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Abstract

Rare earth elements (REE) are essential for the production of technological devices. However, their high demand
and low availability, together with an increase in electronic waste generation, compel the development of efficient,
economic and green methods for recovering these elements from electronic waste. In this work, a facile method
for selective recovering of REE from Liquid Crystal Display (LCD) screen wastes, employing ultrasound assisted
leaching is presented. The screen wastes were milled and sieved to pass through a − 325 mesh sieve (44 μm). The
milled powder was subjected to ultrasound-assisted leaching in an aqueous medium, at room temperature (25 °C)
and pH 6 for 60 min. Subsequently, a magnetic separation was applied to the leach residue. Inductively coupled
plasma was employed to quantitatively analyze the composition of the LCD powders and determine the
effectiveness of the extraction process. Scanning Electron Microscopy/Energy Dispersive X-Ray Spectroscopy
allowed qualitative chemical analysis of the solid materials. The results show that the LCD screen wastes are
formed, mainly, by amorphous oxides of Si, Fe, In, Sn and REE. The amount of Gadolinium (Gd) and Praseodymium
(Pr) in the wastes were 93 and 24 mg kg− 1, respectively, which justifies their recovery. X-ray diffraction analysis of
the magnetic portion of the leached residue, confirmed the presence of an amorphous phase together with
crystalline metallic iron alloy. The magnetic behavior, obtained by Vibration Sample Magnetometry, helped to
understand the nature of the residues. The formation of this metallic alloy is attributed to the effect of high power
ultrasonic during the leach. It was confirmed that the magnetic residue concentrates and recovers 87 wt% of Gd
and 85 wt% of Pr contained in the original material. Therefore, ultrasound-assisted leaching is a selective and facile
method for recovering Gd and Pr from waste LCD.
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Introduction
Currently, electronic waste has become one of the major
contributors to environmental pollution, mainly due to
the politics of programmed obsolescence of many elec-
tronic devices over the past 20 yr [1]. Nowadays, the
average life of a computer or a mobile phone is between
4 and 5 yr [2], considerably increasing the amount of
electronic waste generated [3]. Since the end of the

twentieth century, Liquid Crystal Display (LCD) screens
have been used in various electronic products due to the
advantages of light quality, small volume and low energy
consumption; therefore, more than 700 million LCD
panels have been produced worldwide in recent years.
Considering the average lifespan of 3–8 yr of these
panels, large quantities of LCD panels will be reaching
their end-of-life in the coming years, tremendously con-
tributing to the generation of electronic waste [4]. Des-
pite the many disadvantages, these wastes contain
important amounts of different elements with high com-
mercial value [5, 6]. Among these, the rare earth
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elements (REE) [7] are considered critical raw materials
[8], due to the difficulty of their separation, acquisition
and the uncertainty of their disposition [9]. Recent stud-
ies have shown the quantities of REE in LCD screens are
economically attractive for recovery, however, the pro-
posed methods have focused mainly on the backlight or
light-emitting diodes of the LCD screens [10, 11]. In
contrast, this investigation studies the recovery of Gado-
linium (Gd) and Praseodymium (Pr), among others, con-
tained in the LCD panels, a subject that has not been
reported. Furthermore, the importance of the recovery
these REEs is implicit not only in their use in new tech-
nologies, but also in their current high prices, which are
among the REEs with the greatest economic value [12].
The development of REE recovery strategies has been

trending in recent years; most of the proposed processes
employ inorganic acids such as HCl, H2SO4 or HNO3

for leaching [13–15], which can damage the environ-
ment and human health, if they are not adequately con-
trolled. Additionally, more environmentally friendly
reagents, such as sulfate-roasting followed by water
leaching [16] and ionic liquids [17] have also been stud-
ied, to leach the REE. However, the chemicals and con-
ditions employed in both proposals are costly and
involve complicated downstream separation processes.
In the present investigation, the pyrophosphate ion

(PPi) is used as a less hazardous alternative to inorganic
acids since it has been employed as a selective ligand for
the REE ions in other studies [18]. It is also employed in
the preparation of medicines and the preservation of dif-
ferent foods, proving to be safe for the environment and
for humans [19, 20]. A thermodynamic study, in the form
of species distribution diagrams using the Hydra-Medusa
software suite [21] was performed to determine the appro-
priate leaching conditions. In addition, ultrasound was

employed as an enhancement method during the leach,
since recent studies have shown that the use of ultrasound
accelerates the dissolution of metals [22] and REEs,
achieving nearly 100% in 1 to 3 h [23–25]. In sonochemis-
try, molecules undergo chemical reactions promoted by
the application of ultrasound radiation (20 kHz–10MHz)
in solid–liquid systems; ultrasound enhances the diffusion
of soluble species in the liquid phase and increases the
rate of penetration into the solid principally by the cavita-
tion effect, which leads to the creation of many micro-
cracks on the solid surface. Furthermore, if the raw
material is a powder, ultrasound energy can cause particle
rupture, with a consequent increase in surface area avail-
able for reaction [26].
Hence, the present study explores the recovery of the

REE compounds (Pr and Gd) from waste LCD screens
by ultrasound-assisted leaching, using PPi. This proposal
introduces a quick, easy and inexpensive method to re-
cover these valuable elements from wastes.

Materials and methods
The LCD screens were collected from electronic wastes (tele-
visions, cell phones, electronic tablets, laptops and cameras).
The total weight of a waste LCD screen was not determined,
since it varies according to the type of electronic device. The
LCD screens were cleaned by separating components that
were not required, such as polarized, adhesives, connectors,
diffusive sheets, reflective sheet and, the plastic frame. Subse-
quently, the LCD were subjected to the leaching assisted by
ultrasound process or sono-leaching, followed by a magnetic
separation shown in Fig. 1.
First, 500 g of LCD screen wastes were milled for 30

min, using an automatic mortar grinder. The milled
powder was sieved to pass through − 325 mesh sieve
(44 μm), since the largest quantity of RE elements is

Fig. 1 Experimental scheme of ultrasound-assisted leaching of REE from LCD screens
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recovered by leaching at this particle size [27]. The mill-
ing process to obtain the fine particle sizes consumes
extra time and energy in the process; however, the use
of inexpensive and safe reagents, compensate this ex-
penditure, rendering the process economically feasible.
Subsequently, representative samples of 3 g were

taken from the milled and screened powder, using the
quartering method. The powder obtained was charac-
terized by X-ray diffraction, XRD, (Equinox 2000 dif-
fractometer), scanning electron microscopy with
Energy-dispersive X-ray spectroscopy (SEM-EDS-Jeol,
model IT 300) and, by vibration sample magnetom-
etry, VSM (MicroSense EV7) at room temperature
(20 °C) and a maximum magnetic field of ± 18 kOe.
In order to quantify the chemical composition of the

raw materials, 3 g sample of LCD powders was digested in
aqua regia (HCl:HNO3, 3:1) at 90 °C for 2 h. The obtained
liquor was filtered. Aliquot of 1.5 mL of the liquor were
diluted to 30mL with deionized water, for their analysis
by inductively coupled plasma (ICP-OES, Perkin Elmer,
Optima 3000 XL). This process was performed on three
different samples of the same material, in order to ensure
the repetitively of the data obtained.
For the leaching tests, 3 g of the milled and sieved pow-

der were immersed in a beaker with 150mL of the solu-
tion of 0.05M PPi (P2O7

4−) as leaching agent, using a
liquid-to-solid ratio of 20 g L− 1. The solution pH was ad-
justed and maintained at 6, using 1M sulfuric acid. These
experimental conditions were selected in accordance with
the results of previous studies [18]. The leaching solution
was sonicated during the leaching time, using an Ultra-
sonic Homogenizer 300VT, equipped with a piezoelectric
transducer at a frequency of 90 kHz and a solid titanium
tip of 9.5 mm. The experiments were performed at a son-
ication output power of 120W. The beaker was placed
into an ice bucket, to guarantee that the temperature of
the solution in all cases did not exceed room temperature
(25 °C). The ultrasound was used to promote the exposure
of the rare elements to the leaching agent, through the
rupture of the particles, and to increase the rate of pene-
tration into the solid by the cavitation effect [26]. The
leaching solution was filtered, obtaining a liquor and a
solid phase (leach residue). The leach liquor was charac-
terized by ICP. The solid residue was magnetically sepa-
rated, into non-magnetic and magnetic powders, after
having been air-dried at 80 °C for 15min. The magnetic
and non-magnetic residues were characterized by XRD,
SEM-EDS, VSM and ICP. The digestion procedures of the
solid residues, for ICP analysis, is the same as that previ-
ously described for LCD powders.

Results and discussion
In Fig. 2, the XRD pattern of the milled LCD screen
powder is presented. As may be observed, no specific

diffraction peaks are exhibited, indicating an amorphous
material. This result may be expected, since the main
component of the LCD screens is silicon [28], combined
with small amounts of different metallic oxides, such as
indium, REE and tin (not detectable by XRD due to the
detection limit of the diffractometer).
To confirm the presence of REE in the milled and

sieved LCD powder, SEM-EDS qualitative elemental
analyses were carried out. The results are shown in Fig. 3,
where the qualitative chemical distributions of different
elements are shown; silicon, aluminum, some REE, in-
dium, tin and iron may be observed. In addition, all the
REEs are uniformly distributed. As can be appreciated,
the elements with the highest concentrations are silicon,
aluminum and oxygen, probably as oxide compounds
(SiO2 and Al2O3), whereas the REE are concentrated in
the smallest particles. Moreover, the fine particle size en-
sures the homogeneity of the sample and the percentage
of the REEs that can be recovered [29]. For this reason,
the powder sieved at − 325 mesh (44 μm) was selected
for the leaching study.
The results of the chemical analysis obtained by ICP-

OES show the presence of rare earths, such as Pr (24
mg kg− 1), Gd (93 mg kg− 1), Er (477 mg kg− 1) and others
elements, such as In (2422 mg kg− 1), Sn (835 mg kg− 1),
Fe (2827 mg kg− 1) and Zn (9 mg kg− 1). According to the
structural and chemical characterization (SEM-EDS and
ICP), the LCD screen waste is composed of a mixture of
oxides of Si, Al, Fe, and small amounts of oxides of Gd,
In, Pr and Er. It is important to note that these materials
are in sufficient quantities to justify their separation [30].
To select the adequate experimental conditions for se-

lectively separating Gd and Pr from the other elements,
a thermodynamic analysis using the Hydra-Medusa soft-
ware [21] was performed; this analysis shows that Gd
(III) forms a soluble species Gd2(P2O7)

2+ with the PPi
up to pH 8, with a log k (complex stability constant)
value of 20.5. However, the stability constant for Pr (III)
has not been reported. Considering that the log k values

Fig. 2 XRD patterns of the milled LCD screen waste
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for the REE close to Pr are similar for the same type of
complexes (Nd (III) = 20, Sm3+ = 20.2, Eu (III) = 20.3, Gd
(III) = 20.5) [32], it is possible to infer that the behavior
of this element with PPi is comparable. The reaction be-
tween the PPi ion and Gd is shown in Eq. (1):

2Gd3þ þ P207ð Þ4 − →Gd2 P2O7ð Þ2þ ð1Þ

In addition, the interaction between PPi ion and Fe
(III) was considered, since it plays an important role in
the proposed method, which is based on a final magnetic
separation of the leaching residue. The Hydro-Medusa
analysis confirms that Fe (III) forms a stable complex,
Fe2(P2O7)

− up to pH 8, with a log k of 22.2.
Therefore, based on theoretical analyses, under the ex-

perimental conditions selected, the PPi forms stable com-
plexed with Gd (III), Pr (III) and Fe (III). Furthermore,

these ions precipitate as hydroxides in alkaline solutions
(above pH 8). Species distribution diagrams are con-
structed from the logarithm of the reaction equilibrium
constant (k) of the reagents [31]. The speciation diagram
for the Gd is shown in Fig. 4. This analysis helped to es-
tablish the adequate leaching conditions: pH values be-
tween 4 and 6, room temperature (25 °C), assisted by
ultrasound to improve the dissolution process [25, 33].
After performing the ultrasonic-assisted leaching

process for 60min at room temperature, a solid residue
was obtained (leached residue), which was analysed by
XRD (Fig. 5). As can be appreciated in Fig. 5a, the leached
residue consisted of an amorphous material, together with
small amount of crystalline Fe, which is identified as a
peak near to 2θ of 44°. Due to the presence of metallic
iron, the residue was subjected to a magnetic separation,
obtaining a magnetic and a non-magnetic solid. Both

Fig. 3 Elemental mapping at the microstructural level by scanning electron microscopy (SEM) with energy dispersive X-ray spectrometry (EDS) of
milled LCD screen powder
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solids were independently analyzed by XRD (Fig. 5b and
c). As can be observed, the non-magnetic residue (Fig. 5
b) shows an XRD pattern typical of an amorphous mater-
ial, attributed to silica base material, which was not af-
fected by the leaching. In contrast, the magnetic residue
(Fig. 5c) is a crystalline iron matrix, probably with small
amounts of other metals (Gd, Pr or similar elements),
since a slight displacement of the diffraction peak is de-
tected from its theoretical position at 2θ of 44 °. The three
residues (combined leach, magnetic and non-magnetic),
were qualitatively characterized by SEM, using back-
scattered electrons. As can be observed, the powders are
composed by irregular and polygonal particles. In
addition, there are no differences in contrast in each resi-
due, which indicates that the residues contain a
homogenous distribution of atoms along the particles.
However, comparing the different residues, the magnetic
residue (Fig. 5c) appears brighter, which may be ascribed
to the presence of compounds that contain atoms with
greater atomic number, such as REE.
To characterize their magnetic behavior, the hysteresis

loops of each residue were acquired and are presented in
Fig. 6. In this figure, it can be observed that the magnetic

Fig. 4 Specie distribution diagram of Gd3+ as a function of pH in
the (P2O7)

4− system at 25 °C

Fig. 5 XRD of different residues: (a) combined leached residue of LCD screen powder, submitted to ultrasonic-assisted leaching for 60 min in
0.05 M pyrophosphate solution using ultrasonic energy (US) at pH 6, (b) non-magnetic leach residue and (c) magnetic leach residue
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residue presents a saturation magnetization of 120 emu
g− 1, attributed to the presence of an iron alloy with un-
defined composition, in good agreement with the XRD
pattern show in Fig. 5c. It is known that, pure iron shows
a specific saturation magnetization near to 217 emu g− 1,
therefore, the reduced magnetization value corresponds to
iron, containing very low concentrations of materials that
possesses slight magnetization, in accordance with the
XRD patterns, since no other phases were detected.
The non-magnetic residue shows ferrimagnetic behav-

ior, with a very low specific saturation magnetization of
approximately 0.08 emu g− 1, attributed to the presence
of small amounts of ferrimagnetic materials as oxides, al-
though these was not observed in XRD pattern due to
the detection limit of the analysis equipment.
In addition, the magnetic hysteresis loop of the com-

bined leach residue shows ferrimagnetic behavior, with a
specific saturation magnetization around 0.19 emu g− 1.

This confirms mostly amorphous silica and aluminum
oxides, together with small quantities of ferrimagnetic
materials, as iron and RE metals and/or oxides.
The chemical composition of the leached liquor and

the solid residues (magnetic and non-magnetic) was
quantified by ICP. The results are shown in Table 1 as
the percentages of the total element in the initial LCD
powder in each of the following states: present in the
leach liquor, remaining in the LCD powder (non-mag-
netic residue) or recovered in the magnetic residue. Ac-
cording to these results, the magnetic material (0.3 g) is
composed mainly of Fe, Pr and Gd, corresponding to
about 95, 87 and 85%, respectively, of the total amount
of each element contained in the LCD screens; this rep-
resents an important concentration of these elements,
with a higher recovery compared to conventional leach-
ing [34]. On the other hand, approximately 99% of the
In, 74% of the Sn and 84% of the Er remained in the

Fig. 6 Magnetic hysteresis loops of the different residues: combined residue of screen wastes leached for 60 min in pyrophosphate solution with
ultrasonic energy (US) at pH 6, as well as the non-magnetic and the magnetic residues

Table 1 Results of the ICP analysis of the leach liquor, the magnetic and non-magnetic residues

Element Non-magnetic residue Magnetic residue Leached liquor

mg kg−1 % remaining mg kg− 1 % recovery mg kg− 1 % leached

Pr 3 13 21 87 0 0

Gd 2 2 78 85 11 12

Er 449 84 20 4 64 12

In 1749 99 0 0 25 1

Sn 542 74 11 2 180 25

Fe 84 4 2089 94 37 2

Zn 2 9 0 0 19 91
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non-magnetic solid (2.58 g). As for the leached liquor, it
contained appreciable percentages of Er (12%), Sn (25%)
and Zn (91%).
It is worth mentioning that when the leaching

process is carried out without PPi, the separation of
Gd and Pr was not achieved nor were these elements
leached. On the other hand, when the leaching is per-
formed without ultrasound, a magnetic residue is not
produced; therefore, the ultrasound radiation pro-
motes the selective separation of Gd and Pr from
other REE, as magnetic materials and the PPi main-
tains the solubility of the REE.
As the magnetic residue showed a selective separ-

ation of Gd and Pr, together with iron, an elemental
mapping was performed by SEM-EDS analysis, shown
in Fig. 7. In this figure, the presence of a homoge-
neous distribution of Fe, Gd and Pr can be observed,
confirming the concentration of these elements into
the magnetic residue.
The formation of an iron base alloy containing

REEs, as Gd and Pr, is an interesting result in itself,
and it can be ascribed to the ultrasound effect during
the leaching process. It is well-known that the ultra-
sound produces mechanical effects, such as micro jets
and shock waves, which cause microscopic turbulence
in the solution and high-speed collisions between the
solids [35]. These effects are difficult to achieve with
conventional mechanical agitation [26]. According to
some authors [35, 36], sonochemistry or ultrasonic

irradiation of water produces the free radicals H· and
OH· that can combine to produce H2O2 [35]:

H2O→
ÞÞÞ

HO∙þ H ∙ ð2Þ

H ∙þ H ∙→H2 ð3Þ

∙OH þ ∙OH→H2O2 ð4Þ

The presence of H2 and H2O2, promote chemical and
physical effects since they can act as strong reducing
agents, as follows:

Fe2O3 þ 3H2O2 →
P2O7

4 −

2Fe sð Þ þ 3H2Oþ 3O2 ð5Þ

In ultrasonic leaching, the formation of these agents
promote an iron ion reduction from Fe3+ and/or Fe2+ to
Fe0, as shown in Eq. (5), which could incorporate Gd
(III) and Pr (III) into its crystal structure or they could
be also reduced to metallic phases as an alloy. These
solid products can be recovered by applying a magnetic
field, obtaining a concentrated magnetic residue com-
posed mainly of Fe, Gd and Pr, as was demonstrated
previously. Therefore, the magnetic separation of the
residue formed after the ultrasonic-assisted leach is a fa-
cile and economic method for concentrating Gd and Pr
elements from LCD wastes.

Fig. 7 Elemental mapping at the microstructural level by scanning electron microscopy with energy dispersive X-ray spectrometry of the
magnetic residue
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Conclusions
LCD screen wastes were found to contain 93 and 24mg
kg− 1 of Gd and Pr, respectively. To retrieve these REEs,
a facile method for selective concentrating of some REEs
is proposed. In particular, Gd and Pr from LCD screen
wastes can be effectively recovered by ultrasonic-assisted
leaching, using pyrophosphate ion as complexing ligand.
A retrieval of 85 and 87 wt% of Gd and Pr, respectively,
was achieved, using an ultrasound-assisted leaching for
60 min at room temperature. The combination of ultra-
sound and leaching at room temperature showed posi-
tive impacts on enhancing the separation of REEs;
substantial physicochemical changes occurred during the
leaching assisted with ultrasound, including structural
transformations, chemical radical formation, chemical
reduction, and even, compound decomposition. Struc-
tural analysis and chemical decomposition, promoted by
the formation of water radicals, could explain the effect-
iveness of the ultrasound leaching in improving the re-
covery of Gd and Pr from LCD screen waste. However,
other valuable REEs, such as In and Er, remain in the
non-magnetic solid residue.
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