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Abstract

Rare earth elements (REEs) are increasingly recognized as critical raw materials for advanced electronic, digital,
energy and communication technologies. At the same time, the rapid growth of waste electronic equipment has
created new opportunities for the recovery of critical elements from secondary resources. Waste printed circuit
boards (WPCBs) are among the most valuable fractions of electronic waste, but the dust generated during their
mechanical pretreatment is commonly regarded as a residual by-product with limited practical value. This study
explores the redistribution and valorisation potential of REEs in dust produced during shredding and milling of
WPCBs in an industrial recycling process. Two material streams were analysed: WPCBs with electronic
components attached and WPCBs after component dismantling. Dust samples collected from the mechanical
pretreatment stage were analysed by inductively coupled plasma mass spectrometry (ICP-MS) for 17 REEs and
uranium. The results confirmed the presence of REEs in both investigated dust streams, with concentrations
ranging from 0.10 to 133.8 mg/kg. The findings indicate that REEs are not completely transferred to
conventional recyclable fractions during pretreatment, but partly redistributed into the fine dust fraction.
Consequently, WPCB dust should be considered not only as a waste management and occupational exposure
issue, but also as a potential secondary source of critical elements. The research provides a circular economy
approach in which an unavoidable by-product of recycling is further characterized, separated and potentially
valorised.
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Introduction (including permanent magnets) (Ascenzi et al., 2020

Balaram, 2019; Charalampides et al., 2015; Sager and
Wiche, 2024). Elements such as neodymium (Nd), dy-

21 century will be characterized by Rare Earth Ele-
ments - REEs (individually and in combination with

other REEs). The Japan science society marked REEs
as the seeds of technology, while in the USA they are
considered as technology metals (Wang, 2026). Rare
earth elements are critical raw materials widely used in
modern electronic devices due to their unique magne-
tic, optical, and electrochemical properties (Duchna
and Cieslik, 2022). REEs are the components in more
than 200 products with a wide range of applications,
including batteries, catalysts, ceramics, electronics,
glass, lasers, medicine, polishes, and metallic alloys

sprosium (Dy), praseodymium (Pr), gadolinium (Gd),
and yttrium (Y) are essential components of perma-
nent magnets, electronic circuits, sensors, displays,
and communication technologies (Baranovskaya et al.,
2021; Hossain et al.,, 2021; Jannah et al., 2020). A
significant use of REEs can be found in array of
defence applications, including actuators of guided
missiles and other munitions, electronic displays, fibre
optics, guidance systems for aircrafts and drones,
lasers, and optics (Jannah et al., 2020). All of the mo-
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dern common high-tech consumer products such as
smart phones, computer hard drives, electric and
hybrid vehicles, and monitors are possible due to
REEs. Rare Earth Elements have become irreplaceable
part of modern technology and our lives with their
unique magnetic, phosphorescent, and catalytic propet-
ties. The increasing demand for these materials, combi-
ned with supply chain vulnerabilities and limited
primaty resoutrces, has intensified global interest in
secondary recovery routes.

REEs in eWaste and circular economy

Waste printed circuit boards (WPCBs) represent one of
the most valuable fractions of electronic waste due to
their complex composition and content of strategic
metals. While recycling efforts have traditionally focu-
sed on copper and precious metals, increasing attention
has recently been directed toward the recovery of
critical raw materials, including REEs (Ghosh et al,,
2015; Popovi¢ et al., 2022; Wang et al., 2017). During
mechanical pretreatment operations such as shredding
and milling, a fine dust fraction is inevitably generated.
This fraction is generally considetred a process residue
and is commonly disposed of or stored despite con-
taining potentially valuable constituents. From a circu-
lar economy perspective, the valorisation of such by-
product streams is of particular importance. Unlike
primaty resources, the dust fraction is already generated
within existing recycling systems and therefore does
not requite additional collection, extraction, or pre-
processing operations. Recovery of REEs from this
material could contribute to improved resource effi-
ciency, reduction of waste storage requirements, and
enhancement of the overall sustainability of WPCB
recycling processes. Although several studies have
investigated the occurrence of REEs in electronic
waste, limited information is available regarding their
redistribution into dust fractions generated duting
mechanical pretreatment (Ghosh et al., 2015; Popovi¢
et al, 2022; Wang et al, 2017). Understanding the
concentration and distribution behaviour of REEs in
these process streams is essential for evaluating their
potential as secondary resources and for designing
future recovery strategies.

Management of eWaste

The increasing concern about eWaste (electronic Wa-
ste) activities has become serious issue. Management of
eWaste has shown some improvement in recent years,
with the minimal proportion of recycled in comparison
to the total produced eWaste. Good example for eWa-

ste management is Denmark with 12.4 kg/cap/year
collected corresponding to 45% of total electrical and
electrical equipment produced (Parajuly et al.,, 2017).
The eWaste is commonly disassembled manually (e.g.
separation of a battery in a laptop) and sorted before
further processing. In Europe, most successful mana-
gement system has been achieved by Switzerland,
Norway, and Sweden with recycling rate of 49%. In
2010 around 9.5Mt eWaste has been produced with
35% coming from Europe (Parajuly et al., 2020; Selin).
New circular economy policy of the European Union is
expected to enhance recycling of eWaste. The Republic
of Serbia is an example of a transitional eWaste recy-
cling situation in Europe. Serbia harmonized and
adopted parts of the WEEE Directive 2012/19 requi-
rements, but the eWaste management practices are still
quite underdeveloped, partly due to insufficient collec-
tion infrastructure, including equipment and collection
points. The production rate of eWaste is estimated at
11.1 kg/cap/yeat, cotresponding to around 80,000 tons
annually (Berezni et al., 2021; Nisi¢ et al., 2024). The
majority of eWaste is still mixed with municipal solid
waste at landfill sites, causing significant environmental
and health issues. Estimation is that around 20% of
eWaste has been formally recycled in Serbia. In the
recycling process, valuable and hazardous components
are separated manually and extracted using mechanical
treatment processes. Some extracted components are
used as secondary raw materials, while others are sold
to other countries for further recycling, as the typical
example of circular economy. Electronic and IT indu-
stry are basis for progress of modern society, which
requires REEs materials for sustaining technology and
development, understanding that REEs materials are
scarce by its nature, strategic circular economy
approach is essential.

Materials and Methods

The research was divided in three segments: detection,
recovery and valorisation. Detection refers to the
analytical confirmation of REEs in the dust generated
during mechanical pretreatment of WPCBs. Detection
was performed using ICP-MS after microwave-assisted
acid digestion of dust samples. Recovery refers to the
identification of a technically relevant REE fraction
that may be suitable for further treatment. Valorisation
refers to the possible transformation of mechanically
generated WPCB dust from a residual by-product into
a secondary raw material within an integrated recycling
chain. In this context, valorisation includes not only the
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potential extraction of REEs, but also improved waste
management, separate dust collection, reduced loss of
critical elements and increased material efficiency of
WPCB recycling.

WPCB origin

The examined WPCB material was obtained from an
accredited electronic waste recycling company located
in Novi Sad, Serbia. The company performs mechani-
cal pretreatment of electronic waste as part of the
recycling chain for the recovery of valuable metallic
and non-metallic fractions. The input material consi-
sted of mixed WPCBs collected from the local Serbian
electronic waste stream. The investigated material was
heterogeneous and included printed circuit boards
originating from computers, laptop computers and
mobile phones. The approximate composition of the
input stream was 80% computer printed circuit boards,
10% laptop boards and 10% mobile phone boards.
Two experimental WPCB mixtures were prepared for
the purpose of comparing the effect of component
presence on REE redistribution into dust. Mix I
consisted of WPCBs with electronic components atta-
ched. This mixture included boards with processsors,
memory modules, control circuits, chips and other sut-
face-mounted or attached components. This mixtu-re
represents the mechanical pretreatment of complete
WPCBs. Mix II consisted of WPCBs after dismantling
of major electronic components. In this mixture, deta-
chable components such as processors, memory modu-
les, control circuits, chips and other larger electronic

parts were removed before mechanical processing. This
mixture represents a pretreatment scenario in which
component removal is performed before shredding and
milling. The use of a mixed WPCB stream was selected
in order to reflect realistic industrial recycling condi-
tions rather than a narrowly controlled laboratory ma-
terial. The boards were processed as received from the
recycling stream and were not washed prior to mecha-
nical treatment, in order to avoid moisture-related
changes in milling behaviour and dust generation.

Mechanical pretreatment, dust generation and
sampling

Mechanical pretreatment was performed under indu-
strial recycling conditions (Fig, 1.). The process inclu-
ded preliminary crushing, milling and particle-size redu-
ction, followed by separation operations. The WPCBs
were first reduced to smaller pieces and subsequently
milled using a knife mill to obtain partticles of
approximately 3 mm. During shredding and milling,
fine particulate material was released from the WPCB
structure. The dust was extracted through the industrial
cyclone and filtration system. Dust samples were col-
lected separately from the mechanical pretreatment of
Mix I and Mix II. The generated dust originated from
fragmentation and abrasion of metallic coatings, solde-
ring residues, glass fibres, ceramic components, poly-
merric matrix material and electronic components.
After collection, the dust samples were transferred into
clean, sealed containers to prevent contamination, loss
of fine particles and moisture uptake. The samples we-

MECHANICAL PRETREATMENT
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DUST FRACTION
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Figure 1. WPCB recycling process
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re labelled according to the corresponding input mix-
ture and stored under dry conditions until laboratory
preparation and chemical analysis. The collected dust
represented the fine particulate by-product of WPCB
mechanical pretreatment. This fraction was selected
because it is usually not the primary target of recycling
operations, although it may contain critical elements
redistributed from the original WPCB structure during
mechanical fragmentation.

Determination of REEs

The REEs sample testing was performed at the
Laboratory for Chemical Examination (HTK) of the
Institute for Mining and Metallurgy Bor, Serbia. The
analysis followed the laboratory’s accredited method
J.2.2:2014, adapted to the complex matrix of dust
generated during the mechanical pretreatment of waste
printed circuit boards (WPCBs). In the present study,
J.2.2:2014 refers to a laboratory analytical procedure
combining microwave-assisted acid digestion of the
solid sample with subsequent elemental determination
by Agilent 7500 Inductively Coupled Plasma Mass
Spectrometer (ICP-MS). Approximately 0.1 g of each
homogenized dust sample was accurately weighed and
transferred into a microwave digestion vessel. Initially,
8 mlL of an acid mixture containing concentrated
hydrochloric and nitric acids in a volumetric ratio of 3:1
was added. The samples were subjected to the first
microwave digestion stage at 220 °C for 15 min using
an ETHOS microwave digestion system. After cooling,
2 mL of hydrofluoric acid was added to improve the
dissolution of silicate, glass-fibre and other refractory
mineral phases present in the WPCB dust. A second
microwave digestion stage was then performed at 220
°C for 20 min. Following the second digestion stage,
the samples were cooled and treated with 20 mL of
boric acid (H;BO,) solution. This treatment was ap-
plied to complex residual fluoride ions and minimize
fluoride-related interferences or damage to the
analytical system. The resulting solutions were cooled
and diluted to a final volume of 50 mL using deionized
water.The concentrations of REEs were determined
using an Agilent 7500 inductively coupled plasma mass
spectrometer. ICP-MS was selected because of its high
sensitivity, multielement capability and suitability for
determining trace and ultra-trace concentrations in
complex waste-derived matrices. The investigated ana-
Iytes included selected lanthanides, scandium and
yttrium. Uranium was determined separately because of
its environmental relevance and its possible association
with mineral and particulate residues in WPCB dust;

Table 1. Sampling results (in mg/ kg).

Ele- Oreas . MIX MIX

mene o024 oM Ramo 1l
Sc 13.5 13.2 1.02 3.2 33
Y 26.1 26.4 0.99 27.0 6.9
La 42.7 425 1.00 18.7 14.8
Ce 85.5 85.0 1.01 26.3 29.2
Pr 9.2 9.6 0.96 9.6 3.4
Nd 34.1 36.0 0.95 133.8 24.9
Sm 6.4 6.7 0.94 14.9 2.8
Eu 1.3 1.4 0.95 5.0 2.2
Gd 5.8 5.8 1.01 10.1 2.2
Tb 0.8 0.9 0.96 0.66 0.26
Dy 4.7 5.1 0.93 12.4 2.2
Ho 0.9 1.0 0.91 10.1 1.2
Er 2.7 2.9 0.93 1.4 0.73
Tm 0.36 0.40 0.90 <0.10 <0.10
Yb 24 2.6 0.91 0.65 0.54
Lu 0.4 0.4 0.90 0.12 0.10
Th 14.8 16.6 0.89 4.8 5.8
U 2.7 3.1 0.89 1.0 1.2

however, uranium was not classified as an REE. Quali-
ty assurance and quality control were conducted using
the OREAS 924 Certified Reference Material (CRM).
The reference material was analyzed in triplicate under
the same analytical conditions as the WPCB dust
samples. Analytical
comparing the measured concentrations with the
corresponding certified values. Recovery was calculated
according to:

RCCOVCIY (0/0): Cmcasurcd / Cccrtiﬁed *100 [l]

where C . req 18 the experimentally determined con-
centration and C_,s.q 15 the certified concentration of
the corresponding element in OREAS 924. These
quality-control measurements were used to assess the
suitability of the modified J.g.2:2014 procedure for the
heterogeneous WPCB dust matrix. The validated analy-
tical results were used to compare the concentrations
of individual REEs in dust samples generated from Mix

accuracy was cvaluated by

I and Mix II and to assess whether pretreatment dust
represents a potentially significant carrier of critical
elements. All concentrations are reported in mg/kg on
a dry-mass basis (Table 1).
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Recovery and valorisation assessment
The recovery
performed in order to evaluate whether dust generated
during mechanical pretreatment of WPCBs can be
considered a potentially recoverable REE-beating
fraction rather than only a residual waste stream. The
three methodological
elements: distinction between detection, recovery and
valotisation; preliminary mass-balance consideration of
the dust fraction;
evaluating recovery and valorisation potential. A
preliminary mass-balance approach was used to estima-
te the relevance of the dust fraction within the WPCB
pretreatment process. Based on operational experience
from the recycling facility, the dust fraction generated
during mechanical pretreatment represent
approximately 10% of the total mass of treated
WPCBs, depending on input material composition,
moisture content, milling intensity and efficiency of
dust collection. The calculation was based on the mea-

and valorisation assessment was

assessment was based on

and definition of criteria for

can

sured concentration of each REE and the corre-
sponding mass of collected or estimated dust material.

The potential mass of an individual REE was
calculated as:
mREE;(mg)=m,, (kg XCREE (mg/kg) ~ [2]

where mREE, is the estimated mass of an individual
rare earth element, m, . is the mass of the analysed
dust fraction, and CREE, is the measured concen-
tration of the corresponding REE. Selected calculation
was used only as a preliminary indicator of REE
material potential. It does not represent actual recovery
yield, since extraction efficiency, leaching behavior, se-
paration efficiency and process losses were not experi-
mentally determined in the research.

Recovery priority ranking

The Recovery Priority Ranking was developed to
identify which REEs should be considered the most
relevant targets for future recovery studies. The ranking
was based on four criteria: measured concentration,
technological importance, criticality and consistency of
occurrence in the investigated dust samples. The reco-
very priority score was calculated as:

RPS=w,C,+w,T;+w;K+w,O, [3]

where RPS,; is the recovery priority score of element i;
C, is the normalized concentration score of element iii;
T, is the technological importance score; K; is the

criticality score; O, is the occurrence score across the
examined samples; and w,, w,, w; and w, are weighting

factors. For the research purposes, the following
weighting factors may be applied:

RPS§;=0.40C;+0.25T;+0.25K,+0.100; [4]

The selected weighting gives the highest importance to
concentration, while considering
technological relevance, critical raw material impos-
tance and occurrence in both investigated dust samples.

The concentration score was normalized as:

C=CREE,/CREE,__x5

measured also

[3]

where CREE, is the measured concentration of ele-
ment i, and CREE___ is the highest measured REE
concentration in the dataset. This converts concen-
tration into a score from 0 to 5. The occurrence score
was assigned as 5 if the element was detected in both
Mix I and Mix II, 3 if the element was detected in one

mix only and 0 if the element was below detection
limit. The technological importance and criticality
scores were assigned on a 1-5 scale, where 1 represents
low relevance and 5 represents very high relevance.
The final recovery priority was classified as: 4.0-5.0
High priority, 2.5-3.9 Medium priority and <2.5 Low
priority. with high RPS,
considered the most relevant candidates for future

Elements values were
leaching, separation and recovery experiments. The
ranking does
feasibility, but provides a structured basis for selecting

target REEs for further recovery-oriented research.

not indicate immediate economic

Results and Discussion

Mechanical pretreatment of WPCBs resulted in the for-
mation of a fine dust fraction generated dutring
shredding and milling. The fraction is normally collec-
ted by the cyclone/filter system and is commonly
treated as a residual by-product of recycling. However,
because the dust originates from mechanical frag-
mentation of metallic coatings, soldering matetials,
glass fibers, ceramics, polymeric matrix and electronic
components, it may contain valuable and critical ele-
ments. Operational experience from the recycling
facility indicates that the dust fraction can account for
approximately 10% of the total treated WPCB mass,
depending on input material composition, moisture
content and milling conditions. Therefore, this fraction
should be considered in material flow analysis and not
excluded from recovery-oriented assessment.

REE concentration in WPCB dust

The ICP-MS analysis confirmed the presence of rare
earth elements in both dust samples generated during
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Table 2. E/ement concentration in the eDust

Element Mix I, mg/kg Mix II, mg/kg
Sc 3.20 3.30
Y 27.00 6.90
La 18.70 14.80
Ce 26.30 29.20
Pr 9.60 3.40
Nd 133.80 24.90
Sm 14.90 2.80
Eu 5.00 2.20
Gd 10.10 2.20
Tb 0.66 0.26
Dy 12.40 2.20
Ho 10.10 1.20
Er 1.40 0.73

Tm <0.10 <0.10
Yb 0.65 0.54
Lu 0.12 0.10
>REE 274.43 94.63
Th 4.80 5.80
U 1.00 1.20

the mechanical pretreatment of WPCBs. The results in
Table 2. show clear differences between Mix I,
representing WPCBs with attached components, and
Mix 1II, representing WPCBs after component
dismantling. This indicates that the presence of
electronic components has a strong influence on the
redistribution of selected REEs into the fine dust
fraction. The total REE concentration was substantially
higher in Mix I than in Mix II. Mix I contained
approximately 274.43 mg/kg of total REEs, while Mix
IT contained approximately 94.63 mg/kg. Therefore,
the REE concentration in dust from Mix I was
approximately 2.9 times higher than in Mix II. The
dominant REE in Mix I was Nd, with 133.8 mg/kg,
representing almost half of the total REE content in
this sample. This is particularly important because Nd
is one of the most technologically relevant REEs due
to its use in permanent magnets, electric motors and
advanced electronic applications. Other important
elements in Mix I included Y at 27.0 mg/kg, Ce at 26.3
mg/kg, La at 18.7 mg/kg, Sm at 14.9 mg/kg and Dy at
12.4 mg/kg. The presence of Nd, Pr, Sm and Dy
indicates that the dust fraction may contain magnet-
related REEs of potential recovery interest. In Mix 11,
the dominant elements were Ce, Nd, La and Y,
although at generally lower concentrations than in Mix
I. Ce reached 29.2 mg/kg, slightly higher than in Mix I,

while Nd decreased sharply from 133.8 mg/kg in Mix I
to 24.9 mg/kg in Mix II. This decrease suggests that
attached electronic components strongly contribute to
Nd redistribution into the dust fraction during
mechanical pretreatment. Similar reductions were
observed for Y, Pr, Sm, Gd, Dy and Ho. The
comparison between the two mixtures indicates that
dismantling of electronic components before shredding
and milling significantly reduces the total REE con-
centration in the generated dust. This suggests that a
considerable portion of REEs, especially Nd and other
magnet-related or component-associated elements,
originates from attached electronic components rather
than only from the board substrate. However, the
continued presence of REEs in Mix II shows that the
remaining WPCB including  glass-fibre
matrix, coatings, ceramic particles, soldering residues
and fine non-metallic fractions, may also contribute to
REE occutrence in pretreatment dust. Thorium and
uranium were not included in the total REE calcu-
lation, but their presence is relevant for environmental

structure,

and waste management interpretation. Th ranged from
4.8 to 5.8 mg/kg, while U ranged from 1.0 to 1.2
mg/kg. Although these values are relatively low, they
confirm that pretreatment dust is a chemically complex
fraction requiring controlled handling, proper storage
and further assessment before recovery or disposal.
The combined concentration and mass-balance inter-
pretation shows that WPCB pretreatment dust is not
only a residual by-product, but a potentially relevant
secondary material. The higher REE content in Mix 1
suggests that processing complete boards may con-
centrate more REEs in the dust fraction, while
component dismantling reduces but does not eliminate
REE presence. The finding is important for designing
future recovery strategies, because it shows that dust
management should be integrated with decisions on
dismantling, separation and downstream treatment.

Recovery priority ranking

The recovery priority ranking was applied to identify
which REEs detected in WPCB pretreatment dust
should be considered the most relevant targets for
future recovery studies. The ranking was based on a
combination of measured concentration, technological
importance, criticality and the
investigated mixtures. The approach was used because
the most abundant REE is not always the most

occurrence in

strategically important, while some elements with
moderate or low concentrations may still be relevant
because of their role in high-value technologies. The
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ranking combines both material availability and
technological relevance. The highest recovery priority
was assigned to elements that showed high concen-
trations in the dust and strong industrial importance. In
the research, Nd clearly has shown as the most
important target element. It had the highest measured
concentration, reaching 133.8 mg/kg in Mix I, and it is
one of the most important REEs for permanent
magnets, electric motors
technologies. For this reason, Nd should be considered
the primary candidate for future recovery-oriented
experiments. Other elements with relevant recovery
potential included Y, Ce, La, Dy, Pr, Sm and Gd. Y, Ce
and La were present in relatively high concentrations,
while Dy, Pr and Sm are especially important because
of their use in magnet-related applications. Although
Tb was detected at low concentration, it remains
relevant from a strategic perspective due to its high
technological importance and criticality. The calculated
ranking (Table 3.) shows that the most promising
recovery targets from WPCB dust are Nd, Ce, La and
Y, followed by Dy, Pr, Sm, Gd and Sc. Elements such
as Tb, Eu and Ho may be considered secondary

targets, especially if they can be co-tecovered together

and advanced electronic

with more abundant REEs during future processing.
The calculated ranking confirms that Nd has the
strongest recovery potential in the investigated dust,
due to its dominant concentration and high techno-
logical relevance. Although Ce, La and Y have lower
criticality than Nd, their relatively high concentrations
and broad industrial applications make them important
recovery candidates. Dy and Pr have lower concen-
trations but remain relevant because of their high
importance in permanent magnet technologies. The
results show that some low-concentration elements,
such as Tb and Sc, should not be automatically
excluded from future recovery considerations. Their
concentration in the dust is limited, but their
technological importance and criticality justify moni-
toring them in future leaching and separation studies,
particulatly if they can be recovered together with more
abundant REEs. The ptiority ranking
indicates that future experimental work should prima-
rily focus on Nd, followed by Ce, Y, La, Dy and Pr.
The ranking does not demonstrate economic feasibility
or actual recovery efficiency, but it provides a tran-
spatent basis for selecting target REEs for further
leaching, sepatation and valorisation studies.

recovery

Element  Mix1  Mix I C T K O RPS  Priority Table 3
Nd 133.80  24.90 5.00 5 5 5 5.00 High Caleulated Recovery
- Priority Ranking

Ce 2630 29.20 1.09 4 4 5 394  Medium Mise T and IT are
La 1870 14.80 0.70 4 4 5 378 Medium )
Y 2700 6.90 1.01 4 4 5 390 Medium

Dy 1240 220 0.46 5 5 5 318 Medium

Pr 9.60 3.40 0.36 5 5 5 314 Medium

Sm 1490  2.80 0.56 4 4 5 372 Medium

Gd 1010 220 0.38 4 4 5 3.65  Medium

Sc 3.20 3.30 0.12 5 5 5 3.05  Medium

Eu 5.00 2.20 0.19 4 4 5 358 Medium

Tb 0.66 0.26 0.02 5 5 5 300 Medium

Ho 1010 120 0.38 3 3 5 2.65  Medium

Er 1.40 0.73 0.05 3 3 5 252 Medium

Yb 0.65 0.54 0.02 2 2 5 1.51 Low

Lu 0.12 0.10 0.00 2 2 5 1.50 Low
Tm <010 <010 0.00 2 2 0 1.00 Low

Valorisation potential in WPCB recycling

The obtained results indicate that dust generated during
mechanical pretreatment of WPCBs should not be
considered only as a residual by-product, but also as a
potentially relevant secondary material within the recy-
cling chain. Although the dust fraction is usually treated

as a problematic residue, the presence of REEs con-
firms that part of the critical material content of
WPCBs is redistributed into this fraction during shred-
ding and milling. From the perspective of WPCB
recycling, valorisation potential is based on three main
aspects: the chemical value of the dust, its availability as
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an already generated by-product, and its possible
integration into existing recycling processes. The dust
does not require additional primary extraction or
separate collection from consumers, because it is
already formed during industrial pretreatment and can
be collected through cyclone and filtration systems.
This gives the fraction practical relevance for circular
economy-oriented recycling. The higher total REE
concentration in Mix I suggests that dust generated
from WPCBs with attached components has stronger
valorisation potential than dust generated after
component dismantling. Mix I contained 274.43 mg/kg
of total REEs, while Mix II contained 94.63 mg/kg.
The difference indicates that attached components
contribute significantly to REE enrichment in the dust
fraction. However, the presence of REEs in Mix II also
shows that the remaining board substrate, glass-fibre
matrix, soldering residues, coatings and fine non-
metallic particles may still act as carriers of REEs. The
most important valorisation target identified in the
research is Nd, which reached 133.8 mg/kg in Mix I.
The element has high technological relevance because
of its use in permanent magnets, electric motors and
advanced electronic devices. Other relevant elements
include Ce, Y, La, Pr, Dy, Sm and Gd. Ce, La and Y are
important because of their relatively higher occutrence
and broad industrial applications, while Pr and Dy are
particularly relevant for magnet-related technologies.
Therefore, the dust fraction may have value not only
because of total REE content, but also because it con-
tains elements with strategic technological importance.

Conclusions

The research unveiled that dust generated during me-
chanical pretreatment of WPCBs is not only a residual
by-product, but also a relevant REE fraction. The total
REE concentration was significantly higher in dust
from WPCBs with attached components (Mix I: 274.43
mg/ke) than in dust from dismantled boards (Mix II:
94.63 mg/kg), indicating that attached electronic
components strongly influence REE redistribution into
the fine dust fraction. From a waste management and
circular economy perspective, WPCB pretreatment
dust should be considered a potential secondary raw
material rather than a waste fraction only. Its separate
collection and characterization could reduce the loss of
critical elements and improve the overall material ef-
ficiency of WPCB recycling. However, the results re-
present a preliminary valorisation assessment. Further
research should include leaching experiments, separa-

tion tests, recovery efficiency analysis, environmental
risk assessment and techno-economic evaluation. The
findings confirm that WPCB pretreatment dust is an
overlooked fraction with potential for REE recovery
and valorisation within electronic waste recycling sy-
stems.
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