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Abstract: Feldspar for ceramic/glass industries requires sufficiently low content of harmful colourants
(Fe-, Ti-, Mn-bearing mineral phases). Hydrothermally altered albite-rich granites are increasingly
used as feldspar raw material nowadays; however, they are often marked by increased content of
colourants, which must be removed during the processing of feldspar ore. Parallel to the content of
colourants, these phases show enrichment in some critical raw materials (CRMs), specifically of Nb,
Ta, and Li. In the current study, the laboratory trials focused on the possibility of reprocessing of waste
generated during basic magnetic separation of feldspar ore. Major aim of these trials was to search
for a processing scheme that would allow for obtaining of mineralogically homogeneous fractions,
part of which could be utilised as a source of CRMs. According to the results, combination of gravity,
magnetic and heavy liquid separation is highly effective in obtaining of desirable concentrates.
Feldspar ore processing waste thus presents potential source of CRMs; however, semi-industrial
and full-scale trial must follow in order to prove the economic and environmental suitability of the
suggested processing scheme.

Keywords: feldspar; processing; rutile; Li-micas; niobium-tantalum oxides

1. Introduction

Feldspars make one of the basic ingredients of ceramic batches used for manufacturing
of floor- and wall-tiles, sanitary ware, table ware, and/or glazes [1,2], which are, at least
partly, used in construction industry. Alkalis from feldspars act as a flux during firing
of ceramics by allowing for optimum melt formation, for densification and sintering
(vitrification), and/or for translucency of the fired ceramic body [3–5]. In ceramic batch
formulation, they can be present from several units of wt.% up to 65 wt.%, depending on
the type of the product [6].

Despite their widespread presence in upper-crustal rocks, only some sources of
feldspars fulfil strict criteria set by ceramic industry, both in terms of content of alka-
lis (desirable as high as possible) and of harmful impurities—specifically of colourants
such as Fe-, Mn-, and/or Ti-bearing mineral phases [7]. For many of the operated feldspar
deposits, separation of feldspars from accompanying mineral phases (phyllosilicates such
as micas or clay minerals) and removal of colourants make part of raw material processing
flow-chart, mostly using flotation [8–12]. A long-term practice of three-stage flotation in
acid medium has been found highly efficient [13]; however, its potential environmental
impact leads for the search of alternative methods that can utilise, e.g., contrast physical
properties of the individual phases present in the raw material [7]. From these meth-
ods, magnetic separation appeared as one of the most effective, specifically in removal of
Fe-bearing phases [14]. Quite often, chemical treatment—flotation—and physical beneficia-
tion by magnetic separation are combined [15–18]. Some other perspective beneficiation
methods such as bioleaching of Fe-rich phases are searched for as well [19].
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Due to the abundance of feldspars in upper crustal rocks, feldspar-based ceramic fluxes
can be found in a broad range of lithologies and/or tectonic settings [2]. During recent
decades, alkali feldspars-rich granites (leucogranites) and their hydrothermally altered
derivatives (commonly designated as albitites) are becoming more and more important
in modern ceramic industry [2]. In terms of petrogenesis, leucogranites belong to highly
evolved granites found in post-orogenic and/or anorogenic granitic provinces around the
world [20,21]. They are often topaz-bearing, enriched in incompatible elements such as
LILE (large-ion lithophile elements) and rare metals such as Sn, W, Mo, Li, and Nb/Ta [22].
As consequence of this composition and of specific post-solidification processes including
hydrothermally altered zones and/or rock bodies, a range of search-for mineralization
evolved in these terranes, e.g., Sn-W(Mo) mineralization bound to greisens, various types
of pegmatites, REE deposits, etc. [23,24].

In the past decades, numerous studies (reviewed e.g., in [7]) focused on how the
feldspar raw material processing can increase quality of the ceramic flux, specifically in
terms of removal of harmful components. Surprisingly, none of these studies attempted
to explore whether the processing of extracted feldspar raw material can lead not only to
the improved quality of the feldspar-based ceramic flux but also to the potential obtaining
of valuable raw materials from the feldspar ore processing waste (FOPW). In order to fill
this gap in the knowledge, our study brings first data based on detailed laboratory trials of
targeted reprocessing of FOPW from the largest operated feldspar deposit in the Czech
Republic [25]. Due to the petrogenetic character of the raw material and due to complex
mineralogy of minor/harmful phases in it—i.e., hydrothermally/metasomatically altered
granite—the experiments were mainly focused on finding the most effective methods that
can be used for successful separation of individual phases. The aim of this study is to
show that the quality of the raw material can be highly improved not only by careful
selection of processing flow-chart but also by the potential of accompanying phases, some
of them belonging to the category of “critical raw materials” (CRMs) [26,27]. This study
focuses specifically on laboratory trials that are necessary for the successive investigation
on semi-industrial and full-scale industrial trials of which publication is under preparation.

2. Materials and Methods
2.1. Locality and Basic Characteristics of Experimental Material

The experimental material was sampled from the operated Krásno deposit (Krásno-
Horní Slavkov ore district), situated in the Saxothuringian zone (western part of the
Bohemian Massif, western Bohemia, Czech Republic). The deposit is located in the southern
part of the Karlovy Vary Pluton (part of the Krušné hory/Erzgebirge Mts. Batholith, which
is a member of Saxo-Danubian Granite Belt megastructure [28]), being associated with the
so-called Krudum body [29] within the Slavkovský les crystalline unit (Figure 1). Extensive
post-solidification hydrothermal/metasomatic activities in the whole area resulted in the
formation of numerous bodies (“stocks”) of greisens and/or of albite-rich leucogranites
with typical mineral associations and mineralization [30–34]. Feldspar raw material is
exploited from Vysoký kámen stock, occupying semioval area of about 400 m × 600 m
with depth down to 190 m below the surface (Figure 2).
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Figure 1. Sketch of Krušné hory/Erzgebirge Variscan granitic plutons. Studied locality Krásno forms part of Krudum body,
which is located in the southern margins of the Karlovy Vary pluton (adopted and modified after [35]).

Figure 2. Cross-section through the Krásno-Horní Slavkov ore district (modified after [36]). Bodies of feldspathites
intersected by exploratory drilling are probably not of strictly lenticular shape, but their lateral extent is unclear (marked
dashed line). They might in fact present large sheet bodies as in the left side of the picture (modified after [36]).
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In general, the extracted raw material is referred to as alkaline-feldspar granite,
leucogranite, albitic granite or even feldspathite (alkali-feldspar syenite [37]). Feldspars
make the major rock-forming mineral with reported predominance of albite (30–50%) over
K-feldspar (20–30%); however, they can make over 75% in feldspathite varieties. Quartz
represents another major rock-forming phase (20–40%). Content of micas (mostly Li-micas
referred as Li-bearing muscovite, zinnwaldite or polylithionite) is highly variable from
accessory to several percent. Some rock varieties can contain substantial part of topaz (up
to 10%), but its presence and distribution is highly variable [37]. In terms of other mineral
phases, making mostly accessories, fluorapatite, rutile, ilmenite, monazite, xenotime and
zircon are the most common. Most of these accessories are of special interest because they
may act as colourants of the feldspar ore. Due to extensive signs of post-solidification
hydrothermal activity which affected these rocks, presence of secondary phases, specifi-
cally clay minerals (kaolinite group minerals, smectites) and/or locally enriched zone of
U-Th-bearing phases, makes another distinct feature of the feldspar ore rocks [38–41].

Due to rapid alternation between various subtypes (which is common feature of
these hydrothermally modified granites), the feldspar ore is excavated (by blasting) as a
whole, being further crushed, and screened. Only minor portion of the exploited material
(currently around 1–1.5% of production) is milled, dedusted and classified by magnetic sep-
aration to basic marketed grades according mainly their chemistry (content of colourants).

As one of our goals was to evaluate material whose composition would represent the
composition of the real product, the sample for the experimental study was obtained from
normal production of the quarry. The experimental material was magnetically separated
from the KMK Granite sister company—Czech Silicate. This magnetic separate originates
from processing of daily production (conventionally from stock pile whose production
from different parts of the quarry is deposited during 7–10 days). The input material is
denominated as FK0-5 (Feldspar Krásno, size fraction 0/5 mm with average grain size: less
than 0.063 mm = 4.2%, 0.063–0.1 mm = 1.7%, 0.1–0.63 mm = 22.7%, 0.63–2 mm = 33.1%, and
2–5 mm = 38.3%. The homogenized mixture is then transported to Czech Silicate where
it is further crushed, screened and milled to the final product exhibiting grain size below
1 mm, with fraction below 0.1 mm less than 20%. Such product is subject of magnetic
separation (magnetic separator from Eriez Co. equipped with cylindrical permanent REE
magnets). Magnetic separate is continually stored in big bags. One of them was sampled
from the top to the bottom (i.e., vertically across any potential layers created during storing
to achieve maximum possible homogeneity of the sample). The grain size distribution
of studied material is less than 1 mm, fraction ≤ 0.1 mm is up to 20%. This sample was
subsequently purified on an Eriez laboratory separator (Dry High Intensity Rare Earth
Roll Magnetic Separator), and the obtained magnetic fraction, labelled as “Krásno M.S.”
(Krásno Magnetic Separate), served as input for further study.

2.2. Separation Process

The basic goal of laboratory separation procedure was to split the Krásno magnetic
separate (Krásno M.S.) into individual mineralogical fractions, which represent typical mi-
nor/accessory admixtures to dominant feldspar-quartz matrix. The separation was based
on two principal physical properties of present phases: magnetic properties and density.
The separation flow-chart (Figure 3) then consists of logical steps, which gradually involve
initial gravity separation by wet shaking table (WST), followed with magnetic separation of
light fraction (WST-LF on Figure 3) and combined gravity and heavy liquid separations of
heavy fraction (WST-HF on Figure 3). WST apparatus was older (from 1950s) machine used
at the Czech Geological Survey (Prague, Czech Republic) (size: 95 cm × 45 cm × 35 cm,
feed pulp concentration: 1 kg/min, deck angle: 4◦, stroke amplitude: 200 rpm and water
flow rate: 5 L/min).
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Figure 3. Flow-chart of laboratory separation procedure applied in the current study. The most important products of
separation procedure, investigated in this study, are shown in bold.

Magnetic separation with magnetic flux density of 0.1–0.5 T was performed using
another laboratory magnetic separator (Rapid, Czech Geological Survey, Prague, Czech Re-
public) of light fraction (WST-LF) resulted in non-magnetic light fraction composed of
feldspar-quartz (this was not used further in the study) and three magnetic light fractions
labelled as mica I, mica II, and mica III (Figure 3).

In the case of WST-HF fraction, this was again processed by gravity separation (pan-
ning) during which admixtures of light fraction were removed (Figure 3). Then, two-steps
heavy liquid separation followed employing tetrabromoethane (C2H2Br4) with density
of 2.96 g/cm3 and diiodomethane (CH2I2) exhibiting density of 3.32 g/cm3. Separation
in tetrabromoethane resulted in lighter heavy fraction marked as HF/LF (i.e., fraction
containing minerals that float due to density below 2.96 g/cm3) and heavier heavy fraction
marked as HF/HF (i.e., fraction containing minerals with density above 2.96 g/cm3). Al-
though HF/LF fraction was discarded, the HF/HF fraction was further processed with



Minerals 2021, 11, 455 6 of 19

diiodomethane (CH2I2), which resulted in lighter HF/HF fraction (marked as HF/HF/LF
on Figure 3) and in heavier fraction HF/HF/HF.

HF/HF/LF fraction was further separated by Cook electromagnetic separator (by Chas.
W. Cook & Sons Ltd., late Manchester & Ashby, Warley, England) with parameters: 0–250 V;
0–2.8 A; 0.1–1.2 T at Czech Geological Survey into 4 different samples, from which one was
represented by apatite concentrate used in successive study. In the case of HF/HF/HF
fraction, magnetic separation by either Cook electromagnetic separator and/or by hand
magnet (ferrite permanent magnet: 0.1–0.3 T, and/or NdFeB powder magnet produced
by Magsy company: 0.8–1 T, Fryšták, Czech Republic) was used to obtain three important
output samples: topaz concentrate, Nb-Ta concentrate and Fe-Mn concentrate.

The material balance during the whole separation process was carefully checked
after each separation step. The input and output were weighted using laboratory balance
Sartorius LA120S with capacity of 120 g with a readability of 0.1 mg.

2.3. Chemical Analyses

The analysed material (input sample) and principal output samples (obtained through
above-mentioned separation process) were analysed for chemical composition using accred-
ited procedure in KMK Granite laboratory, Krásno, Czech Republic. Ground homogenized
specimens were pressed into pellets bound with cellulose. The analysis of selected elements
(in oxide form) was done using XRF spectrometer (THERMO Scientific ARL PERFORM´X
at KMK Granite laboratory; samples were measured by the UniQuant method that repre-
sents complete analysis package for standardless semi-quantitative to quantitative XRF
analysis using intensities measured by a sequential X-ray spectrometer.

2.4. Phase Analyses

For the phase analyses of studied specimens, powder X-ray diffraction (XRD) was used.
The measurements were performed using Bruker D8 Advance powder X-ray diffractometer
(Bruker, Billerica, MA, USA) in a Bragg-Brentano configuration. CuKα radiation and a
position-sensitive detector with a Lynx Eye XE detector were used. Powder samples for
X-ray diffraction were ground in a McCrone Mill grinder and the method of so-called
lateral filling in plastic holders (PMMA) was prepared. Diffraction recording was taken in
the angular range 4–80◦ 2θ with a step of 0.015◦ 2θ and a reading time of 0.8 s per step.

In the case of mica samples, placement of samples into 0.5 mm capillary and use
of Göbel mirror was selected in order to diminish the effect of strong diffractions on
basal planes of preferentially ordered phyllosilicates. XRD data were obtained using
same equipment with following conditions: 8–65◦ 2Theta, step of 0.015◦, counting time
1.5 s per step.

Records of X-ray diffraction were qualitatively evaluated in the program Difrrac Eva
(Bruker AXS, 2015) using the PDF 2 (2002) database. Subsequent semiquantitative phase
analysis was performed using the Rietveld method in the TOPAS 5 program (Bruker AXS,
2014). Models of crystal structures of individual phases were obtained from the ICSD
database (FIZ 2015). During the Rietveld analysis, the scale factors of individual phases,
their lattice parameters and the size of coherently diffracting domains were specified.
Priority orientation correction was applied.

2.5. Scanning Electron Microscopy with Microanalysis

Selected fractions have been also examined for chemical composition using scanning
electron microscopy with energy-dispersive spectrometry (SEM/EDS). In this case, part of
separate was embedded in a resin and polished section was prepared. The analysis was
performed using Tescan Vega instrument (Institute of Petrology and Structural Geology,
Faculty of Science, Charles University, Prague, Czech Republic) with an energy-dispersive
spectrometer X-Max 50 (Oxford Instruments, Oxford, UK) to obtain information about
the chemistry of mineral phases. For selected grains, compositional elemental maps
were obtained as well, allowing for plotting of the distribution of specific elements in the
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analysed part of the polished section. The measurements were conducted at an accelerating
voltage of 15 kV and beam 1.5 nA (in the case of back-scatter electrons imaging (BSE)) and
15 kV and current 6 nA in the case of compositional elemental maps.

3. Results

The applied separation flow-chart (Figure 3) allowed for effective separation of non-
magnetic phases (dominant feldspar-quartz matrix with traces of micas) and magnetic or
high-density phases (apatite, Nb-Ta-rutile, Fe-Mn, topaz and mica fractions). Each fraction
exhibits distinct chemical composition (Table 1) and mineralogical composition (Figure 4
and Table 2).

Table 1. Results of XRF analyses of respective fractions obtained during laboratory separation of Krásno feldspar ore (data
in wt.%) and their mass balance (m.b.) as a percentage of input material (Krásno M.S.). Li2O analyses (performed on mica
samples only) was performed by AAS (Atomic absorption spectroscopy) method (VARIAN type SpectrAA 280 FS, Agilent,
Santa Clara, USA). Typical composition (average value from analyses routinely performed on daily production during last
2 years) of the most common product (FK0-5) is provided for comparison. Note that topaz fraction was not analysed due to
its very low content (about 0.01%).

Sample SiO2 Al2O3 Fe2O3 MnO TiO2 Nb2O3 Ta2O5 CaO P2O5 Rb2O Li2O K2O Na2O m.b./%
FK0-5 74.14 14.64 0.45 – 0.04 – – 0.38 0.39 0.12 – 4.48 4.24 –

Krásno M.S. 60.36 17.31 3.36 0.55 1.30 0.32 0.11 3.38 2.39 0.24 – 5.73 3.48 100
mica I. 44.86 20.89 17.67 0.89 0.91 0.08 0.01 0.15 0.12 0.87 2.05 8.53 0.47 0.8
mica II. 44.17 20.95 11.83 4.58 1.25 0.12 0.03 0.89 1.17 0.60 1.59 7.54 1.48 0.9
mica III. 45.62 24.46 9.73 0.52 0.56 0.06 0.01 1.04 1.22 0.74 2.11 9.43 0.82 0.7
ap. conc. 6.67 2.80 1.38 2.96 0.30 0.08 0.03 42.31 38.14 0.02 – 0.61 0.63 0.9

Nb-Ta conc. 9.49 4.14 5.91 1.07 51.16 11.26 5.99 3.23 3.73 0.01 – 0.62 0.55 0.5
Fe-Mn conc. 15.36 0.69 31.78 9.47 11.69 2.60 1.56 7.49 7.76 0.04 – 1.30 1.42 0.7

“–” denotes not analysed. ap.: Apatite

Figure 4. Cont.
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Figure 4. Cont.
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Figure 4. Cont.
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Figure 4. XRD patterns of: (a) wet shaking table followed with magnetic separation of light fraction (WST-LF), (b) ap. conc.,
(c) Nb-Ta conc., (d) mica II., (e) Fe-Mn conc., (f) top. conc. Used abbreviations are according to Whitney and Evans [42].

Table 2. Results semiquantitative determination of mineral phases in respective concentrate using Rietveld refinement. Qz
= quartz, Pl = plagioclase (structural model of albite was used), Kfs = K-feldspar (structural model of microcline was used),
mica* (structural model of zinnwaldite—Li-mica from siderophyllite-polylithionite series—was used), mica** (structural
model of muscovite was used), Ap = apatite, Rt = rutile, Tpz = topaz, Wlf = wolframite, Crp = cryptomelane, Hem =
hematite, Kln = kaolinite.

Sample Qz Pl Kfs Mica* Mica** Ap Rt Tpz Wlf Crp Hem Kln

Ap. conc. 4 – 2 – 5 85 1 3 – – – –
Fe-Mn conc. 10 1.5 – – 5 3 24 – 7 42 2 5.5
Mica II. 5 4 6 22 26 35 – – – – – 2
Mica III. 10.5 26 17 12 30 4 – – – – – 0.5
Nb-Ta conc. 2 1 – 1 – 7 89 – – – – –
Tpz. conc. 9 8.5 4.5 4 – 1 – 72 – – – 1
WST-LF, non-mag. 16 29 33 5 9 8 – – – – – –

In the case of non-magnetic fraction (Figure 4a), quartz (well crystalline low α quartz)
and feldspars (plagioclases represented by albite and alkali feldspars represented by K-
feldspar) make prevalent phases. Admixtures of micas (muscovite and zinnwaldite) and
apatite were detectable as well. On the other hand, harmful colourants (Fe-Mn-bearing
phases and Nb-Ta-rich rutile) were effectively removed.

Apatite fraction obtained as a result of magnetic separation and two step heavy liquid
separation is composed of dominant fluorapatite with negligible traces of micas (muscovite),
quartz, K-feldspar (microcline), topaz, and rutile (Figure 4b). Apatite makes the most
common accessory mineral of the leucocratic granite in the Krásno deposit [36] and is
present in the form of isolated grains or as secondary filling of microcracks (Figure 5). Study
performed on samples from this site indicates 0.26–0.40 apfu Mn in pure fluorapatite [43].
However, a large part of fluorapatite will be presented in the non-magnetic fraction. In our
case, only apatites obtained from magnetic concentrate were studied. It turns out that they
contain larger amounts of Mn (see Table 1, ap. conc.). Typical zonal texture (as observed by
cathodoluminescence and SEM/EDS) is due to variable amount of manganese. Removal of
apatite from feldspar ore thus presents one of significant steps on how to decrease content
of one of the colouring elements.
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Figure 5. (a) Image of apatite in cathodoluminescence, (b) SEM (back-scatter electrons imaging (BSE)) image of zoned
apatite, and (c) SEM (BSE) image of vein secondary filled by apatite. Explanation: Ap = apatite, Znw = zinnwaldite,
Ab = albite.

Nb-Ta-rich fraction is composed of dominant rutile (namely, Nb-rich rutile) and Nb-
Ta-rich phases followed with minor/accessory admixtures of quartz, apatite, albite and
zinnwaldite. Rutile is easily separated by heavy liquid separation due to its high-density
(4.23 g/cm3). According to SEM/EDS analyses and elemental compositional mapping, Nb
and Ta are mostly concentrated in zoned rutile crystals (Figure 6a,b and Table 3). Based
on performed analyses, apfu formula is (Ti0.86-0.93Fe0.04-0.08Nb0.03-0.06)O2. Nb-Ta oxides
(columbite series) are much rarer, being often associated with much larger scheelite grains
(Figure 7a,b and Table 4).

Figure 6. (a,b) SEM/energy-dispersive spectrometry (EDS)-BSE images of two Nb-Ta-rich rutile
grains with characteristic zoning of Fe, Nb, Ti, and Ta and their compositional maps. Explanation:
Rt = rutile. Numbered crosses depict position of point chemical analyses (see Table 3).
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Table 3. Chemical composition of Nb-Ta-rich rutile as determined by SEM/energy-dispersive
spectrometry (EDS) (for position, see Figure 6a.)

Analysis TiO2 Nb2O5 Ta2O5 FeO MnO SiO2 Total

1 84.70 10.67 0.87 3.76 0.02 0.05 100.07
2 74.12 16.94 2.63 5.95 0.04 0.12 99.80
3 74.37 15.64 3.82 5.71 0.02 0.14 99.69

Figure 7. (a,b) SEM/EDS-BSE images showing position of Nb-Ta-rich phases belonging most likely to columbite family and
their association with scheelite grains. Numbered crosses depict position of point chemical analyses (see Table 4).

Table 4. Chemical composition of Nb-Ta-rich phases as determined by SEM/EDS (for position, see Figure 6).

Analysis WO3 Ta2O5 Nb2O5 TiO2 SiO2 SnO2 U2O Bi2O3 FeO MnO CaO Total

1 80.40 n.d n.d n.d n.d n.d n.d n.d 0.43 n.d 19.35 100.91
2 33.96 9.66 12.72 2.23 1.73 1.98 n.d 6.2 16.41 4.68 0.45 90.01
3 67.85 n.d 3.14 0.66 n.d n.d n.d 1.63 4.07 0.97 15.07 93.49
4 13.83 16.52 17.37 2.66 n.d 1.72 2.02 7.56 12.98 2.09 0.56 77.33
5 n.d 12.41 64.80 2.01 n.d n.d n.d n.d 16.06 3.73 n.d 99.01
6 37.71 7.79 18.43 2.57 n.d 2.51 n.d n.d 18.69 3.94 n.d 91.65
7 69.24 n.d 3.71 0.30 n.d 0.61 n.d n.d 19.16 4.56 n.d 97.58
8 56.05 n.d 9.66 1.11 n.d 1.60 n.d n.d 17.77 4.69 n.d 90.87

“n.d” means not detected.

Mica-rich fractions are represented mostly by Li-micas, i.e., zinnwaldite (Figures 4d and 8,
associated with minor quartz, feldspars and apatite. Separation of zinnwaldite makes
another significant processing step, which results in lowering of iron content. Further
processing of mica fractions by magnetic separation (rapid magnetic separator) into three
fractions proved that this method is highly sensitive to the content of iron in individual
mica grains (Table 1).

Fe-Mn fraction is represented by high-density magnetic phases, being formed by Fe-
oxides (hematite, followed with hydrated Fe-oxides) and Mn-rich phase being interpreted
as cryptomelane from XRD data (Figure 4e). These dominant phases are accompanied with
minor wolframite (ferberite) and rutile. Due to minute grain size of these phases and their
common interlocking with quartz and/or feldspars, the latter two phases were present in
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this fraction as well and were easily detectable from XRD (Figure 4e) and from SEM/EDS
(Figure 9). Some of Fe- or Mn-rich phases were mutually bound with clay minerals such
as kaolinite (Figure 9). Fe-Mn fraction is also enriched in Fe-rich particles, which can be
interpreted as a result of wear of jaws of the crusher.

Figure 8. SEM/EDS-BSE images of Li-micas grains. Explanation: Qz = quartz, Znw = zinnwaldite, Rt = rutile. (a) zinnwaldite
intergrown with quartz, (b) zinnwaldite with rutile, (c) zinnwaldite with quartz.

Figure 9. (a) SEM/EDS-BSE image of Mn-rich phase filling cracks in quartz grain, (b) quartz crystals cemented by botryoidal
zoned manganese oxide overgrowth and (c) weathering products of the feldspars (kaolinite) and the iron-manganese phases.
Explanation: Qz = quartz, Mn-ox = Mn-rich oxides, Clay min. = clay minerals.

Topaz fraction makes one of the heavy fractions being separated through two-steps
heavy liquid separation. Along with dominant topaz, some minor admixtures of other
phases were detected by XRD (Figure 4f). Presence of topaz fraction in our processing flow-
chart is both due to its physical properties (high specific gravity) and common association
with other minerals such as micas or rutile (Figure 10a,b). Topaz fraction is of low interest
either considering its elemental composition or its harmful effect to the feldspar ore.
Its content was very low (about 0.01%) in the analysed material.
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Figure 10. (a) SEM/EDS-BSE image of topaz concentrate and (b) topaz grain enclosing zinnwaldite (right). The topaz grain
shows presence of distinct microfractures filled with kaolinite family clay mineral (probably dickite being associated with
hydrothermal alteration of topaz [31]). Explanation: Tpz = topaz, Rt = rutile, Ap = apatite, Znw = zinnwaldite.

4. Discussion
4.1. General

Till now, majority of studies on processing and beneficiation of feldspar ore focused
on removal of those phases which are considered as harmful colouring admixtures in
ceramic/glass industries [44–47]. In order to make the beneficiation process effective
and economic, any Fe-, Ti or Mn-bearing phase is considered as harmful. Due to chemi-
cal/physical properties of Fe-, Ti or Mn-bearing phases, combination of magnetic separation
and flotation is considered to be most appropriate [15–18]; however, specifically flotation
might have negative side effects on the environment [7]. A very few studies examined
the possibility of re-processing of waste from feldspar ore or from feldspar rich rocks for
their additional use in glass and/or ceramic industry [48–50]. Surprisingly, none of these
studies focused on reversal approach—i.e., whether the phases removed during processing
of feldspar raw material can be utilised as a potential valuable source of some critical or
strategic mineral raw materials. This task might be of high practical interest as majority
of feldspar ore exploited nowadays is due to the granites and hydrothermally altered
granites [2], i.e., rock types similar to those from the investigated Krásno deposit.

The current study focused on the reverse problem—whether the waste obtained during
the single-step industrial-scale processing (by magnetic separation) of feldspar ore can be
effectively re-processed and employed as a source of valuable phases and/or elements.
Multiple-step processing (combination of gravity, magnetic and heavy liquid separation) of
the above-mentioned waste (magnetic separate) proved to be highly effective in obtaining
compositionally distinct fractions (both in terms of phase and chemical composition). The
laboratory-scale study aimed in the search for selection, combination, and hierarchy of
processing methods, which might be effective in a planned industrial-scale multiple step
processing of the feldspar ore. The purpose of such processing was twofold: (1) to improve
processing of valuable raw material with the aim to obtain marketable material of higher
purity (i.e., with lower content of colourants) and (2) to evaluate the possibility to employ
part of the waste as a valuable by-product (i.e., materials that can be used as a source
of CRMs).
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4.2. Li(+Fe) Bearing Phases

The main purpose of industrially applied processing scheme of feldspar ore from
Krásno deposit is removal of phases containing colouring elements such as Fe, Ti and
Mn. According to the results of the current study, major part of iron in the exploited
feldspar ore is bound to Li-bearing micas, which can be generally classified as zinnwaldite
(Li mica belonging to the siderophyllite and polylithionite series). Despite the variable
content of these micas in various rock varieties composing the deposit (the highest content
is for medium-grained leucogranite, the lowest content is for feldspathite/alkali feldspar
syenite—[36]), Li-bearing micas represent the most abundant harmful admixture. In terms
of the effectivity of separating methods, these can be easily removed by single-step magnetic
separation.

Zinnwaldite is currently considered as an alternative source of Li, specifically in
Central Europe due to widespread occurrences of Li-rich granites in East Germany and
West Bohemia [51]. However, it must be noted that zinnwaldite represents lower quality Li
ore than spodumene or lepidolite due to strong silicate framework, lower content of Li and
enrichment in F and Fe [52–56].

Less amount of iron is bound to Fe-(oxy)hydroxides (or oxides) being more abundant
in or close to distinct fault zones transecting the deposit. These zones can be effectively
separated even during blasting of the raw material and do not present general problem in
ore processing.

4.3. Mn-Bearing Phases

Regarding presence of manganese, two groups of phases are present. According to
the results of this study, substantial part of Mn is bound to very common accessory phase—
fluorapatite. According to the chemical and SEM/EDS analyses, it contains significant
admixtures of Mn with distinct zonal distribution. As this phase is widespread accessory
in all rock varieties of the deposit, it must be separated as well. Fortunately, Mn-bearing
apatite is easily separated by magnetic separation. This finding is in accordance with some
recent studies on positive effect of Mn on apatite magnetic properties [57–59].

Along with apatite, Mn is locally enriched in some fault zones and/or on joint surfaces
in the form of Mn-oxides from hollandite family [43,60]. According to our microscopic
analysis, these phases make common secondary filling between grains of other rock-
forming minerals, often being associated with clay minerals. In addition, these minerals
make part of bulk magnetic separate obtained during industrial-scale separation.

4.4. Ti-(Nb-Ta)-Bearing Phases and Their Economical Potential

Rutile, Nb-Ta-rich rutile and subordinate Nb-Ta oxides (columbite family) make
another typical accessory of the investigated deposit. Due to the complex history of
hydrothermal alteration that affected the investigated material, the Nb-Ta enriched rutile
phases exhibit complex zonal fabric and common intergrowths with other Fe-rich phases or
other ore minerals (e.g., scheelite, wolframite, etc.), which are typical for the whole Horní
Slavkov–Krásno ore district [29,37]. Fortunately, common presence of Fe-enriched phases
in Nb-Ta-rich rutile allows for their easy magnetic separation.

In terms of the quality of the discussed feldspar ore from Krásno deposit, Nb-Ta-Ti
mineral phases are currently considered as harmful colourant in the processing scheme
and are removed as a part of bulk waste during dry magnetic separation of certain part of
exploited material (such processing is applied for about 25% of the exploited feldspar ore at
present, but extension of processing capacity for another 25% is in construction). In terms
of current annual production (approximately 250 kt), about 125 kt of feldspar ore thus
will be processed by magnetic separation. Such separation would generate about 2.5 kt of
magnetic separate (considering content of separable magnetic fraction of 2%), processing
of which would gain some 12 t of Nb-Ta concentrate (about two-third of this amount is
due to Nb-phases). However, planned extension of the quarry operation laterally (this is
necessary prior the quarry can go deeper) will require exploitation of surficial parts of the
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deposit, which contain 5–6% of colourants (phase/elemental distribution and proportions
are similar to that one in our study according to the unpublished data from analysis of
drill hole specimens). Processing of such material can logically provide two to three times
higher amounts of Nb-Ta concentrate compared to the material studied by us.

Despite relatively low bulk tonnage expected from this novel source (recent world
production is about 78 kt of Nb and 1.8 kt of Ta), the main advantage of the proposed
Nb-Ta source would be its ease of obtaining from already exploited raw material. Another
advantage can be seen in the fact that Krásno deposit can provide one of the very few
economical sources of Nb-Ta elements in European Union for which these elements make
one of the most demanded CRMs [61,62].

It must be also noted that potential adoption of such processing scheme for similar
feldspar deposits within Europe could increase EU-based Nb-Ta sources to even higher
levels. Other sources of Nb, Ta and some other CRMs (e.g., REE, Sn) could be probably
obtained from similar Variscan granites which underwent kaolinization [63–65].

The abundance of Nb-Ta-rich phases at the studied deposit raises a question whether
the current processing waste could be used, at least partly, as a potential source of valuable
“critical raw materials”. To solve this problem, we have applied the above-described
multiple-step processing scheme to be able to obtain more enriched Nb-Ta concentrate.

According to the preliminary results of the applied laboratory processing scheme,
it seems that the used approach is generally promising, but its main disadvantage is con-
nected with the use of heavy liquid separation step. As this approach is hardly applicable
on industrial scale, our further effort will be focused on the use of some alternative methods
on semi-industrial or industrial-scale trials.

5. Conclusions

Laboratory-scale experiment on additional processing of the waste generated during
beneficiation of feldspar ore from Krásno deposit proved that proposed scheme (physical
and chemical processing steps by combination of gravity, magnetic and heavy liquid
separation) is highly effective in terms of obtaining mineralogically homogenous fractions.
At least part of the obtained fractions can be considered as valuable by-product—source of
critical raw materials. This specifically concerns the fractions enriched in Li-micas and/or
Nb-Ta-Ti mineral phases.

Despite successful obtaining of Li and/or Nb-Ta concentrates, the main disadvantage
of current processing scheme is connected with the use of heavy liquid separation step.
As this approach is hardly applicable on industrial scale, our further effort will be focused
on the use of some alternative methods on semi-industrial or industrial-scale trials.
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