant interaction effects or second-order terms.

Therefore, for these elements, the recovery efficiency is mainly
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influenced by the acid-to-powder weight ratio, with temperature being
the least significant factor and sulfation time playing a role only in the
case of Gd.

For Ce, La, and Tb, which primarily originate from green phosphor
(CePOy: La®*, Tb®"), all three key parameters, along with nearly all their
interaction factors and the second-order terms were identified as sig-
nificant model terms. The coefficients for these elements fall within a
similar range, indicating that they undergo the same sulfation and
dissolution mechanisms, as is revealed in Supplementary Figure S6 by
the similar responses.

According to Supplementary Figure S6, the recovery rates of Ce, La,
and Tb are highly dependent on sulfation temperature, followed by the
acid-to-powder weight ratio, particularly at higher temperatures, and
sulfation time. These three key parameters exhibit strong curvature in
all graphs, highlighting the significance of interaction effects and
second-order model terms for these REEs.

As previously discussed, the fitted models for Ce, La, and Tb
demonstrate a strong ability to predict recovery efficiency within the
studied parameter space, as indicated by their high adjusted R? values.

Supplementary Table S10 presents the results of impurity leaching
following sulfation and water leaching. ANOVA was conducted to
identify the significant parameters influencing the recovery and leach-
ing of impurities during the sulfation-water leaching process, enabling
the modeling of leaching rates based on the data in Supplementary
Table S10. Supplementary Tables S11-S15 summarize the ANOVA re-
sults for Al, Ca, Mn, Fe, and B after eliminating insignificant model terms
according to the 0.05 P-value criterion. The final models predicting the
leaching rates of these impurities are presented in Supplementary
Table S16.

Supplementary Figure S7 illustrates the model-fitted results versus
the actual values for impurity leaching, plotted based on the models in
Supplementary Table S16. As shown, data for Al and Ca exhibit greater
scatter compared to Mn, Fe, and B, which aligns with the adjusted R?
values in Supplementary Table S16. This variation can be attributed to
differences in impurity origins, as well as the limited solubility of cal-
cium sulfate, which resulted in leaching efficiency values being scat-
tered within a narrow range of 13-18 % (Supplementary Table S10).

According to the fitted models and the coefficient values in Supple-
mentary Table S16, aluminum and calcium dissolution are primarily
influenced by sulfation time and temperature, while manganese disso-
lution depends on temperature and the acid-to-powder weight ratio. In
contrast, boron recovery is governed by all three key parameters,
whereas iron dissolution is influenced by these three parameters along
with nearly all their interaction terms and second-order effects.

Supplementary Figures S8 and S9 present 3D response surface plots
for impurity dissolution rates, generated from the fitted models based on
the three key parameters (Supplementary Table S16). The curvature
observed in the response surfaces, particularly for Ca, Mn, and Fe, is
attributed to second-order terms such as A2, t?, and T2. In contrast, the
flat response surfaces for boron indicate that its recovery is determined
only by the three main parameters, without significant second-order
effects.

In conclusion, according to the above results, increasing the three
key parameters not only enhances the recovery rate of REEs but also
promotes the dissolution of impurities. However, given that the primary
objective is to maximize REE recovery while minimizing impurity
leaching, the priority remains achieving the highest possible REE re-
covery, even at the expense of increased impurity dissolution. Therefore,
the next step will focus on selective recovery of REEs from the leaching
solution to obtain a relatively pure mixture of REEs oxides.

To recover REEs from the leaching solution, an oxalate precipitation
approach was employed (Eq. (3)). Preliminary precipitation experi-
ments were conducted using varying concentrations of oxalic acid.
Before the addition of oxalic acid, the solution pH was increased to 1 to
facilitate oxalic acid dissolution (Chi and Xu, 1999) . These experiments
revealed that a final oxalic acid concentration of 0.3 M was optimal,
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effectively precipitating 90.40 % Y, 99.20 % Eu, 97.14 % Ce, 92.28 % La,
98.63 % Tb, and 98.97 % Gd while minimizing impurity precipitation.
These results show more efficient usage of oxalic acid than those re-
ported in a previous study, which used 80 g/L oxalic acid (~0.88 M) to
precipitate 95 % of REEs from a chloride solution system which con-
tained only about 34.6 + 1.52 mg/L of total REEs (Nawab et al., 2022).

Thus, a 0.3 mol oxalic acid per liter of the leaching solution proved to
be effective in selectively precipitating the majority of REEs from the
water leaching solution, yielding an almost pure REE oxalate mixture
with 98.56 % purity. ICP results and mass balance calculations, sup-
ported by XRD evaluations, confirmed that the final oxalate precipitate
is a decahydrate compound composed of approximately 43.72 %
lanthanum oxalate hydrate, 27.35 % cerium oxalate hydrate, 14.86 %
terbium oxalate hydrate, 7.31 % yttrium oxalate hydrate, 3.97 % gad-
olinium oxalate hydrate, 1.36 % europium oxalate hydrate, and 1.44 %
calcium oxalate and calcium sulfate.

The precipitated REE oxalate mixture was analyzed using XRD, TGA-
DTA, and SEM. Fig. 4 presents the characterization results of the final
product, both before and after calcination. The XRD pattern of the
precipitate (Fig. 4-a) identifies cerium oxalate decahydrate as the pre-
dominant phase, representing all other REE oxalates in the sample, with
a general formula of RE5(C204)3-10H20, where RE denotes Ce, La, Tb,
Gd, Y, and Eu.

TGA-DTA analysis was conducted to determine the optimal calci-
nation temperature for converting REE oxalates into oxides. As shown in
Fig. 4-c, REE oxalate decahydrate undergoes dehydration up to 397 °C,
losing ten water molecules with an endothermic peak primarily between
120 and 200 °C. The observed weight loss of 25.7 % closely aligns with
the average theoretical value of 25.03 % for all mentioned REEs in the
sample as RE3(C204)3-10H20. Beyond this point, the dehydrated oxalate
(RE2(C204)3) begins decomposing into mixed REE oxides, exhibiting a
main exothermic peak around 400 °C. The decomposition process is
completed at approximately 800 °C, after which no further weight loss is
observed. These temperatures are higher than those reported in the
literature for pure cerium oxalate, where the endothermic peak for
water removal occurs at 130 °C and the exothermic peak for oxalate
decomposition is observed at 320 °C (Altas and Tel, 2001). This
discrepancy is attributed to the presence of a mixed oxalate compound
in the current study. The total weight loss of 52 % is consistent with the
theoretical weight loss of 54 % for the RE oxalate decahydrate mixture,
accounting for 2-3 % calcium compounds as the main impurities in the
final oxide product. Based on these TGA results, the mixed RE oxalate
decahydrate was calcined at 800 °C for one hour.

The XRD pattern of the calcined sample (Fig. 4-b) identifies gado-
linium cerium oxide and terbium oxide as the primary products, along
with calcium oxalate as a byproduct of the calcination process. Similar
to the pre-calcination oxalate phase, gadolinium cerium oxide can be
considered representative of all REE oxides in the sample, forming a
mixed oxide phase. Particle size distribution analysis indicates a
reduction in both average particle size and distribution range after
calcination, suggesting that the process facilitated crystallization of
oxide phases with smaller particle sizes (Fig. 4d-e).

SEM investigations further confirm the reduction in particle size
before and after calcination, as illustrated in Fig. 4 g and Fig. 4-h, with
Fig. 4-h captured at a higher magnification. Morphological analysis re-
veals a combination of flower-like and wafer-slab-like structures both
before and after calcination. Somehow a similar morphology was also
observed for cerium oxalate and lanthanum oxalate by other researchers
(Alcaraz et al., 2022; Liascukiene et al., 2021). At higher magnifications,
significant structural changes become apparent (Fig. 4-i and Fig. 4-f),
where small spherical nanoparticles (<100 nm) and thin flakes
(~400-500 nm) have crystallized on the surface of primary flakes along
preferential orientations (Fig. 4-f).

Thus, SEM analysis confirms the formation of mixed oxide particles
with wafer-slab-like and flower-like morphologies, decorated with
nanometric particles and flakes, successfully recovered from spent
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Fig. 4. (a) XRD pattern of the precipitated oxalate after the sulfation-water leaching process, (b) XRD pattern of the oxalate precipitate after calcination, (c) TGA-
DTA curve of the precipitated oxalate in air at a heating rate of 10 °C/min, (d, e) particle size distribution of the precipitated oxalate before and after calcination, (f)
high-magnification SEM image of an oxide particle after calcination, (g) SEM image of the precipitated oxalate, (h, i) SEM images of the obtained oxide after
calcination at different magnifications, highlighting the various morphologies of the crystallized oxides.

fluorescent lamp powder.

Finally, both products obtained after oxalic acid precipitation, before
and after calcination, were analyzed using SEM coupled with elemental
analysis. Supplementary Figure S10-a presents an SEM image of the
oxalate particles precipitated from the sulfuric acid leachate during the
yttrium and europium recovery stage. The corresponding elemental
spectrum identifies Y, Eu, Gd, C, and O as the primary elements, with Ca
and S as impurities, aligning with previous ICP purification evaluations
and previous results (Fig. 1-3). Elemental mapping further confirms the
distribution of these elements within the selected particle, demon-
strating a higher concentration of Y and Eu relative to Gd, which is
consistent with prior findings.

As expected, the same elements were detected in the spectrum after
calcination, with sharper peaks due to element enrichment following
weight loss from thermal decomposition (Supplementary Figure S10-b).
The elemental maps of the calcined sample indicate an overall increase
in element concentrations, including Gd, compared to the pre-
calcination sample.

Supplementary Figure S10-c illustrates the elemental spectrum and
corresponding mapping of the oxalate precipitate obtained after the
sulfation-water leaching process, which targeted REE recovery from the
green phosphor. The spectrum confirms the presence of Ce, La, Tb, Y, Eu,
Gd, C, O, Ca, and S, in agreement with previous analyses. The elemental
maps reveal an almost uniform distribution of all REEs within the

particle, with Ce, La, Tb, and Y present in higher concentrations. This
finding confirms that the precipitated oxalate consists of a mixed REE
oxalate phase, with some calcium sulfate likely crystallized on the par-
ticle surface during precipitation.

Similarly, the spectrum of the calcined sample (Supplementary
Figure S10-d) exhibits sharper peaks due to the enrichment of elements
after thermal decomposition. Elemental mapping of the calcined prod-
uct further demonstrates increased element concentrations compared to
the pre-calcination sample.

4. Process analysis

To evaluate the efficiency of the developed process and determine
the total recovery rate, 100 g of spent phosphor powder was processed
according to the scheme illustrated in Fig. 5. Initially, the phosphor
powder was leached in a 1 M sulfuric acid solution at 80 °C with S/L
ratio of 5 % for 1 hour. Following filtration, the majority of Y, Eu, were
selectively recovered and precipitated by adding 0.15 M oxalic acid. The
solid residue from the leaching step was then mixed with sulfuric acid at
an acid-to-powder weight ratio of 2 and subjected to sulfation at 150 °C
for 5 h. Afterward, the sulfated sample was leached in water with S/L
ratio of 10 % at room temperature for 10 min. The resulting solution was
filtered and further treated with 0.3 M oxalic acid to precipitate all REEs.

Mass balance calculations for the entire process revealed an overall
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Fig. 5. Process scheme for recovering REEs from spent fluorescent lamps, yielding two separate oxide products: one enriched in Y and Eu, and the other in Ce, La,

and Tb.

recovery of 99.98 % Y, 100 % Eu, 99.92 % Ce, 97.22 % La, 97.68 % Tb,
and 99.97 % Gd. Supplementary Table S17 presents the distribution of
all REEs in both solid and liquid phases at each stage of the process,
expressed as a percentage of their total initial content in the spent
phosphor powder (100 %). These results demonstrate the high efficiency
of the developed method, particularly in the nearly complete recovery of
terbium, which is often challenging to extract from spent fluorescent
lamp powders. Finally, a preliminary economic analysis was conducted
based on approximate reagent costs and mass balance calculations to
estimate the cost of treating 1 ton of spent fluorescent lamp powder. In
parallel, the potential revenue from the recovery of mixed REE oxides
was evaluated, assuming a conservative market value of 50 % of the
price of pure REE oxides. The detailed pricing data and calculations are
provided in Supplementary Tables S18 and S19.

5. Conclusion

This study presents a comprehensive process for the recovery of rare
earth elements from spent fluorescent lamp powder. Sulfuric acid
leaching followed by oxalate precipitation enabled the selective recov-
ery of nearly pure yttrium and europium oxalates, with calcium oxalate
and sulfate as the primary impurities.

Thermodynamic evaluations established that maintaining the sulfa-
tion process at or below 150 °C prevents sulfuric acid and mercury
evaporation, an aspect overlooked in previous studies. By conducting
sulfation within this safe temperature range, followed by water leaching
and oxalate precipitation, almost complete REE recovery was achieved,
leaving negligible REE residues in the solid waste. SEM analysis revealed
the formation of flower-like REE oxalates and oxides after precipitation,
with sulfuric acid regeneration as an additional benefit.

Key findings of this study include:

Sulfuric acid leaching (1 M H2SO4, 80 °C, 1 hour) recovered 98.77 %
Y, 95.81 % Eu, 6.78 % Ce, 0.13 % La, 13.17 % Tb, and 67.28 % Gd,
along with significant co-dissolution of 47.11 % Al, 37.26 % Ca,
97.24 % Mn, 91.21 % Fe, and 81.79 % B

Oxalate precipitation selectively recovered REEs from the leachate,
yielding a > 99 % pure oxalate mixture, consisting primarily of 93.44
%Y, 4.05 % Eu, 1.12 % Gd, 0.28 % Tb, 0.27 % Ce, and 0.01 % La
oxalate hydrates.

Sulfation at 150 °C for 5 h with an acid-to-powder weight ratio of 2
enabled the recovery of nearly 100 % Eu, Ce, and Gd, 98.79 % Y,
98.01 % La, and 98.15 % Tb from the remaining solid residue.

The final oxalate precipitate after sulfation-water leaching was >98
% pure, consisting of 43.72 % La, 27.35 % Ce, 14.86 % Tb, 7.31 % Y,
3.97 % Gd, 1.36 % Eu oxalate hydrates, and 1.44 % calcium oxalate
and sulfate.

This process demonstrates an effective, environmentally friendly
approach for REE recovery, maximizing resource efficiency while
minimizing energy consumption and chemical diversity.
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