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Abstract

This study compares the response of five coal-derived post-mining waste streams from
Poland and the Czech Republic to dry electrostatic and magnetic separation, with emphasis
on rare earth element (REE) enrichment, product yield, and material variability. The
materials included dump-derived wastes and process-derived streams from beneficiation
operations. Electrostatic separation was performed on the <45 um fraction, whereas
magnetic separation was performed on the <3 mm fraction. Chemical composition was
determined by ICP-MS, and process response was evaluated using enrichment factor (EF),
product yield, and mass distribution. The ZREE content of the feeds ranged from 109.33
to 250.54 ppm, while loss on ignition varied from 12.5% to 50.8%, confirming substantial
heterogeneity. Electrostatic separation produced only moderate and material-specific
enrichment, with EF 2REE values generally close to unity and reaching a maximum of 1.26
for the Haldex K conductive product. Magnetic separation was less favourable, as most
magnetic products showed XREE depletion or very low yields. Although the Haldex K
paramagnetic product reached EF XREE = 1.30, its yield was only 0.2%. Overall, no tested
configuration combined high REE enrichment with high product yield, indicating limited
standalone beneficiation potential for the investigated materials. This study provides a
comparative process-response assessment of low-grade, heterogeneous coal-derived post-
mining waste streams and shows that dry electrostatic and magnetic separation can reveal
material-dependent REE partitioning behaviour under laboratory conditions.

Keywords: coal mining waste; dry separation; electrostatic separation; magnetic separation;
REE recovery; enrichment factor; beneficiation

1. Introduction

The increasing demand for critical raw materials, including rare earth elements (REE),
has intensified research into secondary and alternative sources of these elements. Mining
and mineral-processing wastes are increasingly considered in this context, not only as envi-
ronmental liabilities but also as potential anthropogenic resources within circular economy
strategies. In this context, the evaluation of coal-derived post-mining waste requires not
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only the determination of bulk REE concentrations, but also an assessment of whether REE-
bearing components show preferential partitioning during physical separation. This study
therefore combines ICP-MS-based chemical characterization with laboratory-scale dry elec-
trostatic and magnetic separation tests to evaluate material-dependent process response.

1.1. Demand for Critical Raw Materials and Circular Economy Context

The development of clean energy technologies, electrified transport, permanent mag-
nets, advanced electronics, and grid infrastructure has increased the strategic importance
of REE and other critical raw materials (CRM). Recent analyses indicate sustained growth
in demand for these elements, particularly in sectors linked to the energy transition and
high-performance material supply chains [1-4].

From the European perspective, this demand is accompanied by a high dependence
on geographically concentrated extraction and processing capacities. In response, the Euro-
pean Union has introduced policy and regulatory frameworks aimed at strengthening raw
material security and increasing the role of secondary sources. Regulation (EU) 2024 /1252
explicitly promotes the recovery and recycling of critical raw materials, including the
development of secondary supply streams [5,6]. This is consistent with broader circular
economy objectives and Sustainable Development Goal 12, which emphasize resource
efficiency, waste reduction, and responsible production and consumption [7,8]. In this
context, post-mining waste streams may contribute to both waste management and raw
material security, provided that their composition and process response are sufficiently
understood [5,9,10].

1.2. Mining Waste as a Potential Source of REE

Coal-derived post-mining waste represents an important category of secondary ma-
terial in Central Europe because of the scale, spatial distribution, and long-term environ-
mental relevance of historical and current coal-mining activities. In Poland and in the
Czech part of the Upper Silesian Coal Basin, large volumes of processing waste have been
deposited in dumps or managed in beneficiation facilities. These materials differ in origin,
processing history, particle-size distribution, mineral composition, and organic matter
content, which may strongly affect their behaviour during physical separation [11-14].

The present study was designed as a regional comparative case study focused on
five coal-derived post-mining waste streams from Poland and the Czech Republic. The
materials were selected intentionally rather than randomly. The selection criteria included
the following: (i) location within the Upper Silesian Coal Basin or its industrial surround-
ings, (ii) different origins of the waste streams, including dump-derived materials and
products or by-products of beneficiation operations, (iii) expected variability in particle-size
distribution, mineral composition, organic matter content, and processing history, and
(iv) availability of representative bulk samples suitable for laboratory-scale separation tests.
The selected materials provide a controlled comparative set of waste streams with different
origins, processing histories and material characteristics. This design enables assessment
of how these differences affect REE distribution and the response to dry electrostatic and
magnetic separation.

Coal-derived wastes are commonly dominated by aluminosilicate phases, accompa-
nied by iron-bearing minerals, carbonaceous matter, carbonates, and accessory minerals.
In the investigated materials, preliminary chemical characterization indicated that SiO,
and Al,Oj; are the dominant major oxides, with variable contributions of Fe,O3, CaO,
MgO, alkali metal oxides, and loss on ignition [15,16]. Such variability is relevant because
REE in coal and coal-related by-products usually occur at low concentrations and may be
associated with several mineral hosts, including accessory phosphates, heavy minerals,
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fine-grained aluminosilicates, or surface-bound phases [17,18]. Consequently, the ben-
eficiation potential of these wastes cannot be assessed solely on the basis of bulk REE
content. It is also necessary to determine whether REE-bearing components show preferen-
tial partitioning into products formed according to differences in electrical properties or
magnetic susceptibility.

1.3. Separation Methods and Scope of the Study

Hydrometallurgical and bio-based extraction methods are being widely investigated
for REE recovery from coal-derived wastes and fly ash, and they remain important routes for
obtaining dissolved REE from low-grade secondary resources [17-19]. However, the direct
application of dissolution-based methods to heterogeneous, low-grade post-mining wastes
may involve high reagent consumption, partial dissolution of major matrix components,
generation of liquid waste streams, and the need for multi-stage purification. For this
reason, physical separation may be considered as a preliminary beneficiation or process-
diagnostic stage rather than as a direct substitute for chemical leaching or bioleaching.

Dry electrostatic and magnetic separation were selected in this study because they
respond to different material properties. Electrostatic separation exploits differences in
conductivity, charge retention, and dielectric behaviour of particles, while magnetic sep-
aration is based on differences in magnetic susceptibility, particularly the response of
iron-bearing and other magnetically susceptible phases [20-22]. These methods may there-
fore provide information on whether REE-bearing components are preferentially associated
with electrically or magnetically distinguishable fractions. This is relevant for prelimi-
nary process-route design, especially when the objective is to reduce the mass of material
directed to subsequent extraction stages or to identify whether further beneficiation is
justified [16,17,20-22].

Recent studies on coal-derived materials and coal combustion by-products indicate
that REE may occur in several associations, including aluminosilicate or glassy components,
discrete phosphate or silicate minerals, Fe-bearing phases, and organic or carbon-rich
matter [18,23,24]. Consequently, bulk REE concentration alone does not determine whether
a material will respond favourably to physical separation. The response to electrostatic
or magnetic separation depends on whether REE-bearing components are sufficiently
liberated and whether they are associated with particles exhibiting distinct electrical or
magnetic properties.

The feasibility of dry separation depends on local operating conditions, including
electricity costs, water availability, product yield, separation selectivity and downstream
processing requirements. Because no techno-economic or life-cycle assessment was per-
formed, economic and environmental feasibility is outside the scope of this study.

The main contribution of this work is a comparative process-response assessment of
five coal-derived post-mining waste streams from the Upper Silesian Coal Basin region
and its industrial surroundings. This study combines ICP-MS-based REE determination
with dry electrostatic and magnetic separation tests to evaluate the relationship between
feed characteristics, product yield, enrichment factor and REE partitioning behaviour. This
approach allows apparent concentration increases to be distinguished from process-relevant
enrichment and identifies the limitations of dry physical separation as a preliminary
screening step for low-grade, heterogeneous materials.

2. Materials and Methods
2.1. Materials and Sampling

Five coal-derived post-mining waste streams were selected for the study according
to their origin, processing history, and expected material variability. Two materials were
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collected from waste dumps located in the Czech Republic, i.e., Paskov and Karvina,
while three materials were obtained from the Haldex facility in Poland: material from
the Panewnicka dump (“Haldex S”), beneficiation waste (“Haldex O”), and beneficiation
concentrate (“Haldex K”). This selection allowed the comparison of dump-derived materi-
als with process-derived streams obtained during coal waste beneficiation. The general
locations of the three dump-derived material sources are shown in Figures 1-3. For each
material, one sampling point was selected within the corresponding material source area,
and one bulk sample was collected for further preparation and laboratory testing.

. ¥40182.5)11938118¥437902)

Figure 1. General location of the Karvind post-mining waste material source area. The material
was collected from one selected point within this location and used as a dump-derived coal-mining
waste sample.

\® 219816 10EES

Figure 2. General location of the Panewnicka post-mining waste dump, corresponding to the Haldex
S material. The material was collected from one selected point within this location and used as a
dump-derived post-mining waste sample.
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Figure 3. General location of the Paskov post-mining waste material source area. The material
was collected from one selected point within this location and used as a dump-derived coal-mining
waste sample.

Paskov and Karvind represent post-mining waste dumps in the Czech Republic, while
Haldex S, Haldex O, and Haldex K represent material streams from the Haldex facility in
Poland. For process-derived materials, the map indicates the facility location, whereas the
material type is specified in the text.

The materials were selected to represent contrasting positions within the coal-waste
management chain, including weathered dump-derived materials, secondary handled
dump material, beneficiation waste and beneficiation concentrate. This selection enabled
comparison of waste streams differing in origin, processing history, particle-size charac-
teristics, mineral composition and organic matter content, all of which may influence REE
distribution and separation behaviour.

Sampling was conducted during a single sampling campaign under stable meteorolog-
ical conditions in order to minimize short-term variability related to moisture and surface
conditions. For each material, one sampling point was selected within the corresponding
material source area. The sampling procedure was generally consistent with the principles
of ISO 18400-101:2017 for solid materials [25]. From the selected point, a bulk sample of
approximately 100 kg was collected from the surface and shallow subsurface material.

The composite sampling strategy was adopted because post-mining waste materials
are typically heterogeneous at both local and stockpile scales. The objective was to ob-
tain representative bulk samples suitable for comparative chemical characterization and
laboratory-scale separation tests. The collected samples were transported to the laboratory,
dried, mechanically homogenized, and divided into representative laboratory test portions
prior to particle-size preparation and separation.

After drying, each bulk sample was spread, mixed and repeatedly homogenized
before subsampling. Representative portions for comminution and separation tests were
obtained by successive sample splitting. The same preparation logic was applied to all

https://doi.org/10.3390 /min16060604


https://doi.org/10.3390/min16060604

Minerals 2026, 16, 604

6 of 30

materials, including Haldex K. Therefore, the lower mass used for the Haldex K electrostatic
separation tests should be interpreted as a representative laboratory test portion obtained
from the homogenized bulk material, rather than as a separate grab sample. Nevertheless,
because post-mining waste is inherently heterogeneous, the use of different feed masses
is recognized as a methodological limitation when comparing absolute product masses
between materials. All samples were processed as loose, granular coal-derived post-mining
waste materials.

No chemical pre-treatment, pelletisation, slurry preparation, or flotation conditioning
was applied before the separation tests. After drying and homogenization, the materials
were mechanically prepared into two operational particle-size fractions: <3 mm for mag-
netic separation and <45 pum for electrostatic separation. The experimental system was
therefore based on dry particulate feeds processed in laboratory-scale electrostatic and
magnetic separators, with the operating parameters described in the following subsections.

2.2. Feed Preparation and Particle Size Classification

The experimental design was based on a comparative process-response evaluation
of five post-mining waste streams subjected to two dry physical separation methods:
electrostatic separation and magnetic separation. The main experimental factors were
as follows:

(i) Material type;

(ii) Particle-size fraction;

(iif) Separation method;

(iv) Operating conditions of the separator;
(v) Product type obtained after separation.

For electrostatic separation, each material was tested under two operating conditions,
referred to as Test I and Test II. The products were collected as conductive, semi-conductive,
and non-conductive fractions. For magnetic separation, the materials were processed under
different magnetic field intensity settings, and the products were collected as magneti-
cally susceptible and non-magnetic fractions. In selected configurations, the magnetically
susceptible product was further separated into strongly and weakly paramagnetic fractions.

The workflow of the experimental procedure was as follows:

Collection of five bulk composite samples;

Drying, homogenization, and representative subsampling;

Preparation of the <3 mm fraction for magnetic separation;

Additional grinding of representative portions to <45 um for electrostatic separation;
Dry electrostatic and magnetic separation tests;

Weighing of separation products and calculation of mass yields and mass balance;
Chemical analysis of feed and product samples;

Calculation of XREE, XLREE, ZHREE, enrichment factors, and repeatability indicators.

The overall experimental workflow and the distinction between controlled variables,
intentionally varied variables and evaluation indicators are summarized in Scheme 1.

The experimental program was designed as a comparative process-response study
rather than as a full factorial optimization of separator operating parameters. Therefore,
the primary comparison was made between materials and product types under predefined
laboratory conditions. Within each separation method, the key operational variables were
controlled as far as possible, including drying procedure, homogenization, particle-size
fraction, feed rate, separator settings within a given test configuration, laboratory tem-
perature and humidity, separator cleaning, and replicate testing. The intentionally varied
factors were the material type, the electrode voltage configuration used during electrostatic
separation, and the magnetic field intensity configuration used during magnetic separation.

https://doi.org/10.3390 /min16060604


https://doi.org/10.3390/min16060604

Minerals 2026, 16, 604

7 of 30

Because electrostatic and magnetic separation rely on different physical mechanisms and
require different operational feed-size ranges, the results were interpreted separately for
each method and compared using relative indicators, especially product yield, mass closure,
enrichment factor, LOI and the EF-yield relationship.

Experimental design and controlled-variable framework used in the comparative separation study
"8
~ Five post-mining
< waste streams (
@ A. Controlled variables > ‘ e B. Varied variables
r N
o Drying procedure 9% Drying and ;
et (=) homogenization © Material type
* Homogenization L )
® Particle-size fraction * 5 * Eéﬁfri(::t;fr:tage
within each method @ Preparation of 9
o (Eseilipte = <3 mm fraction ® Magnetic field
intensity
® Separator settings l configuration
within test configuration ‘
Additional grinding
o Laboratory n Magnetic separation ] ‘ E-_{; to <45 ym ]
temperature/humidity poR — ¢
I +  Electrostatic
~ f l l l ‘ %i__ separation ] ——
= |
I/ A ¢ 1 3
9% | 00, Peo®
-.:.'.’ 050% ® o0 Cand o N o
Paramagnetic Strongly Weakly Non-magnetic FySlct product product
product paramagnetic paramagnetic product ::-: - e :-:o.
product product :I: LU Y
‘ @ C. Evaluation indicators ’
L ® Product yield ® Mass closure e 3REE e EF e LOI o EF-yield relationship ’

Scheme 1. Experimental design and controlled-variable framework used in the comparative separa-
tion study. The scheme shows the preparation of the five post-mining waste streams, the separation of
the <3 mm fraction by magnetic separation, the additional grinding step to <45 pm before electrostatic
separation, the resulting product groups, and the main controlled variables, varied variables and
evaluation indicators used for process-response assessment.

The materials intended for dry separation tests were dried at 105 °C to constant mass,
defined as a mass difference of less than 0.1% between two consecutive weighings, using
a ZALMED SML48/250 laboratory dryer (Zalmed, Warsaw, Poland). After drying, the
samples were cooled in a desiccator and homogenized before further preparation.

Two particle-size fractions were prepared because the two separation methods have
different operating requirements and separation mechanisms. The material intended for
magnetic separation was initially crushed using a Retsch BB100 jaw crusher (Retsch GmbH,
Haan, Germany) with a 10 mm gap setting and subsequently ground using a Retsch DM200
disc mill (Retsch GmbH, Haan, Germany) to obtain the <3 mm fraction. Particle size
was controlled using a Fritsch Pulverisette (FRITSCH GmbH, Idar-Oberstein, Germany)
laboratory sieve shaker equipped with a 3 mm square mesh sieve, and the oversize fraction
was returned to the mill.

A representative portion of the <3 mm material was then additionally ground for elec-
trostatic separation using a Testchem LMW vibratory mill (Testchem Sp. z o0.0., Zawiercie,
Poland) to obtain the <45 um fraction. Particle size after this stage was controlled using
a Fritsch sieve shaker (Fritsch GmbH, Idar-Oberstein, Germany) equipped with a 45 um
square mesh sieve, and the oversize fraction was reprocessed.
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The <45 pm particle-size fraction was selected for electrostatic separation as a fine
and operationally stable feed suitable for the applied drum-type separator. Fine grinding
was also intended to reduce the effect of coarse composite particles and improve the
probability that differences in electrical behaviour between particle populations could be
expressed during separation. This does not mean that electrostatic separation is limited
to particles below 45 pm. Electrostatic separation may also be applied to coarser particles,
depending on separator design, particle shape, surface properties, moisture content, and
material composition.

In the present study, the <45 um fraction was adopted as an operational feed size
to ensure stable feeding, improve comparability between the investigated materials, and
reduce the influence of coarse composite particles under laboratory-scale conditions. The
cut-off was therefore selected for experimental and operational reasons, not because it had
been confirmed as the liberation size of REE-bearing phases. The <45 um fraction should
not be interpreted as an experimentally confirmed liberation size of REE-bearing minerals.
No microscopic liberation analysis, SEM-EDS, or XRD-based mineralogical quantification
was performed in this study. Therefore, the actual liberation size of REE carriers was
not determined.

The <3 mm fraction was selected for magnetic separation because it corresponded to
the feed-size range suitable for the applied laboratory magnetic separator and allowed the
response of the material to magnetic susceptibility differences to be assessed after moderate
comminution. This size was not assumed to represent the liberation size of REE-bearing
phases. Rather, it was used as an operational particle-size fraction enabling assessment of
whether REE-bearing components are preferentially associated with magnetically suscepti-
ble particles in a relatively coarse feed.

Consequently, the <3 mm fraction was used as the feed for magnetic separation,
whereas the <45 um fraction was used as the feed for electrostatic separation. This dis-
tinction reflects the different technical requirements, feed-size suitability, and separation
mechanisms of the two dry separation methods and should not be interpreted as evidence
that REE liberation occurs at these particle sizes.

To minimize cross-contamination during crushing and grinding, a cleaning run was
performed before the first sample and between subsequent samples. An inert material, pure
quartz, was processed for 60 s, after which the equipment was cleaned using compressed
air and isopropyl alcohol.

2.3. Electrostatic Separation

Electrostatic separation was carried out on the <45 pum fraction using a drum-type elec-
trostatic separator (Boxmag Rapid Co. Ltd., Birmingham, UK) equipped with a high-voltage
electrode and a three-compartment product collection system. The technical specifications
of the separator are provided in Table S1. The general configuration of the electrostatic
separator and the product collection system is shown in Scheme 2.

Two operating variants were applied for each material, as detailed in Table S2. These
variants differed in drum rotational speed and electrode voltage, whereas the vibratory
feeder setting and particle-size fraction were kept constant. The purpose of applying two
operating configurations was to assess whether moderate changes in electrode voltage
configuration and drum operation affected product distribution and REE enrichment.

The feed masses used for electrostatic separation are provided in Table S3. Different
feed masses were used because the availability, handling behaviour and expected product
distribution of the individual materials varied, and sufficient product mass was required
for subsequent chemical analysis. In each case, the test portions were obtained from
dried, homogenized and subsampled material. Particular attention was given to Haldex
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K, for which lower feed masses were used. The 100 g Haldex K portions were obtained
after drying, comminution, homogenization and successive subsampling of the prepared
bulk material, rather than as separate grab samples. Therefore, the Haldex K test mass
was considered representative for laboratory-scale process-response testing. However,
the difference in feed mass between materials is acknowledged as a limitation for direct
comparison of absolute product masses. For this reason, interpretation was based primarily
on relative product yields, enrichment factors and repeatability indicators rather than on
product mass alone.

@ CONDUCTIVE
© SEMI-CONDUCTIVE
(O NON-CONDUCTIVE

=a 4| \z

Scheme 2. Schematic representation of the drum-type electrostatic separator used in this study:
1—feed hopper; 2—vibratory feeder; 3—high-voltage electrode; 4—rotating drum; 5—brush;
6—separation partitions; 7—conductive product container; 8—semi-conductive product container;
9—non-conductive product container.

During electrostatic separation, the feed material was introduced from the hopper
through the vibratory feeder onto the rotating drum as a thin layer at a constant feed
rate of 10 g/min. The distance between the electrode and the drum surface was main-
tained at 0.03 m. In the electric field generated by the high-voltage electrode, particles
followed different trajectories depending on their charging behaviour, discharge time and
electrical properties. The products were collected as conductive, semi-conductive and
non-conductive fractions in separate collection compartments, while the brush was used
to remove particles remaining on the drum surface. Separation was conducted under
controlled laboratory conditions, with temperature maintained at 22-24 °C and relative
humidity at 45%-50%. Temperature and humidity were recorded at 10 min intervals. Be-
tween experimental series, the separator was cleaned using compressed air to minimize
particle carry-over. Each test configuration was performed in triplicate using independently
prepared portions of homogenized material.

2.4. Magnetic Separation

Magnetic separation was carried out on the <3 mm fraction using a laboratory-scale
plate-type magnetic separator equipped with a permanent magnet and electromagnets. The
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technical specifications of the separator are provided in Table S4. The general configuration
of the magnetic separator and the product collection system is shown in Scheme 3.

FEEDER

WEAKLY PARAMAGNETIC
PRODUCT

@ STRONGLY PARAMAGNETIC
@ WEAKLY PARAMAGNETIC
(O NON-MAGNETIC

NON-MAGNETIC
PRODUCT

ROTATING DISK

STRONGLY PARAMAGNETIC
PRODUCT

Scheme 3. Schematic representation of the laboratory-scale magnetic separator used in the study.

The feed material was introduced from the feeder onto the beginning of the conveyor
belt and transported under a rotating magnetic disc. Depending on their magnetic suscepti-
bility, particles were deflected from the belt trajectory to different collection zones. Strongly
paramagnetic particles were deflected to the left and collected as the strongly paramagnetic
product, whereas weakly paramagnetic particles were deflected to the right and collected
as the weakly paramagnetic product. The remaining non-magnetic material continued
along the belt and was discharged at the end of the conveyor into the non-magnetic prod-
uct container. In some test configurations, the magnetically susceptible material was not
divided into strongly and weakly paramagnetic products and was collected as a single
paramagnetic product.

The feed masses used for magnetic separation are provided in Table S5. These masses
were selected to obtain sufficient quantities of magnetically susceptible products for weigh-
ing and chemical analysis, while taking into account the availability of individual materials
and their expected magnetic response.

Magnetic separation was conducted using the operating conditions provided in
Table S6. The process was performed under different magnetic field intensity configu-
rations to assess whether REE-bearing components showed preferential association with
magnetically susceptible fractions. For most materials, three test configurations were ap-
plied. For Haldex K, the test was limited to one configuration because of the available
material quantity and the very low yield of the magnetically susceptible product.

A constant feed rate and constant transport system velocities were maintained during
the tests: feed rate of 8 g/min, belt speed of 0.6 m/s, and magnetic roll speed of 15 rpm. The
non-magnetic fraction was determined from the mass balance of the feed and magnetically
susceptible products. For product streams with a mass below 3 g, especially paramagnetic
products, samples obtained under the same operating configuration were combined prior
to chemical analysis in order to obtain sufficient analytical mass. The magnetic-separation
products selected for chemical analysis and their corresponding sample codes are listed
in Table S7.

2.5. Methodology for the Analysis of Selected Elements

In addition to the separation products, five feed samples representing the initial
materials were prepared for chemical analysis: Paskov, Karvina, Haldex S, Haldex O, and
Haldex K. The feed sample identification codes are provided in Table S8.
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Chemical analyses were performed using inductively coupled plasma mass spectrome-
try (ICP-MS) at Bureau Veritas Commodities Canada Ltd. (Timmins, ON, Canada) Samples
were prepared by fusion with a LiBO,/Li;B4O7 flux. The fused bead was dissolved in
nitric acid, and the resulting solution was analyzed by ICP-MS to determine rare earth
elements and selected accompanying elements. Loss on ignition (LOI) was determined by
heating a representative portion of the sample and measuring the mass loss.

The analytical program was focused on bulk chemical composition and REE distribu-
tion between separation products, as determined by ICP-MS. Complementary mineralogi-
cal and magnetic characterization by SEM-EDS, XRD and VSM was not included in the
present experimental scope. This was because the study was designed as a laboratory-scale
process-response assessment of dry electrostatic and magnetic separation, rather than as a
full mineralogical identification of REE host phases. Consequently, interpretations concern-
ing REE-bearing phases, liberation behaviour and magnetic response are treated as indirect
process-based indications derived from product chemistry, enrichment factors, product
yield and mass distribution, rather than as direct mineralogical or magnetic confirmation.

2.6. Data Processing and Process Evaluation Indicators
2.6.1. Units, Notation, and Treatment of Values Below the Detection Limit

Concentrations of trace elements and rare earth elements were reported in ppm,
equivalent to mg/kg. Major components and LOI were expressed in wt.%. Values reported
by the laboratory as below the detection limit were treated as non-quantifiable values with
only an upper boundary known. For calculations requiring numerical values, a substitute
value equal to 0.5 x DL was applied. If a given element was reported as below the detection
limit in both the feed and product, derived indicators for that element were not calculated.

2.6.2. Definitions of REE Sums

The total rare earth element content, XREE, was calculated as the sum of Sc, Y, and
lanthanides from La to Lu:

YREE=Sc+Y+La+Ce+Pr+Nd+Sm+Eu+Gd+Tb+Dy+Ho+Er+Tm+Yb+Lu (1)

The sum of light rare earth elements, XLREE, included lanthanides from La to Eu:
YLREE=La+ Ce + Pr+ Nd + Sm + Eu (2)

The sum of heavy rare earth elements, HREE, included Sc, Y, and lanthanides from
Gd to Lu:
YHREE=5c+Y+Gd+Tb+Dy+Ho+Er+Tm+ Yb+Lu 3)

The same definitions were applied consistently to feed materials and separation products.

2.6.3. Mass Yield and Mass Balance

The mass yield of a given product was calculated as
Y; (%) = m;/mg * 100 4)

where Y; is the mass yield of product i, m; is the mass of product i, and mp is the mass of
the feed.
The mass balance, also referred to as mass closure, was calculated as

MB(%) = Zm; /mg * 100 (5)
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where ) m; is the sum of the masses of all collected products. Mass balance was used
to assess the consistency of the separation tests and to identify possible losses related
to dusting, particle carry-over, deposition on separator elements, transport, or auxiliary
handling operations.

The masses of feeds and separation products were determined using a laboratory
balance with a readability of £0.01 g. Product yields and mass closures were calculated
from the measured masses and then rounded for tabular presentation. For the purpose
of laboratory-scale separation tests, mass closure within 99.5%-100.5% was treated as ac-
ceptable. Deviations within this range were interpreted as resulting mainly from weighing
precision, rounding and minor handling effects rather than from systematic material loss.
This criterion was particularly relevant for low-mass products, such as semi-conductive or
paramagnetic fractions, where the relative influence of weighing uncertainty is higher.

2.6.4. Enrichment Factor (EF)

The enrichment factor, EF, was used to evaluate whether a given component was
enriched or depleted in a product relative to the corresponding feed. It was calculated as

EFx,i = Cx,i/ CX,F (6)

where EF, ; is the enrichment factor of component x in product i, Cy ; is the concentration
of component x in product i, and Cy F is the concentration of component x in the feed.

An EF value greater than 1 indicates enrichment relative to the feed, whereas an
EF value below 1 indicates depletion. EF values were calculated for XREE and selected
individual REE.

2.6.5. Repeatability of Results: Standard Deviation and RSD

For product yields in each separation configuration, three independent replicate tests
were performed. The repeatability of product yield was expressed using the standard
deviation of yield, reported in percentage points. This parameter was used to describe the
variability of product mass distribution between replicate tests.

Where parallel chemical determinations were available, the repeatability of “REE
content was expressed using the relative standard deviation:

RSD(%) = (SD/x)-100 @)

where SD is the standard deviation of replicate measurements and X is the arithmetic mean.
RSD was applied only to concentration data and not to product yield values.

2.6.6. Analytical Consistency Control: Sum of Major Components and LOI

To verify the consistency of the chemical data, a summary parameter was calculated
as the sum of major components reported as oxides plus LOIL The obtained values were
compared with 100% as an internal analytical consistency check, taking into account
analytical uncertainty and rounding effects.

3. Results
3.1. Feed Characterization After Drying and Particle Size Preparation

The initial chemical composition of the feed materials prepared to the <3 mm particle
size fraction is presented in Table 1. This fraction was used directly as the feed for magnetic
separation and also constituted the starting material for further grinding to <45 pm prior
to electrostatic separation.
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Table 1. Initial chemical composition of feed materials in the <3 mm particle size fraction (rare earth
elements determined by ICP-MS).

Feeq LREE Nd (ppm) Pr(ppm) Dy (ppm) ZLREE LHREE LOI Total Oxides
Material (ppm) (ppm) (ppm) (%) + LOI (%)
Paskov 224.76 36.20 9.10 5.75 158.27 66.49 50.8 99.61
Karvina 209.81 30.89 8.26 4.59 151.37 58.44 18.5 99.84
Haldex S 222.69 32.40 8.68 5.28 157.91 64.78 26.3 99.83
Haldex O 250.54 37.00 9.92 5.63 181.11 69.43 33.9 99.73
Haldex K 109.33 16.90 431 2.83 77.12 32.21 12.5 99.84

The chemical composition presented in Table 1 refers to the <3 mm fraction. This
fraction was used directly as the feed for magnetic separation and as the starting material
for additional grinding prior to electrostatic separation. Therefore, the results in Table 1
provide the common reference composition for evaluating the response of the investigated
materials to both dry separation methods.

The XREE content of the feed materials ranged from 109.33 ppm in Haldex K to
250.54 ppm in Haldex O. Paskov, Karvind, and Haldex S showed intermediate and relatively
similar XREE contents, ranging from 209.81 to 224.76 ppm. In all feeds, ZLREE exceeded
YHREE, indicating the predominance of light rare earth elements in the analyzed materials.

Marked differences were observed in LOI, which ranged from 12.5% for Haldex K
to 50.8% for Paskov. This variability indicates substantial differences in the proportion of
organic and/or volatile components between the investigated waste streams. The sum of
major oxides and LOI remained close to 100% for all feed samples, confirming the internal
consistency of the chemical data.

Because the electrostatic separation feed was additionally ground to <45 um, EF values
for electrostatic products were calculated using the corresponding <3 mm feed composition
as the reference. This approach provides a consistent basis for comparing the five materials,
although it does not define the liberation size of REE-bearing phases.

3.2. Electrostatic Separation: Product Yields and Mass Balance

As a result of electrostatic separation, each feed material prepared to the <45 um
particle size fraction was divided into three streams: conductive, semi-conductive, and
non-conductive products. The mass distribution for Test I and Test Il is presented in Table 2,
including the mass of obtained products, their corresponding percentage yields relative to
the feed mass, and the standard deviation of the yields.

Table 2. Mass distribution in the electrostatic separation process (products: conductive, semi-
conductive, and non-conductive).
Conductive Product, Semi-Conductive Non-Conductive
Sample Test Feed Mass (g) 8/%/SD, Percentage Product, g/%/SD, Product, g/%/SD, Mass Closure (%)
Points Percentage Points Percentage Points
I 250 189.8/75.9/0.8 25.2/10.1/0.4 35.0/14.0/0.6 100.0
Paskov II 300 208.5/69.5/0.9 6.3/2.1/02 85.2/28.4/0.7 100.0
Karvina I 200 128.0/64.0/1.0 3.6/1.8/0.2 68.4/34.2/0.8 100.0
I 300 247.8/82.6/0.7 6.1/2.0/0.2 46.8/15.6/0.5 100.2
Haldex S I 150 114.0/76.0/0.9 6.0/4.0/0.3 30.0/20.0/0.6 100.0
I 1350 1201.5/89.0/0.5 118.8/8.8/0.4 29.7/2.2/0.2 100.0
Haldex O I 250 215.5/86.2/0.6 14.5/5.8/0.3 20.0/8.0/0.4 100.0
I 250 185.3/74.1/0.8 44.5/17.8/0.6 20.2/8.1/0.3 100.0
Haldex K I 100 35.2/35.2/0.7 11.1/11.1/0.4 53.7/53.7/1.0 100.0
I 100 60.5/60.5/0.8 7.8/7.8/0.3 31.7/31.7/0.9 100.0
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Mass-closure values were calculated from measured product masses and rounded for
tabular presentation. Values close to 100% do not imply complete absence of particle losses
but indicate that possible losses were within the uncertainty and rounding range of the
laboratory mass-balance procedure.

The mass yield distribution shown in Figure 4 confirms that the conductive product
dominated in most electrostatic-separation tests, whereas Haldex K showed a different
response, with a high share of the non-conductive product in Test I.

100
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Paskov Paskov Karvina Karvina Haldex S Haldex S Haldex O Haldex O Haldex K Haldex K
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Figure 4. Mass yield distribution of electrostatic-separation products obtained for the investigated
post-mining waste materials under Test I and Test II conditions. The stacked bars show the relative
shares of conductive, semi-conductive and non-conductive products, highlighting the variability in
product distribution between materials and operating conditions.

For most materials, electrostatic separation produced a dominant conductive fraction.
This was particularly evident for Paskov, Karvind, Haldex S, and Haldex O, where the
conductive product generally accounted for more than 60% of the feed mass. The semi-
conductive fraction was usually minor, whereas the non-conductive product varied more
strongly between materials and test conditions.

Haldex K showed a different mass distribution pattern. In Test I, the non-conductive
product was the dominant stream, accounting for 53.7% of the feed mass, whereas in Test II
the conductive product increased to 60.5%. This result confirmed that Haldex K responded
differently to electrostatic separation than the other investigated materials.

The standard deviations of product yields ranged from 0.2 to 1.0 percentage points, in-
dicating good repeatability of the mass distribution under the applied operating conditions.
Mass closure ranged from 100.0% to 100.2%, which was within the adopted acceptable
closure range of 99.5%-100.5%. The highest value, 100.2%, was obtained for Karvind
Test II. This slight positive deviation was attributed to weighing precision and rounding of
product masses and yields in the table, rather than to a systematic measurement artefact.
This is particularly relevant for low-mass products, such as the semi-conductive fraction,
where small absolute differences in measured mass may have a proportionally larger effect.
Overall, the mass balance results indicate adequate mass-accounting consistency under
the applied laboratory conditions. This should not be interpreted as complete absence of
fine-particle escape, local deposition or handling losses, but rather as evidence that such
effects were not large enough to materially affect the calculated product-yield distribution.
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3.3. Electrostatic Separation: Chemical Composition of Products and REE Enrichment Factors
3.3.1. Results of Electrostatic Separation—2>REE and Selected Rare Earth Elements

The full chemical composition of electrostatic-separation products is provided in
Table S9. This supplementary table includes ~REE, selected REE, ZLREE, XHREE, LOI,
and the oxide balance for conductive, semi-conductive, and non-conductive products
obtained under Test I and Test II. In the main text, the interpretation focuses on the main
concentration ranges and material-dependent trends, while the enrichment factors and
EF-yield relationships are discussed in the following subsection.

Electrostatic separation produced a mass distribution dominated mainly by the con-
ductive fraction in most tested materials, whereas Haldex K showed a distinct response,
with a high share of the non-conductive product in Test I.

The ~REE contents of electrostatic-separation products generally remained close to
the corresponding feed values, indicating limited changes in total REE concentration
during electrostatic separation. For Paskov, the highest >REE content was observed in
the non-conductive product from Test II, reaching 245.38 ppm. For Karvind and Haldex
O, the product compositions remained close to the corresponding feed compositions,
which indicates weak redistribution of REE between conductive, semi-conductive and
non-conductive fractions.

Haldex S showed a wider range of REE contents, from 182.74 to 228.38 ppm, with
the lowest value observed in the non-conductive product from Test II. In contrast, Haldex K
showed the widest relative variation among products, with XREE ranging from 76.31 ppm
in the non-conductive product from Test I to 137.85 ppm in the conductive product from
Test II.

LOI values varied substantially between materials and products. Particularly high LOI
values were observed for Haldex K products, ranging from 77.2% to 88.6%. This finding
confirmed that Haldex K differed strongly from the other materials in terms of organic-
and/or volatile-rich components after fine grinding and electrostatic separation. The oxide
balance including LOI remained close to 100% for all electrostatic products, confirming the
analytical consistency of the results.

Differences in LOI between the <3 mm feed materials and the <45 um electrostatic prod-
ucts should be interpreted with caution. They may reflect particle-size-related heterogeneity
and redistribution of organic- or volatile-rich components during sample preparation and
separation, rather than direct removal of these components by electrostatic separation.

3.3.2. Enrichment Factors for YREE and Selected Rare Earth Elements in
Electrostatic-Separation Products

The enrichment factor was used to compare REE redistribution between electrostatic-
separation products. Table 3 presents EF values for ZREE and selected REE in conductive,
semi-conductive, and non-conductive products obtained under Test I and Test IL.

The graphical comparison of EF LREE values for electrostatic-separation products
is presented in Figure 5. Most products showed EF values close to unity, indicating
limited ZREE redistribution, while the highest enrichment was observed for the Haldex K
conductive product obtained under Test II conditions.

Electrostatic separation resulted mainly in EF values close to unity, indicating limited
2REE enrichment. For Paskov, the highest EF ZREE was obtained in the non-conductive
product from Test II (1.09). This product also showed stronger enrichment of Nd and Pr,
both reaching EF = 1.33, while EF Dy reached 1.14.
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Table 3. Enrichment factors for “REE and selected rare earth elements in electrostatic-separation
products relative to the corresponding feeds (dimensionless values).

Material Test Product EF ZREE EFNd EF Pr EF Dy
Test I Conductive 0.99 0.94 0.97 0.92
Paskov Test 1 Semi-conductive 1.05 1.07 1.04 1.05
Test I Non-conductive 1.00 1.01 1.00 1.01
Test II Conductive 0.99 0.93 0.97 0.93
Paskov Test II Semi-conductive 1.06 1.17 1.15 1.07
Test I1 Non-conductive 1.09 1.33 1.33 1.14
Test 1 Conductive 1.00 1.01 1.02 0.99
Karvina Test 1 Semi-conductive 1.05 1.11 1.07 1.09
Test 1 Non-conductive 1.00 0.99 0.99 1.00
Test IT Conductive 1.05 1.05 1.05 1.04
Karvina Test I1 Semi-conductive 1.01 1.02 1.01 1.07
Test I1 Non-conductive 1.03 1.05 1.05 1.05
Test 1 Conductive 0.97 0.99 0.96 1.06
Haldex S Test I Semi-conductive 1.03 1.07 1.05 1.08
Test I Non-conductive 0.96 1.00 0.96 1.04
Test II Conductive 1.02 1.04 0.97 1.60
Haldex S Test II Semi-conductive 0.90 0.94 091 0.97
Test I1 Non-conductive 0.82 0.85 0.81 0.93
Test 1 Conductive 1.00 1.01 1.00 1.00
Haldex O Test 1 Semi-conductive 0.96 0.94 0.96 0.98
Test I Non-conductive 1.02 1.02 1.02 1.04
Test I1 Conductive 0.97 0.96 0.97 0.97
Haldex O Test II Semi-conductive 0.97 0.96 0.97 0.99
Test I1 Non-conductive 0.99 0.99 0.99 1.01
Test I Conductive 1.07 1.06 1.06 1.11
Haldex K Test I Semi-conductive 0.82 0.87 0.86 0.86
Test I Non-conductive 0.70 0.72 0.71 0.73
Test II Conductive 1.26 1.30 1.31 1.30
Haldex K Test II Semi-conductive 0.88 0.91 0.92 0.90
Test I1 Non-conductive 0.79 0.81 0.79 0.88

For Karvind and Haldex O, EF values remained close to unity across most products,
indicating weak or negligible concentration effects. Haldex S showed selective enrichment
of Dy in the conductive product from Test II, where EF Dy reached 1.60, although EF ~REE
remained close to unity.

The clearest enrichment pattern was observed for Haldex K. The conductive product
from Test II showed simultaneous enrichment of >REE, Nd, Pr, and Dy, with EF values of
1.26, 1.30, 1.31, and 1.30, respectively. This was the most consistent electrostatic separation
response among the investigated materials.

The selective enrichment patterns for the two most promising electrostatic-separation
products are compared in Figure 6, namely the Paskov Test Il non-conductive product and
the Haldex K Test II conductive product.
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Figure 5. Enrichment factor (EF) of ZREE in electrostatic-separation products relative to the corre-
sponding feed materials. The results are shown for conductive, semi-conductive and non-conductive
products obtained under Test I and Test II conditions. The dashed horizontal line at EF = 1 indicates
no enrichment relative to the feed; values above this line indicate enrichment, whereas values below
it indicate depletion.
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Figure 6. Selective enrichment pattern for the most promising electrostatic-separation products,
comparing the Paskov Test Il non-conductive product and the Haldex K Test II conductive product in
terms of EF values for XLREE, Nd, Pr, Dy, ZHREE, and ~REE. The dashed horizontal line at EF = 1
indicates no enrichment relative to the corresponding feed.

Figure 6 shows that the Paskov Test II non-conductive product was characterized
mainly by selective enrichment of Nd and Pr, whereas the Haldex K Test II conductive
product exhibited a more balanced enrichment pattern across both light and heavy REE
indicators. In particular, Haldex K Test II showed higher EF values for ZREE, LREE
and ZHREE, confirming that this product represented the most consistent electrostatic-
separation response among the investigated materials.

The relationship between EF ~REE and product yield for electrostatic-separation
products is shown in Figure 7.
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Figure 7. EF XREE as a function of product yield for electrostatic-separation products.

Figure 7 shows that electrostatic-separation products with EF ~REE values above
unity were observed only in selected cases. The most favourable response was obtained for
the Haldex K conductive product from Test I, although the enrichment remained moderate.
This indicates that electrostatic separation produced limited and material-specific REE
redistribution rather than a clearly efficient concentration effect.

3.4. Magnetic Separation: Product Yields Under Sequentially Varying Magnetic Field Intensity

The mass distribution obtained during magnetic separation of the <3 mm fraction,
including magnetically susceptible products and the non-magnetic product, is presented
in Table 4. In Test III, the magnetically susceptible stream was additionally divided into
strongly and weakly paramagnetic fractions.

Table 4. Mass distribution in the magnetic separation process (magnetically susceptible and non-
magnetic products). * none—the fraction was not separated in Tests I and II; ** none—the combined
paramagnetic product was not collected in Test Il because the magnetically susceptible stream was

divided into strongly and weakly paramagnetic fractions.

T T —
Sample Test Feed Mass (g) Product, g/ /o/.SD, Product, g/%/SD, Product, g/%/SD, Product, g/ /o/.SD,
Percentage Points . . Percentage Points
Percentage Points  Percentage Points

I 300 5.1/1.7/0.10 *none *none 294.9/98.3/0.07

Paskov 1I 50 5.5/11.0/0.30 * none *none 44.5/89.0/0.20
I 350 ** none 5.7/1.6/0.08 74/2.1/0.10 336.9/96.3/0.09

I 550 5.1/0.9/0.05 *none *none 544.9/99.1/0.04

Karvina I 450 5.7/1.3/0.07 * none *none 444.3/98.7/0.04
I 950 ** none 6.2/0.7/0.04 3.9/0.3/0.03 939.9/98.9/0.03

I 1700 6.5/0.4/0.03 *none *none 1693.5/99.6/0.02

Haldex S 1I 850 5.5/0.6/0.04 * none *none 844.5/99.4/0.04
I 1450 ** none 14.2/1.0/0.08 5.6/0.4/0.04 1430.2/98.6/0.06

I 650 5.9/0.9/0.06 *none *none 644.1/99.1/0.05

Haldex O I 450 10.9/2.4/0.15 * none *none 439.1/97.6/0.10
I 550 ** none 6.8/1.2/0.07 8.5/1.5/0.09 534.7/97.2/0.09

Haldex K I 2450 5.2/0.2/0.02 *none *none 2444.8/99.8/0.03
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The mass-yield distribution of magnetic-separation products is shown in Figure 8.
The figure illustrates the dominant contribution of the non-magnetic fraction in all test
configurations and the very limited mass recovery of magnetically susceptible products.
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Figure 8. Mass yield distribution of magnetic-separation products obtained from the investigated
post-mining waste materials. The stacked bars show the relative shares of paramagnetic, strongly para-
magnetic, weakly paramagnetic and non-magnetic products obtained under the applied magnetic-
separation conditions.

Overall, magnetic separation produced a mass distribution strongly dominated by
the non-magnetic fraction. In most configurations, magnetically susceptible products
represented only a small proportion of the feed mass, generally below 2.5%. In Haldex K,
the paramagnetic product accounted for only 0.2% of the feed mass, while the non-magnetic
fraction represented 99.8%.

The mass balance remained consistent across all magnetic-separation tests. The non-
magnetic fraction was calculated from the feed mass and the collected magnetically sus-
ceptible products, which allowed possible handling or separation losses to be reflected
in the mass-closure assessment. The calculated product yields corresponded to the feed
mass within rounding accuracy, indicating that particle losses during magnetic separation
were limited.

3.5. Magnetic Separation: Chemical Composition of Products and REE Enrichment Factors

The full chemical composition of magnetically susceptible products is provided in
Table 510, while the corresponding EF values for *REE and selected REE are given in Table 5.
These results were used to assess whether REE-bearing components preferentially reported
to magnetically susceptible fractions and whether any observed chemical enrichment was
relevant when interpreted together with product yield.
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Table 5. Enrichment factors for XREE and selected rare earth elements in magnetic-separation
products relative to the corresponding feeds (dimensionless values).

Feed Material Test Product EF ZREE EF Nd EF Pr EF Dy
I Paramagnetic 0.92 0.89 0.82 1.32
Pask I Paramagnetic 1.05 1.05 1.00 1.38
askov III Strongly paramagnetic 091 0.81 0.76 1.31
I Weakly paramagnetic 1.12 1.07 1.07 1.28
I Paramagnetic 0.65 0.72 0.64 1.01
Karving II Paramagnetic 0.70 0.74 0.65 1.05
arvina Il Strongly paramagnetic 0.58 0.59 0.52 0.90
III Weakly paramagnetic 0.68 0.68 0.64 1.04
I Paramagnetic 0.72 0.91 0.73 1.00
Haldex S II Paramagnetic 0.80 0.82 0.77 1.09
aldex I Strongly paramagnetic 0.73 0.70 0.62 1.12
III Weakly paramagnetic 0.90 0.94 0.87 1.31
I Paramagnetic 0.57 0.58 0.56 0.76
I Paramagnetic 0.79 0.79 0.78 0.90
Haldex O 1 Strongly paramagnetic 0.64 0.62 0.60 0.79
III Weakly paramagnetic 0.91 091 0.90 0.99
Haldex K I Paramagnetic 1.30 1.35 1.28 1.76

3.5.1. ZREE, Selected REE, LOI, and Oxide Balance

The full dataset for magnetically susceptible products, including ~REE, selected REE,
2LREE, ZHREE, LOI and oxide balance, is provided in Table S10. In the main text, the
interpretation focuses on the main concentration trends and on their relationship with the
very low mass yields of magnetic products.

For most materials, the magnetically susceptible products had lower ~REE contents
than the corresponding feeds. This effect was particularly clear for Karvind, where XREE in
the magnetic products ranged from 120.83 to 146.71 ppm, compared with 209.81 ppm in the
feed. Similar depletion was observed for Haldex S and Haldex O, although the magnitude
varied between test conditions.

Paskov showed a less uniform response. Most magnetic products had ZREE contents
close to or below the feed value, but the weakly paramagnetic product from Test III reached
251.29 ppm, exceeding the feed concentration. Haldex K showed the strongest increase in
2REE concentration among the magnetic products, with 141.77 ppm in the paramagnetic
product compared with 109.33 ppm in the feed.

Despite these selected increases in concentration, the mass yields of magnetically
susceptible products were generally low, particularly for Haldex K. Therefore, the chemical
enrichment observed in individual magnetic products should be interpreted together
with the corresponding product yields. This is especially important for the Haldex K
paramagnetic product, where the increase in ZREE concentration was accompanied by a
very low product yield, limiting its practical significance as a pre-concentration product.

LOI values in magnetic products varied between materials, with the highest value
observed for Haldex K. The total oxide balance including LOI remained close to 100%,
confirming the analytical consistency of the data. However, no consistent LOI-XREE
relationship was observed for magnetic products, indicating that LOI alone cannot be used
as a predictor of REE concentration in magnetically susceptible fractions.
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3.5.2. Enrichment Factors for XREE and Selected Rare Earth Elements in
Magnetic-Separation Products

Table 5 presents the EF values for ~REE and selected REE in magnetic-separation
products. These values complement the mass distribution data and indicate whether the
magnetically susceptible fractions were enriched or depleted relative to the corresponding
feed materials.

The graphical comparison of EF ~REE values for magnetic-separation products is
presented in Figure 9. Most magnetically susceptible products showed EF values below
unity, indicating ~REE depletion relative to the feed, while enrichment was observed only
in selected cases, particularly for the Haldex K paramagnetic product.
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Figure 9. Enrichment factor (EF) of ZREE in magnetically susceptible products relative to the
corresponding feed materials. The results are shown for paramagnetic, strongly paramagnetic and
weakly paramagnetic products obtained during magnetic separation. The dashed horizontal line
at EF = 1 indicates no enrichment relative to the feed; values above this line indicate enrichment,
whereas values below it indicate depletion.

For most materials, EF 2REE values in magnetic products were below 1, indicating
depletion relative to the feed. The strongest depletion was observed for Karvind, where EF
YREE ranged from 0.58 to 0.70.

Limited enrichment was observed only in selected cases. For Paskov, EF ZREE reached
1.05 in the paramagnetic product from Test IT and 1.12 in the weakly paramagnetic product
from Test III. For Haldex S, EF REE remained below 1, although selective enrichment of
Dy was observed in the weakly paramagnetic product from Test III.

The highest EF values in magnetic separation were obtained for Haldex K. The para-
magnetic product reached EF ~REE = 1.30, with EF Dy = 1.76. However, this product
represented only 0.2% of the feed mass, which strongly limits the practical significance of
this enrichment.

The relationship between EF XREE and product yield for magnetic-separation prod-
ucts is shown in Figure 10.

Figure 10 shows that magnetic separation did not produce a favourable combination
of high EF YREE and high product yield. Most magnetically susceptible products were
characterized by low yields and EF XREE values below or close to unity. Although the
Haldex K paramagnetic product showed the highest EF ~XREE value of 1.30, its yield was
only 0.2%, which strongly limits its practical relevance as a pre-concentration product.
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Figure 10. EF EREE as a function of product yield for magnetic-separation products. The figure
compares the enrichment factor of REE with the corresponding mass yield of paramagnetic, strongly
paramagnetic and weakly paramagnetic products. The dashed horizontal line at EF = 1 indicates no
enrichment relative to the feed, whereas values above this line indicate enrichment.

The only product combining a relatively high yield with EF REE above unity was the
Paskov Test II paramagnetic product, with EF ZREE = 1.05 and a yield of 11.0%. However,
this enrichment was very weak and does not indicate effective REE beneficiation. Therefore,
the EF-yield relationship confirms that magnetic separation mainly provided diagnostic
information on REE partitioning rather than a practically useful concentration effect.

3.6. Relationship Between LOI and XREE in Feed and Separation Products

The relationship between LOI and REE (Figures 11 and 12) was analyzed to as-
sess whether variations in organic and/or volatile matter content were accompanied
by systematic changes in total REE content. Because electrostatic and magnetic sepa-
ration were performed on different particle-size fractions and produced different prod-
uct categories, the LOI-XREE relationship is presented separately for electrostatic and
magnetic-separation products.

Figure 11 shows that no simple positive relationship between LOI and ~REE can
be identified for the feed materials and electrostatic-separation products. Most Paskov,
Karvind, Haldex S and Haldex O products remained within a relatively narrow XREE
range, despite differences in LOL In contrast, Haldex K products formed a distinct high-
LOI cluster, with LOI values above 77% and relatively low to moderate XREE contents.
This confirms that the different behaviour of Haldex K was associated with a markedly
different material response, but LOI alone cannot explain REE enrichment or depletion. The
comparison should also be interpreted with caution because the feed composition refers to
the <3 mm fraction, whereas electrostatic separation was performed on the additionally
ground <45 um fraction.

Figure 12 also indicates the absence of a consistent LOI-XREE trend for magnetic-
separation products. Some weakly paramagnetic products showed relatively high YREE
contents, but this was not consistently associated with high LOIL Conversely, the Haldex
K paramagnetic product showed elevated LOI compared with most magnetic products,
but its XREE content remained moderate. These results suggest that LOI reflects material
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heterogeneity and the redistribution of organic- or volatile-rich components, but it is not a
standalone predictor of REE concentration in the separated products.
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Figure 11. Relationship between LOI and XREE content for feed materials and electrostatic-

separation products.
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Figure 12. Relationship between LOI and XREE content for feed materials and magnetic-

separation products.

3.7. Repeatability of Results in Parallel Tests and Sensitivity to Operating Parameters

The repeatability of product yields was assessed using the standard deviation calcu-
lated from three replicate tests. For electrostatic separation, the standard deviation ranged
from 0.2 to 1.0 percentage points, indicating stable product mass distribution under the
applied operating conditions.

For magnetic separation, the standard deviation of product yields ranged from 0.02
to 0.30 percentage points. The highest variability was observed for the Paskov Test II
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configuration, which was conducted with the lowest feed mass. In the remaining config-
urations, variability was lower, despite the very small absolute masses of magnetically
susceptible products.

Where replicate chemical determinations were available, the repeatability of XREE
concentration was evaluated using RSD. The RSD values ranged from approximately 1.5%
to 4.8%, with higher values observed for low-mass magnetic products and Haldex K-
derived products. These values indicate acceptable analytical repeatability for the purpose
of comparing feed and product compositions.

A summary of product-yield repeatability and ~REE repeatability is presented in
Table 6.

Table 6. Repeatability of product yields and ~REE content where replicate chemical determinations
were available.

SD of Yield, o
Separation Process Product Type Yield Range (%) Percentage Points RSD.ZREE (%)
. (Min-Max)
(Min-Max)
Conductive product 35.2-89.0 0.5-1.0 1.5-4.2
Electrostatic Semi-conductive product 1.8-17.8 0.2-0.6 1.8-4.5
Non-conductive product 2.2-53.7 0.2-1.0 1.6-4.8
Paramagnetic product (combined) 0.2-11.0 0.02-0.30 2.0-4.8
Magnetic Strongly paramagnetic product 0.7-1.6 0.04-0.08 1.8-4.5
Weakly paramagnetic product 0.3-2.1 0.03-0.10 1.7-4.6

Overall, the Results section shows that electrostatic separation produced only moder-
ate and material-specific REE enrichment, whereas magnetic separation was characterized
by very low yields of magnetically susceptible products and frequent depletion of ZREE
in these products. The EF-yield relationships presented in Figures 7 and 10 confirm that
products with EF ~REE values above unity were observed only in selected cases and were
generally moderate or associated with low product yields. The LOI-XREE relationships
presented in Figures 11 and 12 further indicate that LOI alone does not explain the observed
REE redistribution. Therefore, EF values and ~REE contents should be interpreted together
with product yield, mass distribution and material-specific characteristics. These results
provide the basis for further discussion of the limited practical beneficiation effect and the
diagnostic value of the applied dry separation methods.

4. Discussion
4.1. Experimental Comparability and Controlled-Variable Limitations

The results should be interpreted as a comparative assessment of material response
under predefined laboratory conditions. The purpose was to compare five heterogeneous
coal-derived post-mining waste streams in terms of product yield, mass distribution, enrich-
ment factor, LOI and EF-yield relationships, rather than to optimize separator performance
for each individual material.

The <3 mm and <45 pum fractions were used as operational feed-size classes suitable
for the applied magnetic and electrostatic separators, respectively. They should not be
interpreted as experimentally confirmed liberation sizes of REE-bearing phases. Because
SEM-EDS, XRD and VSM analyses were outside the present experimental scope, interpre-
tations concerning REE hosts, liberation behaviour and magnetic response remain indirect
and are based on product chemistry and separation response.
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4.2. Material-Dependent Electrostatic Separation Response

Electrostatic separation produced moderate and material-specific enrichment effects.
In most products, EF XREE values remained close to unity, indicating that the sepa-
rated fractions retained a chemical composition similar to that of the corresponding feed.
This suggests that, under the applied laboratory conditions, REE-bearing components
were not strongly partitioned according to electrical conductivity, charge retention or
dielectric response.

This behaviour is consistent with the general principles of electrostatic and triboelectric
separation, where separation efficiency depends on several interacting factors, including
particle size, surface condition, moisture content, contact charging behaviour, mineralogical
composition and separator configuration. In the present study, the applied electrode voltage
and drum operating conditions produced measurable changes in mass distribution, but
these changes were not generally accompanied by strong XREE enrichment.

Selected products nevertheless showed evidence of preferential REE partitioning. The
clearest response was observed for Haldex K, where the conductive product from Test II
reached EF XREE = 1.26 and showed simultaneous enrichment of Nd, Pr and Dy. A weaker
but still visible effect was observed for the Paskov non-conductive product from Test II,
particularly for Nd and Pr. These cases indicate that electrostatic separation can reveal
material-dependent differences in REE partitioning, even when the overall enrichment
effect remains limited.

The behaviour of Haldex K differed from that of the other materials. Although this
material had the lowest XREE content in the feed, it showed the most distinct electrostatic
enrichment pattern and high LOI values in several electrostatic products. This suggests
that its separation response may have been influenced by a different distribution of organic-
rich, carbonaceous or fine mineral components. The LOI-XREE relationship supports
this interpretation, as Haldex K electrostatic products formed a distinct high-LOI cluster,
whereas no general LOI-XREE correlation was observed across all materials and products.

Several possible REE associations may be inferred from the chemical composition and
from literature data for coal-derived materials. REE may occur in fine-grained aluminosili-
cate phases, accessory phosphate or silicate minerals, heavy minerals, Fe-bearing phases,
or surface-bound components associated with clay minerals and organic-rich particles. In
the case of Haldex K, the high LOI and distinct electrostatic response suggest that carbona-
ceous or organic-rich particles may have affected the electrical behaviour of the material
and the partitioning of REE-bearing components. However, this interpretation requires
mineralogical verification because SEM-EDS and XRD analyses were not included in the
present experimental scope.

Overall, electrostatic separation provided useful information on material-specific
separability, but the magnitude of enrichment was limited. Its main relevance in this
study is the identification of selected material-dependent partitioning effects and the
assessment of whether further downstream extraction studies may be justified for specific
separated products.

4.3. Limited Magnetic Separation Response and Role of Magnetic Susceptibility

Magnetic separation showed a more limited enrichment response than electrostatic
separation. The main constraint was the combination of very low yields of magnetically sus-
ceptible products and frequent depletion of REE in these products. In most configurations,
the non-magnetic fraction dominated the mass balance, whereas the paramagnetic, strongly
paramagnetic and weakly paramagnetic products represented only a small proportion of
the feed. Moreover, EF ~REE values in magnetic products were commonly below unity,
especially for Karvind, Haldex S and Haldex O.
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These results indicate that REE-bearing components were generally not preferentially
associated with phases of increased magnetic susceptibility under the applied separation
conditions. Several factors may explain this behaviour. First, REE in coal-derived waste
may occur as finely dispersed phases or as inclusions within aluminosilicate particles,
which do not necessarily respond to magnetic separation. Second, if REE are hosted by
non-magnetic or only weakly magnetic mineral phases, their recovery into magnetically
susceptible products will be inherently limited. Third, the <3 mm fraction used for magnetic
separation was an operational feed-size class, not an experimentally confirmed liberation
size. Composite particles may therefore have reduced separation selectivity.

The magnetic separation results are consistent with the interpretation that dry mag-
netic separation primarily affected magnetically susceptible mineral components, while
REE redistribution depended on whether REE-bearing phases were physically or mineralog-
ically associated with those components. If such association is weak or absent, magnetic
separation may concentrate or remove Fe-bearing particles without producing meaning-
ful ZREE enrichment. Because VSM measurements were not performed, the magnetic
response of the feeds and products could not be independently quantified; therefore, the
interpretation is based on product yield, chemical redistribution and EF values.

The Haldex K paramagnetic product illustrates the importance of interpreting EF
values together with product yield. This product reached EF £REE = 1.30 and EF Dy = 1.76,
indicating that a small fraction of the material may have contained REE associated with
magnetically susceptible components. However, the mass yield of this product was only
0.2% of the feed. From a process perspective, such a low yield strongly limits the relevance
of this enrichment unless subsequent extraction tests demonstrate a clear advantage for
this fraction.

Overall, magnetic separation provided mainly diagnostic information on REE par-
titioning in the investigated materials. The results show that, for most of the analyzed
coal-derived post-mining waste streams, REE-bearing components were not sufficiently
associated with magnetically susceptible fractions to generate a favourable EF—yield rela-
tionship. This finding is important for process-route selection because it indicates limited
potential for mass reduction by magnetic separation prior to downstream REE extraction.

4.4. Implications for REE Pre-Concentration and Downstream Extraction

The central finding of this study is that dry electrostatic and magnetic separation can
provide useful process-response information on REE partitioning but did not generate
a favourable combination of enrichment factor and product yield for the investigated
low-grade, heterogeneous materials.

The combined EF-yield assessment confirms that none of the tested configurations
produced the desired combination of high enrichment factor and high product yield.
Electrostatic separation produced selected moderate enrichment effects, whereas mag-
netic separation was characterized by very low yields of magnetically susceptible prod-
ucts and frequent 2REE depletion. This indicates that the investigated dry separation
methods had limited potential for effective REE pre-concentration under the applied
laboratory conditions.

This result is particularly relevant for low-grade coal-derived waste streams, where
moderate enrichment factors do not necessarily translate into process-relevant concentrates.
At feed concentrations of 109.33-250.54 ppm XREE, EF values close to unity, or even
moderately above unity, remain insufficient unless they are accompanied by meaningful
product yield and mass-based REE recovery. For example, an EF of 1.26 or 1.30 may
indicate preferential partitioning, but it does not by itself demonstrate a practically useful
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concentration effect if the resulting product mass is low or if the absolute REE concentration
remains limited.

The results therefore show that product yield and material heterogeneity are as impor-
tant as the enrichment factor itself. In the electrostatic tests, the most promising responses
were material-specific and moderate. In the magnetic tests, selected products showed
elevated EF values, but their low yields limited their practical significance. These findings
indicate that dry separation can provide useful screening information on REE partitioning,
but downstream extraction studies should be prioritized only for fractions that combine
enrichment with sufficient product mass and favourable chemical characteristics.

The role of dry separation in this context is best understood as a preliminary process-
response screening step. Such screening can help determine whether REE-bearing compo-
nents are preferentially associated with electrically or magnetically distinguishable fractions
before more selective extraction methods, such as chemical leaching or bioleaching, are
applied. In the present study, the weak EF-yield relationships indicate that dry separation
alone is unlikely to provide substantial mass reduction before downstream REE extraction
for most of the investigated materials.

The practical interpretation of these results is limited by the laboratory scale of the
tests and by the absence of downstream extraction, techno-economic and environmental
assessments. Electricity demand, equipment scale-up, reagent use in subsequent extraction,
product handling and overall process costs were not evaluated. Therefore, further work
should combine process-response screening with mineralogical characterization, mass-
based REE recovery calculations, downstream extraction tests, and techno-economic and
environmental evaluation.

The scientific value of the study therefore lies in defining the practical boundary
conditions for dry physical separation before downstream REE extraction is considered.
The results show that enrichment factors must be evaluated together with product yield,
material heterogeneity and absolute REE concentration. In this role, dry separation is useful
primarily as a comparative screening step for identifying whether selected waste streams
or separated products justify further mineralogical characterization and downstream ex-
traction testing.

5. Conclusions

This study compared the response of five coal-derived post-mining waste streams
from Poland and the Czech Republic to dry electrostatic and magnetic separation, with a
focus on REE partitioning behaviour, enrichment factor and product yield.

The investigated materials showed substantial heterogeneity in XREE content, LOI
and separation response. The ZREE content of the feeds ranged from 109.33 ppm in Haldex
K to 250.54 ppm in Haldex O, confirming that bulk REE concentration alone is insufficient
for assessing beneficiation potential.

Electrostatic separation produced only moderate and material-specific REE enrichment.
Most products showed EF ZREE values close to unity, while the highest and most consistent
response was observed for the Haldex K conductive product from Test II, where EF XREE
reached 1.26 with simultaneous enrichment of Nd, Pr and Dy.

Magnetic separation showed a less favourable response. Most magnetically susceptible
products were depleted in XREE relative to the feed. Although the Haldex K paramagnetic
product reached EF XREE = 1.30 and EF Dy = 1.76, its yield was only 0.2%, which strongly
limits the practical significance of this enrichment.

No tested configuration combined high REE enrichment with high product yield. The
main contribution of this study is the comparative evaluation of REE partitioning behaviour
during dry electrostatic and magnetic separation of five heterogeneous coal-derived post-
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mining waste streams. The results identify the main limitations of dry physical separation
for low-grade materials, including moderate enrichment factors, low or unfavourable
product yields, material-dependent response and the need to interpret EF values together
with mass distribution. These findings define dry separation primarily as a preliminary
process-response screening tool for assessing whether selected waste streams or separated
products justify further downstream extraction studies.
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Table S3: Feed mass used for electrostatic separation; Table S4: Technical specifications of the plate-
type magnetic separator; Table S5: Feed mass used for magnetic separation; Table S6: Operating
parameters of the magnetic separator; Table S7: Samples obtained during magnetic separation;
Table S8: Feed sample identification; Table S9: Full chemical composition of electrostatic separation
products; Table S10: Full chemical composition of magnetically susceptible products.
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The following abbreviations are used in this manuscript:

REE rare earth elements

~REE total rare earth elements
YLREE total light rare earth elements
YHREE total heavy rare earth elements

EF enrichment factor

LOI loss on ignition

SD standard deviation

RSD relative standard deviation

DL limit of detection (reported as <DL)

ICP-MS  inductively coupled plasma mass spectrometry
RH relative humidity

DC direct current

CRM critical raw materials

1SO International Organization for Standardization
EU European Union
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