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Abstract 

 

Three industrial materials: bentonite, barite and pyrophyllite were investigated regarding their 

suitability as fillers in plastic compounds.  

Two Bulgarian calcium bentonites -

 -Ray diffraction 

analysis (XRD) were chosen as suitability indicators. The montmorillonite content was 55 - 

58 %, the swelling index was 21 ml / 2g and additional minerals such as albite occurred in 

large quantities (25 %). The low montmorillonite content in connection with the low Swelling 

Index indicates that the two bentonites are not suitable as active filler for plastics. For 

possible further applications, e.g. drilling bentonite, rheological properties were tested, 

resulting in a viscometer dial reading at 600 rpm R600 = 11 and a plastic viscosity ratio b = 

2.4. 

The Bosnian barite was characterized by mineralogical aspects and processed by optical, 

gravity, magnetic and electrostatic separation methods. The raw material was medium 

grained and intergrown with quartz and tetrahedrite. The brightness varied between 96 % 

and 73 %. SrSO4 contents differed between the samples in the range of 0.7  17 %. The 

manual optical sorting resulted in a barite recovery of 87 %. The sink-float analysis in three 

particle size ranges < 1 mm showed a degree of liberation of > 99 % for barite. The shaking 

table test resulted in a barite grade of 98 % with a recovery of 81 %. The suitability as a filler 

in plastics may apply. 

Two Bosnian pyrophyllites were mineralogically investigated and processed by attrition and 

flotation. The mineral processing products were characterized by acid solubility, loss on 

ignition (LOI), brightness measurements and XRD. As accessory minerals quartz and 

carbonates occurred. Heavy minerals were apatite and zircon. The least amount of acid-

soluble minerals (1.29 %) and the least LOI (3.95 %) were reached by flotation. The 

brightness of the raw material (81 % and 72 %) could not be increased. The suitability as a 

filler in plastics is not given regarding these particular results, due to the high quantity of 

additional minerals. 
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Zusammenfassung 

Drei Industrieminerale: Bentonit, Baryt und Pyrophyllit wurden hinsichtlich ihrer Eignung als 

Füllstoff in Kunststoffen geprüft. 

Zwei bulgarische Kalzium-Bentonite wurden (alkalisch) zu Natrium-Bentonit aktiviert. Als 

Indikatoren für deren Eignung in Kunststoffen wurden der Montmorillonitgehalt, das 

Quellvolumen sowie die Ergebnisse der Röntgendiffraktometrie gewählt. Der 

Montmorillonitgehalt ergab 55  58 %, das Quellvolumen lag bei 21 ml/2g. Begleitminerale 

wie zum Beispiel Albit traten in großen Mengen (25 %) auf. Der niedrige 

Montmorillonitgehalt, verbunden mit dem geringen Quellvolumen ließ darauf schließen, dass 

die Bentonitproben nicht als Füllstoff für Kunststoffe geeignet sind. Um die Verwendbarkeit 

für andere Anwendungen, zum Beispiel Bohrbentonit, zu prüfen, wurden die rheologischen 

Eigenschaften getestet. Der Viscometer Skalenwert ergab R600 = 11 bei 600 min-1 und das 

Verhältnis der plastischen Viskosität b = 2,4. 

Die Barytproben aus Bosnien Herzegowina wurde mineralogisch charakterisiert und mittels 

optischer, gravimetrischer, magnetischer und elektrischer Sortiermethoden aufbereitet. Die 

Kristalle des Rohgutes waren mittelkörnig und mit Quarz und Tetraedrit verwachsen. Die 

Weiße lag zwischen 96 % und 73 %. Der Gehalt an SrSO4 variierte zwischen 0.7  17 %. Mit 

der optischen Trennung durch Handklaubung wurde ein Konzentrat aus unverwachsenen 

BaSO4-Körnern mit einem Inhaltsausbringen von 87 % erreicht. Auch die Schwimm-Sink 

Analysen in den Korngrößenklassen 0,71/1 mm, 05/0,71 mm und 0,315/0,5 mm ergaben 

Aufschlussgrade von > 99 %. So konnten mittels Herdarbeit BaSO4-Gehalte von 98 % bei 

einem Inhaltsausbringen von 81 % erreicht werden. Die Eignung als Füllstoff könnte 

gegeben sein. 

Zwei Pyrophyllit Proben aus Bosnien Herzegowina wurden mineralogisch untersucht und 

durch Attrition und Flotation aufbereitet. Die Charakterisierung der Aufbereitungsprodukte 

erfolgte mittels Säurelöslichkeit, Glühverlust, Weißemessung und Röntgendiffraktometrie. Als 

Begleitminerale traten Quarz und Karbonate auf. Akzessorische Schwerminerale waren 

Apatit und Zirkon. Die geringste Säurelöslichkeit (1.29 m%) und der geringste Glühverlust 

(3.95 m%) wurde mit Konzentraten aus der Flotation erzielt. Die Weiße des Rohgutes (81  

72 %) konnte nicht erhöht werden. Die Eignung als Füllstoffe in Kunststoff konnte anhand 

der Resultate dieser Tests und aufgrund der großen Menge (ca. 50 %) an Begleitmineralen 

nicht bestätigt werden. 
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1. Assignment of Tasks 

 

New applications for plastics increase the demand for certain raw materials suitable 

as fillers. Innovative solutions in exploration, mining and processing contribute to 

provide supply of high quality materials within strict material regulations for best 

performance products. 

 

In regards of these aspects, this master thesis in hand deals with the raw material 

characterization and processability of three different industrial minerals with an 

outlook on their suitability as fillers in plastics.  

Multiple samples of bentonite, barite and pyrophyllite were examined. Each 

sample was separately characterized concerning its mineralogical aspects and also 

tested regarding mineral processing possibilities. Comparing these results to 

commonly used raw material requirements provided information about the suitability 

of the samples as fillers in plastics. All samples were provided by partners of the FFG 

   innovative 

functional minerals for the plastics industry). Min4k  was a cooperation of national 

and international partners from industry and universities for investigations on raw 

materials from potential European deposits as fillers for the plastic industry. 

Project members were: 

- Montanuniversität Leoben 

- maGeo e.U.  Martin Huber, Ingenieurbüro für Montangeologie + Geothermie 

- Advanced Polymer Compounds 

- Grafitbergbau Kaisersberg 

- Paltentaler Minerals GmbH & Co KG 

- Polyconcent 

- Uralian Branch of Russian Academy of Sciences, Yekaterinburg 

- University of Belgrade  

- Geological Institute, Bulgarien Academy of Science 

- Gravelita nLtd.  

- Celsian Ltd. 

- Milicevic d.o.o. 
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2. Bentonite 

 

2.1 Overview 

 

Bentonites are rocks consisting mainly smectite minerals like montmorillonite, 

beidellite, and nontronite (60 90 %). Accessory minerals vary from deposit to deposit 

and may be quartz and its modifications (tridymite, cristobalite), feldspar, mica, 

volcanic glass and colloidal silica (Opal-CT) [POHL 2005A]. Calcite, gypsum and pyrite 

are the main accessory minerals in Milos bentonites, illite and kaolinite in significant 

amounts are found in Bavarian bentonites. [OHRDORF 2010A]. 

Bentonite, as an unconsolidated sedimentary rock, has been considered to consist of 

characteristic particles below 2 μm [LAGALY AND KÖSTER 1993]. But recent ESEM and 

TEM pictures of Milos, Bavarian and Sardinian bentonites  the most important 

European mining regions for bentonites  have provided a different aspect. The 

montmorillonite lamellas, especially such suitable for the application in plastics, are 

exceeding the length of 1 - 2 μm [OHRDORF 2010B] 

Only montmorillonite is of industrial importance [OHRDORF 2010C]. There is no 

international agreement on which content of montmorillonite qualifies a mineral as a 

bentonite. In industry even bentonites of only 40 m% of montmorillonite are 

processed and sold. 

 

2.1.1 Genesis of Deposits 

Nearly all unconsolidated clays are formations dating from the Neogene and 

Quaternary. [LAGALY AND KÖSTER 1993]. 

Smectites can be formed: [POHL 2005A] 

 as an alteration product of volcanic tuff in alkaline milieu  

 in volcanic areas by hydrothermal, alkaline alteration of rocks 

 by autochthone weathering of basic tuffs, basalts and ultramafic rocks 

resulting in smectite soils 

 as marine or playa lake clay sediment  
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Bulgarian bentonites are found in Lower Tertiary sequences of calcareous sediments, 

tuffs and volcanic tuffs and rhyolitic to andesitic lavas. They have formed by 

devitrification of volcanic glass accompanied by hydrothermal action. Montmorillonite 

of these bentonites has developed from acidic tuffs. [GRIM AND GÜVEN 1978]. 

2.1.2 Mineralogy 

Smectites are swellable 2:1 clay minerals. Smectite-minerals comprise 

montmorillonite, beidellite and nontronite as dioctahedral and saponite as well as 

hectorite as trioctahedral representatives. Most of the smectite minerals are 

monoclinic. [KÖSTER 1993]. The classification of montmorillonite, as according to 

STRUNZ [RAMDOHR AND STRUNZ 1987] is: 9.EC.40. 

9: Silicates  

E: Phyllosilicates 

C: Phyllosilicates with mica sheets, composed of tetrahedral and octahedral nets 

40: Montmorillonite (dioctahedral) 

 

2.1.3 Structure 

Siliceous clay minerals are built of [SiO4]-tetrahedrons and [M(O,OH)6]-octahedrons 

tetrahedral sheets, in such a way, that the free apexes of the tetrahedrons point in 

the same direction. In the plain, the tetrahedrons form a network of hexagonal rings. 

This tetrahedral sheet is condensed to an octahedral sheet, which shares oxygen 

ions with the tetrahedral apexes. All oxygen ions of the octahedrons, which are not 

shared with the tetrahedrons, bind a proton, so they form hydroxyl ions (OH-) in the 

structure. The layers, consisting of a tetrahedral sheet and an octahedral sheet, form 

the double layer clay minerals (1:1 layer silicates) of the kaolin- and serpentine 

minerals. Three layer minerals (2:1 layer silicates) result in the condensation of a 

second tetrahedral sheet on the octahedral sheet, with the apexes opposite to the 

apexes of the first tetrahedral sheet. [LAGALY AND KÖSTER 1993]. 

 

2.1.4. Morphology 

Three main forms of smectite can be distinguished: [MURRAY 1986] 

1. Smectite lamellas with rhombic outline and elongated hexagonal films. 

2. Thin crystals with irregular contour and a thickness of < 200 nm. 
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3. Strip-like or ribbon-like crystals of beidellites and nontronites. 

Montmorillonites form thin crystals, which appear like slides with irregularly bordered, 

they rather seem frayed by sheets of different length. [LAGALY AND KÖSTER 1993]. 

Montmorillonite consists of packages of up to 100 primary lamellas with a thickness 

of 1 nm [KERNER ET AL. 2005]. 

 

2.1.5 Swelling Behavior 

The reason for the widespread industrial application and the most obvious feature of 

bentonite is the intercrystalline swelling behavior [OHRDORF 2010D]. 

In the octahedron of montmorillonite the Al3+ is partly substituted by Mg2+

Ca2+, Mg2+ Na+ to make the crystal electrostatically neutral [POHL 2005A]. 

The intercalation of water molecules hydrates the counter-ions causing an expansion 

of the sheet distances from originally around 10 nm. This process can double the 

volume of montmorillonite. [MÜLLER-VONMOOS AND KÖHLER 1993].  

 

Bentonites in deposits with Na+

Ca2+, Mg2+

-  

Na+ 

 

For this purpose, the Bulgarian calcium bentonites had to be alkali-activated to 

sodium bentonites with Na2CO3. 
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Process of analysis: 

Weight in 20 g ± 0,0001 g of grinded Bentonite using a glass scale pan, drying at 

150o C until constant weight, cooling down at room temperature in an desiccator and 

weigh out the dried sample together with the scale pan. 

 

Calculation: 

                (Weigh-in)  -  (Weigh-out) 

  Moisture Content [m%] =  ----------------------------------  x 100 

                  (Weigh-in)  

 

2.2.3 Methylene-blue Adsorption with a Derived Montmorillonite Content as 

Commonly Applied in Industry 

The absorption was determined according to the VDG - Merkblatt P69, Oktober 1999. 

The corresponding montmorillonite content to the absorbed Methylene-blue solution 

(0,5 m% Methylene-blue) can be read out of the diagram below (Fig.3). The table 

was kindly provided by "I.B.O. Ingenieurbüro für Bentonit-Technologie Dipl.-Ing. 

Ohrdorf" and is a common conversion tool in industry, although it may vary from 

producer to producer of alkali-activated bentonites. 

 

Process of analysis: 

Preparation of a 0,5 % Methylene-blue solution, a saturated Tetra-Sodiumphosphate 

solution and a 0,5 mol/l 1 N sulfuric acid. Using a bentonite sample with a moisture 

). Grinding 

the bentonite sample three times passing through a 0,25 mm sieve. Mixing of 500 mg 

±1 mg standard-bentonite, 500 mg ±1 mg of the bentonite sample and the Tetra-

Sodiumphosphate solution with sulfidic acid. Adding of about 80 m% of the expected 

consumption of the Methylene-blue solution. Placing single drops of the suspension 

on filter paper. Adding Methylene-blue solution, until the blue ring on the filter paper 

forms a light blue halo. Determining the Methylene-blue absorption capacity of a 

given bentonite sample. 
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2.3 Processing and Product Testing 

2.3.1 Alkali activation 

The two samples were alkali- -

Technologie Dipl.-Ing.  

According to the determined Methylene-blue absorption and based on dry substance 

the necessary amount of sodium carbonate (Na2CO3) was added and mixed with the 

raw bentonites. The activation technology followed a common, but not standardized 

laboratory method in industry, the  air-

proof packaged, so the air-dried bentonite had to be re-hydrated to an assumed 

natural moisture content of  

29 m% as most of the bentonite deposits are mined at a natural moisture content of  

30 ±3 m%. The lower than average moisture value had been chosen, because of the 

lower montmorillonite content and, even more importantantly, to adjust the bentonite 

to a sufficient plasticity for the extrusion. 

2.3.2 Drying, Grinding, Sieving 

The activated bentonite was dried at 150 °C resulting in an adequate-to-industry 

product temperature of 85 °C and a moisture content of 8 ±1 m%. After drying the 

samples were grinded, u impact rotor mill (Fig. 4 left). The 

moisture content of the powder was measured (according to I.B.O. 01 / 2003). The 

g. 4 right). 

 

Process of analysis: 

20 g of the grinded material were sieved for 5 min through a 0.063mm sieve.  

 

Calculation: 

 

       (Weight in) 

Sieve residue [m%] =  -----------------------   * 100% 

             (Weight out) 
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2.4 Results of Analysis 

 

2.4.1 Overview of Analysis 

The overview of the analysis is listed in Tab.1:  

 

Tab. 1: Overview of Analysis 

2.2.1 X-Ray Diffractometry 

2.2.2 Moisture Content of the Received Sample 

2.2.3 
Methylene-blue Absorption with a derived montmorillonite content as commonly 

applied in industry 

2.3.1 Alkali Activation 

2.3.2 Drying, Grinding, Sieving 

2.3.3 Swelling Index After Activation 

2.3.4 Viscosity 
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2.4.2 Results 

The results are listed in the following table (Tab. 2). Additional comments are below 

Tab. 2 (Chapter 2.4.3). 

 

Tab. 2: Results of Analysis 

                                                        Sample                      
Analysis 

Zelenika Ralitsa 

2.2.1 XRD [1] [1] 

2.2.2 Moisture Content [m%] of Raw Bentonite, as Received 8.95 10.65 

2.2.3 

Methylene-blue Absorption [mg/g] 260 [2] 230 [2] 

Corresponding Montmorillonite Content [m%], approx. 58 55 

Montmorillonite content by XRD analysis [m%],approx. 58.6 53.4 

2.3.1 
Moisture Content at Activation [m%] 29 29 

Soda Calculated on Dry Bentonite [m%]  3.6 3.4 

2.3.2 
Moisture Content, Powder [m%] 7.6 6.9 

Dry Sieve Residue, Powder [m%] 2.15 2.15 

2.3.3 Swelling Index [ml] 21[3] [4] 

2.3.4 

Corrected Mass of Bentonite [g] 21.92 21.75 

Viscometer Dial Reading at 600 rpm R600 11 [5] 

Viscometer Dial Reading at 300 rpm R300 8.5 [5] 

Plastic Viscosity P 2.5 [5] 

Yield Point Y 6 [5] 

Yield Point/Plastic Viscosity Ratio b  2.4 [5] 
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2.5 Suitability Criteria for the Use as Active Filler in Plastics and 

Conclusions 

 

2.5.1 Montmorillonite Content for the Use in Plastics 

Compared with other industrial bentonites processed (an 

organophile modified natural sodium bentonite), a minimum of 90 m% 

montmorillonite content is required.  

The main target of the application of montmorillonite in plastics is to benefit from the 

tensile strength of the lamellas and the possibility of an organophile modification. Any 

accessory mineral reduces the efficiency of the montmorillonite reinforcement  in 

such compounds. 

 

Conclusion: 

With a montmorillonite content of significantly below 90 m%, both samples do not 

fulfill the above criteria. 

 

2.5.2 Aspect-ratio 

A high aspect-ratio is necessary because the platelets should behave like steel bars 

in reinforced concrete. Measured maximum values are 2300 nm in length and 1390 

nm in width [OHRDORF 2010B] (Fig 11 left). One measured thickness of a platelet is 

5,2 nm (Fig 11 right) [OHRDORF 2010B]. But it has to be mentioned that 

measurements with an Environmental Scanning Electron Microscope (ESEM) bear 

considerable difficulties. In accordance with the literature the true thickness of a 

single platelet is near 1-2 nm. The measured bentonite is from Milos, Greece, 

 mine [OHRDORF 2010B]. The true aspect-ratio as a bench mark criteria for 

the application in plastics is yet unknown. Taking into consideration that the length of 

montmorillonite lamellas in a suitable deposit varies between approx. 800 and 2300 

nm and the true diameter of a single platelet is approx. 1-2 nm, the desired aspect 

ratio should be > 500. The pictures were taken by the 

 with an ESEM with a field emission gun (cathode), 

(FEG, Schottky Emitter) [OHRDORF 2010B]. 







29 
 

 

2.6.2 Viscosity  

bentonite.  

The rheological requirements are: 

 

Tab. 6: OCMA Physical Specifications 

Viscometer Dial Reading at 600 rpm R600 minimum 30 

Yield Point/Plastic Viscosity Ratio b maximum 6 
 

To compare, optimal-activated bentonites from Milos, Greece reach 82 scale values 

for 600 rpm and 76 scale values for 300 rpm [OHRDORF 2010F]. A scale value for 300 

rpm is not defined in the OCMA Specification. 

 

 

Conclusion: 

did not fulfill the OCMA (Oil Companies Material Association) 

Specification requirements with R600 = 11 and b = 2,4.  

be measured, because the 

suspension sedimented, resulting in a clarified water layer, a turbid water layer and a 

solid mineral layer at the bottom. 
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3. Barite 

 

3.1 Raw Material Characterization 

 

3.1.1 General 

3.1.1.1 Mineralogy, Petrology, Chemistry  

Barite, BaSO4, crystallizes rhombohedral-dipyrimidal. The density of pure barite is 

4.48 g/cm3 and the MOHS-Hardness is 2.5  3.5. The color is translucent, in most 

cases cloudy-white. Barite is widely inert. [LORENZ AND GWOSDZ, 1998A]. Sr can 

replace Ba in the crystal lattice up to 5 m%. Also Pb and Ca can substitute Ba. [POHL, 

2005B]. 

 

Witherite, BaCO3, crystallizes dipyrimidal-orthorhombic. The density of witherite is 

4.2 g/cm3 and the MOHS-Hardness is 3.5. The color is translucent to yellowish. 

Witherite is easily soluble in acids.  

The economically most important barium mineral is barite. The ideal chemical 

compositions of barite and witherite are (Tab. 7): 

 

Tab. 7: Ideal Composition of Barite and Witherite 

  BaO SO3 CO2 

Barite, BaSO4 65.7 m% 34.3 m%   

Witherite, BaCO3 77.7 m%   22.3 m% 

 

Sanbornit (BaSi2O5), with BaO grades at around and above 50 m% in the future may 

become important as raw material for barium chemicals. [LORENZ AND GWOSDZ, 

1998A]. 

 

Barium is a lithophile alkaline earth element, geochemically similar to Ca. It is an 

incompatible LIL-element which replaces K+ in many rock forming minerals, with Ba2+ 

grades up to several percent. Due to this, MOR-Basalts have Ba2+ grades of ca. 92 

ppm, whereas magmatic rocks with higher SiO2 grades and clastic sediments have 

Ba2+ grades up to 800 ppm. Consequently the continental crust has a huge potential 
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for Ba2+ mobilization in hydrothermal replacement deposits. In vein deposits of 

hydrothermal systems, barite is transported as BaCl(aq) in acidic, reducing fluids. 

Witherite precipitates in alkaline milieus. [POHL 2005B]. 

 

3.1.1.2 Genesis of Deposits 

Barite origins predominately from hydrothermal systems, where reduced Ba is 

oxidized by SO4
2-. The types of deposits are listed in order of economic importance 

[CLARK ET AL, 1990]: 

- Submarine, hydrothermal-exhalative: The barite reserves are large. Barite 

occurs as gangue or wall rock of sulfide layers of the Kuroko- or Sedex-type. If 

chemically differentiated, barite accompanies galenite or is formed 

immediately thereafter.  

- Epigenetic, hydrothermal barite veins, karst fillings and metasomatic 

bodies in carbonates: Correspond largely with Mississippi Valley Type Pb-Zn 

deposits. 

- Hydrothermal barite veins in non-carbonates 

- Terrestric, hydrothermal-sedimentary: This kind of barite deposit can be 

 

- Karst-barite 

- Stratiform barite layers in evaporation sediments: This formation occurred 

during Liassic transgressions. Barite origins from ascending fluids of marine 

clays or terrestrial water. 

- Residual deposits, which are formed by eluvial weathering of primary layers. 

 

3.1.1.3 The Barite Deposit of Kre evo 

Barite deposits in the region of Kre evo in Bosnia and Herzegovina (Fig. 13 left) are 

part of the Mid-Bosnian Schist Mountains (MBSM) containing the largest barite ore 

deposits of the Dinarides. The MBSM are one of four Paleozoic complexes of Bosnia 

and Herzegovina (Fig. 13 right), mainly consisting of Lower Paleozoic (Ordovician-

Silurian-Devonian) rocks and lesser of Lower-Middle Carboniferous to Late Permian 

rocks [Jurkovic et al. 2010], which is overlain by fossiliferous Devonian carbonate 

rocks [ZIVANOVIC 1972]. The main rocks of the MBSM are pre-Devonian metamorphic 

rocks [SOFILJ ET AL. 1980], whose K-Ar dated crystallization age is 343 ± 13 Ma 
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3.1.2.6 Chemical Analysis 

For analysis of the chemical composition of the barite hand samples AT-7A, AT-7B, 

AT-7C, AT-7D and AT-7E, th  agate 

mill (Fig. 17). The chemical analysis was carried out by the Department of General, 

Analytical and Physical Chemistry, Montanuniversität Leoben. The analysis 

measured the quantities of the detected molecules and elements (Tab. 8). The loss 

of ignition was analyzed at 1000 °C. 

 

Tab. 8: Chemical Analysis of Molecules and Elements 

g/100g mg/kg mg/kg 

Na2O Sc Ce 

MgO V Pr 

Al2O3 Cr Nd 

SiO2 Co Sm 

P2O5 Ni Eu 

SO3 Cu Tb 

K2O Zn Gd 

CaO Ga Dy 

TiO2 Rb Ho 

Cr2O3 Sr Er 

MnO Y Tm 

Fe2O3 Zr Yb 

BaO Nb Lu 

SrO Ba Pb 

  La Th 

LOI     
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Aim of the chemical analysis was to calculate the BaSO4 contents and to check the 

correlation of the depositional environment. The contents of BaSO4 were calculated 

according to the formulas in Tab. 9 [LORENZ AND GWOSDZ 1998A]: 

 

Tab. 9: Calculation Formulas [LORENZ AND GWOSDZ 1998A] 
BaSO4 x 0.5884 = Ba 

Ba x 1.6995 = BaSO4 

BaSO4 x 0.657 = BaO 

BaO x 1.5221 = BaSO4 

 

3.1.3 Results of Raw Material Characterization 

 

3.1.3.1 Macroscopic Description 

All barite hand samples (Fig. 18a-e) were white with a sparry ground mass and 

medium grained (ca. 0,5  1 mm). Quartz was visible in sample AT-7A and AT-7B 

(Fig. 18a and 18b) and disseminated sulfides of mm size in sample AT-7C and AT-

7D (Fig 18c and 18d). Sample AT-7E was plain white and monomineralic, however a 

slight greenish impurity was visible, which seemed to be chlorite, but was too little to 

be detected by the listed methods (Fig. 18e). The aggregate sample for mineral 

processing (AT-1K) comprised: barite intergrown with gray dolomite (Fig. 19), white 

barite, rusty-weathered hematite and very little turquoise malachite (Fig. 20). 
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3.1.3.5 Chemical Analysis 

The chemical compositions of the samples AT-7A, AT-7B, AT-7C, AT-7D and AT-7E 

are shown in the appendix (Tab. 39 and 40). The BaSO4 content was calculated 

(Tab. 12). 

 

Tab. 12: Calculation of BaSO4 Content [m%] 

Element Samples 

  AT-7A AT-7B AT-7C AT-7D AT-7E 

g / 100 g           

BaO 69.27 50.15 56.90 59.47 61.14 

BaSO4 105.43 76.34 86.60 90.51 93.06 

SrO 0.96 0.39 8.77 9.61 9.19 

SrSO4 1.70 0.69 15.56 17.05 16.29 

 

The BaSO4 grade of sample AT-7A (> 100 %) may be a result of analysis-

imprecisions and cannot be included in any interpretation. A further corrective 

analysis could not be performed in the limited frame of this project. The SrSO4 

grades of the samples AT-7A and AT-7B (  1 %) were significantly lower than the 

grades of the remaining samples (> 15 %). This may indicate that the samples were 

taken from different parts of the deposit. 

SrSO4 grades are an indicator for the formation conditions: sedimentary barite and 

younger reworked barite veins show grades below and around 1 m% SrSO4; primary 

vein barite shows grades above 3 m% SrSO4 and can reach > 10 m% SrSO4. The 

SrSO4 grade increases with depth and proximity to the center of the mineralization, 

which is the origin of the Ba/Sr fluid ascension point. An increase of Sr with the 

temperature is also reported. [LORENZ AND GWOSDZ, 1998C]. The samples AT-7A and 

AT-7B may come from distal parts of the ascension point. Hardly any Rare Earth 

Elements were detected.  
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3.2 Field Trip to Kre evo 

 

From 29th  30th of April 2013, a trip to Kre evo, Bosnia and Herzegovina was 

undertaken. Purpose of the field trip was an on-site inspection of the underground 

mine and collecting further samples for mineral processing tests. The production of 

the underground mine ended in 1991 and there are no geological maps available 

anymore. An old exploration gallery (gallery N° 21), was visited under the guidance of 

a former miner. It was only re-opened recently for the visit (Fig 27a). The entrance of 

the main underground mine (gallery N° 20) was filled up at that time (Fig. 27b). Barite 

there occurs in lenses of about 0,5  1,5 m (Fig. 27c) and small veins of cm size (Fig. 

27d) within the dolomite-host rock. Dolomite is approximately 5  10 cm thick 

stratified and dips to WNW (285/48) (Fig. 27f). Occasionally areas of malachite and 

weathered hematite occur in the host rock. These areas are faulty, and they are 

accompanied by water inlets (Fig. 27e). According to the former miner, the quality of 

the barite in the gallery N° 21  is better (98-99 m% BaSO4) than it is in the actual 

mine (95 m% BaSO4), but the amount of barite ore is less. The exploration gallery 

was built to reach a 50 x 60 m barite lens, but missed its target. 

About 13 kg of barite, dolomite and malachite/hematite were collected for mineral 

processing tests (sample AT-1K). 
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3.3 Mineral Processing 

 

Intended was the best possible separation of the barite form the host rock, as well as 

from impurity minerals. Therefore the processability was tested by the physical 

properties of the raw material. 

The crushed material of the sample was divided into several grain-size fractions. The 

coarse fraction was optically sorted into pure barite, intergrown barite and waste 

material. The medium grained fraction was separated by a manual jig (after 

Büttgenbach) into light and heavy components. The fine and finest fraction was 

processed by a Frantz  magnetic separator, heavy media separation (sink/swim 

analysis), a permanent magnetic separator, electrostatic separation and shaking 

table separation. The permanent magnetic separator was used before electrostatic 

and shaking table tests, because oxide minerals might have influenced the results 

due to their high density. 

 

The degree of liberation and the mass balance study are the major quality indicators 

for the success of the crushing and separation processes. 

For the calculation of the degree of liberation and the mass balance, the density of 

the products was chosen. Pure barite ore had a measured density of 4.38  4.43 

g/cm3, dolomite 2.8  2.9 g/cm3. The calculation scheme is described in chapter 

3.3.2. 

 

3.3.1 Methods of Mineral Processing 

The aggregate sample of the exploration gallery N° 21 (sample AT-1K) was 

investigated by the following methods: 

 

3.3.1.1 Primary Crushing  

The whole aggregate sample was crushed manually in the cycle to a fraction ca. 0 - 

70 mm, using a hammer (Fig. 28). 
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The process data for the Büttgenbach  test for grain sizes (k) are listed in Tab. 13: 

Tab. 13: Process Data Büttgenbach  

k = 1 - 5 mm 

Measured 

Value Scale Value 

Lifting Height ca. 3.5cm 40 - 75 

Duration 1 min 16 sec   

Frequence [s-1] 1   

Stamp 1.8 cm 67 - 48 

      

k = 5 - 10 mm     

Lifting Height ca. 3.5 cm 45 - 80 

Duration 1 min 30 sec   

Frequence [s-1] 1   

Stamp 2 cm 65 - 45 

 

3.3.1.6 Magnetic Separation by Frantz -Separator 

The fine grain fractions k = 0.315  0.5 mm and 0.125  0.315 mm were investigated 

with a -  (Fig 33). The magnetic 

separation assumes that the grains differ enough in their magnetic susceptibility to be 

separated [SCHUBERT 1986B]. The Frantz  magnetic separator is an isodynamic 

separator for laboratory use to fractionate the susceptibility classes. The material is 

transported through a vibrating channel (inclination ca. 15°) with a transverse 

inclination (ca. 10°). An electromagnet is situated in an air gap and is controlled by 

the induction current intensity. As a result of magnetic and gravitational forces, the 

material is separated into two classes of susceptibility. The longitudinal inclination 

controls the speed of the transport. [SCHUBERT 1986C]. 

The feeding was dry. Prior to the Frantz  separator, all ferromagnetic particles were 

removed by hand using a permanent magnet. Then the material was processed with 

the Frantz  separator beginning at 0.2 A. The magnetic material was removed and 

the waste material was processed again, at 0.6 A, 1.0 A and 1.4 A (Fig. 34). The 

products were weighted and the mass percentages plotted in bar diagrams showing 

susceptibility classes. 
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3.3.2 Calculation 

The success of the mineral processing was expressed by the degree of liberation and 

the mass balance, which include mass, grade, contents and contents recovery. The 

crucial attribute for the products was the density. 

The calculation of the degree of liberation and the balance follows certain formulas: 

Mass M [g] 
3] 

Volume V [cm3] 

Grade g [%] 

Content I [g] 

Mass Recovery rm [%] 

Recovery r [%] 

Degree of Liberation DL [%] 

 

 

 

Grade Calculation: 

 

 i 

Vi = ----------  M0 = 1 * V1 + 2 * V2  V0 = V1 + V2 

 Mi 

    (M0  ( 2 * V0))    Mi 

     V1 = -----------------------      gi = ------- 

       ( 1  2)     M0 

 

Balance Calculation: [amended after SCHUBERT 1989A]: 

M0 = M1 + M2    rm1 + rm2   rm1 + rm2 = 100 

M0 = --------------- 

        M0 

 

Ii,0 = Ii,1 + Ii,2  Ii,j = Mi * gi,j   Ii,j   rm,j * gi,j 

ri,j = --------- = ------------- 

       Ii,0   gi,0 
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Degree of Liberation Calculation: [amended after SCHUBERT 1989B]: 

 

  (M1,1 * g1,1)      I1,1 

DL = -------------------------------- = ------------- 

 (M1,1 * g1,1 + M2,2 * g1,2) I1,1 + I2,2 

 

In words:  

The degree of liberation is the percentage of barite contents in the concentrate to 

barite contents in the concentrate plus barite contents in the waste. 

 

3.3.3 Flow sheet 

The flow sheet of the barite processing scheme is given in Fig. 40. Details are 

described in chapter 3.3.1. 
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Tab. 14: Grade Calculation of Optical Sorting of Barite 

Product Mass Density V V Barite 

Mass 

Barite Grade 

  [g] g/cm3 cm3 cm3 g % 

CP 8242.00 4.38 1881.74 1881.74 8242.00 100.00 

IP 2653.49 3.37 787.39 284.06 1244.17 46.89 

WP 5229.00 2.80 1867.50 0.00 0.00 0.00 

Feeding 16124.49 3.55 4536.62 2165.79 9486.17 58.83 

 

Tab. 15: Balance of Optical Sorting of Barite 

Product Mass Yield Grade Content Units Recovery 

  [g] [%] [%] [g] [%%] [%] 

CP 8242.00 51.11 100.00 8242.00 5111.48 86.88 

IP 2653.49 16.46 46.89 1244.17 771.60 13.12 

WP 5229.00 32.43 0.00 0.00 0.00 0.00 

Feeding 16124.49 100.00 58.83 9486.17 5883.08 100.00 

CP = Concentration Product, IP = Intermediate Product, WP = Waste Product, V = Volume. 

 

The degree of liberation was: 

DLBarite = 86.88 % 

DLWaste = 78.77 % 

 

Comments: 

In case of larger amounts of non intergrown barite, pre-sorting between concentration 

and waste product appears reasonable. 
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3.3  

The jigging products were balanced (Tab. 16 - 19) and the degree of liberation was 

calculated. 

k = 5  10 mm: 

Tab. 16: Grade Calculation, Büttgenbach, Barite, k = 5  10 mm 

Product Mass Density V V Barite 

Mass 

Barite Grade 

  [g] [g/cm3] [cm3] [cm3] [g] [%] 

CP 177.07 4.32 41.02 38.07 168.55 95.19 

WP 122.11 3.24 37.64 8.83 39.11 32.03 

Feeding 299.18 3.80 78.67 46.90 207.66 69.41 

 

Tab. 17: Mass Balance Study, Büttgenbach, Barite, k = 5  10 mm 

Product Mass Yield Grade Content Units Recovery 

  [g] [%] [%] g %% % 

CP 578 40.65 95.19 550.19 3869.13 67.05 

WP 844 59.35 32.03 270.35 1901.18 32.95 

Feeding 1422.00 100.00 57.70 820.54 5770.30 100.00 

CP = Concentration Product, WP = Waste Product, V = Volume. 

 

The degree of liberation: 

DLBarite = 67.05 % 

DLWaste = 96.81 % 

 

k = 1  5 mm: 

Tab. 18: Grade Calculation, Büttgenbach, Barite, k = 1 - 5 mm 

Product Mass Density V V Barite 

Mass 

Barite Grade 

  [g] g/cm3 cm3 cm3 g % 

CP 177.42 4.37 40.59 39.09 173.10 97.57 

WP 130.95 3.56 36.75 16.21 71.79 54.83 

Feeding 308.37 3.99 77.34 55.31 244.90 79.42 
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Tab. 19: Mass Balance Study, Büttgenbach, Barite, k = 1 - 5 mm 

Product Mass Yield Grade Content Units Recovery 

  [g] [%] [%] g %% % 

CP 429 43.60 97.57 418.56 4253.67 57.91 

WP 555 56.40 54.83 304.28 3092.27 42.09 

Feeding 984.00 100.00 73.46 722.84 7345.94 100.00 

CP = Concentration Product, WP = Waste Product, V = Volume. 

 

The degree of liberation: 

DLBarite = 57.91 % 

DLWaste = 98.15 % 

 

Comments: 

The degree of liberation was directly proportional to grain size: DLBarite k=5-10mm = 

67.05 %; DLBarite, k=1-5mm = 57.91 %. This is very unusual. A potential source of error 

could have been some very fine barite traces adhering to the dolomite grains and 

consequently falsifying the density measurements. Furthermore hematite grains may 

have been enriched in the heavy product and their high density falsifying the grade 

calculation. This problem may have affected all processing results. Another possible 

source of error was the relatively large grain size of 5  10 mm for the laboratory jig.  

The recoveries of the concentration products are moderate (around 60 m%) however 

the grades are high (> 95 m% barite). 
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3.3.4.7 Electrostatic Separation 

The electrostatic separation products of the grain sizes: k = 0.71  1 mm, 0.5  0.71 

mm and 0.315  0.5 mm were balanced (Tab. 21  23). The degree of liberation (DL) 

was calculated for each grain size class. 

 

k = 0.71  1 mm: 

Tab. 21: Balance Study, Electrostatic Separation, Barite k=0.71-1mm 

 

DLBarite = 72.66 % 

DLWaste = 44.55 % 
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k = 0.5  0.71 mm: 

Tab. 22: Balance Study, Electrostatic Separation, Barite, k=0.5-0.71mm 

 

DLBarite = 79.30 % 

DLWaste = 51.03 % 
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k = 0.315  0.5 mm: 

Tab. 23: Balance Study, Electrostatic Separation, Barite, k=0.315-0.5mm 

Legend: CP Concentration Product, IP Intermediate Product, WP Waste Product 

 

DLBarite = 87.26 % 

DLWaste = 31.88 % 

 

The products were further analyzed with a binocular microscope (Fig. 48 - 50): 
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3.3.4.8 Shaking Table 

The products for the grain sizes k = 0.71  1 mm, 0.5  0.71 mm and 0.315  0.5 mm 

were balanced (Tab. 24  26). The degree of liberation (DL) was calculated for each 

grain size class. 

k = 0.71  1 mm: 

Tab. 24: Balance Study, Shaking Table, Barite, k=0.71-1mm 

 

DLBarite = 80.81 % 

DLWaste = 19.19 % 
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k = 0.5  0.71 mm: 

Tab. 25: Balance Study, Shaking Table, Barite, k=0.5-0.71mm 

 

DLBarite = 62.26 % 

DLWaste = 37.74 % 
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k = 0.315  0.5 mm: 

Tab. 26: Balance Study, Shaking Table, Barite, k=0.315-0.5mm 

CP = Concentration Product, WP = Waste Product, V = Volume. 

 

DLBarite = 64.16 % 

DLWaste = 35.84 % 

 

The products were also analyzed with a binocular microscope (Fig. 51 - 53): 
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Comments: 

The products varied visibly in the amount of waste material. Although the magnetic 

grains were removed with a magnetic separator, some hematite particles remained in 

the heavy density concentration product. The waste material with low densty 

consisted of dolomite, barite and hematite (Fig. 51 - 53). The grades of the 

concentration products were high (about 98 m% barite) however the recoveries were 

low (< 65 m%) for the fractions k = 0.5  0.71 mm and 0.315  05 mm. The degree of 

liberation, unusually decreasing directly proportional to smaller grain sizes, maybe 

was caused by the lamellas of the shaking table, which possibly were too high for 

small grains. Also the amount of feeding material was very little (around 30 g) making 

it hard to establish a separation equilibrium of the process.  

 

3.4 Suitability Criteria for the Use as a Filler in Plastics; Discussion 

 

Suitability criteria for the use as a filler in plastics are among others:  

- A BaSO4 grade of 88  94 m% 

- A SiO2 grade of < 3,0 m% 

- No heavy metals 

- A density of 4.1  4.3 g/cm3  

- A degree of brightness of 86  91 % (MgO standard) 

[LORENZ AND GWOSDZ, 1988B] 

Only properties tested are listed. 

The criteria comparison with the hand samples AT-1A - E as a filler in plastics (Tab. 

27): 

 

Tab. 27: Criteria and Results for Barite as Filler in Plastics 

  Criteria AT-7A AT-7B AT-7C AT-7D AT-7E 

chemical Composition (m %)  

     BaSO4 88 - 94 105.43 76.34 86.60 90.51 93.06 

     SiO2  < 3.0 2.14 26.60 4.65 0.03 <0.01 

Density (g/cm3) 4.1 - 4.3           
Brightness (%) 

     MgO Standard 86 - 91           

     Elrepho   90.38 88.46 86.35 72.70 95.56 
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Discussion: 

The samples AT-7D and E reach the criteria as a filler in plastics considering the 

BaSO4 grade. The brightness measurements were performed with a different 

measurement standard, but indicate which samples are of interest as a filler in 

plastics. 

No chemical compositions of the mineral processing products and the collective 

sample AT-7K were analyzed as per the limited frame of this project. Instead the 

barite grades were calculated by a balance study, which cannot be compared to the 

grades of the chemical composition. 

However, the barite of the collective sample AT-7K was assumed to be the same as 

the one of the samples AT-7C - E. The density of the pure barite from sample AT-7K 

is 4.43 g/cm3, which fulfills the above criteria. With the best possible recovery of the 

barite form the raw material, the criteria as a filler in plastics can be achieved. 
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4. Pyrophyllite 

4.1 Raw Material Characterization 

4.1.1 General 

4.1.1.1 Mineralogy, Petrology, Chemistry 

Pyrophyllite is an anhydrous aluminum phyllosilicate (Al2O3.SiO2.H2O), similar in 

appearance to talc. In statistics it is often grouped with talc. The appearance in pure 

form is rare. Pyrophyllite has a micaeous habit, cleavage and feels greasy. [RIEGER 

1997]. The crystal lattice is a dioctahedral three-layer structure, widely similar to the 

structure of talc. A reliable identification of pyrophyllite can only be assured by X-ray 

diffraction. [MATTHES 1996]. The density is 2.66  2.90 g/cm3, the Mohs hardness is 1 

- 1.5 [SCHUMANN 2007B  

The chemical composition in pure form is: 

SiO2 = 66.7 m% 

Al2O3 = 28.3 m% 

H2O = 5.0 m% 

Pyrophyllite is hard to melt and loses its crystal-water when being annealed. It does 

not form single crystals, but fine scaly, radial aggregates, which are hard to be 

brought in pure form. [LORENZ AND GWOSDZ 2005A]. 

 

4.1.1.2 Genesis of Deposits 

Pyrophyllite occurs in deposits, often as irregular or layered massive lenses and 

veins. Two formations of deposits, hydrothermal and metamorphic, can be 

distinguished: [LORENZ AND GWOSDZ 2005B] 

 

- Hydrothermal deposits are most common and associated with acid to 

intermediate volcanism. Hydrothermal circulating fluids, originating from 

fault zones, alter rhyolite, dacite, andesite or feldspar/quartz-rich wall rock 

to pyrophyllite/quartz. The fluids enrich the rocks in Al content and deplete 

alkalis. It is common that the original rock structures are preserved. The 

pyrophyllite is often enriched in irregular lenses.  
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4.1.2.1 Macroscopic Description 

The samples were described by visual aspects. The focus was on color, grain size, 

impurities and fabric. 

 

4.1.2.2 Transmitted Light Microscopy 

For transmitted light microscopy thin sections of the samples AT-1 and AT-2 were 

produced. Further the heavy mineral concentrate (chapter 4.1.2.3) was analyzed by 

transmitted light microscopy. The procedure is described in chapter 3.1.2.2. 

4.1.2.3 Heavy Mineral Analysis 

To investigate the heavy minerals in the pyrophyllite, a heavy mineral concentrate 

was produces from sample AT-1 and AT-2. That for a part of the pyrophyllite sample 

was crushed manually and sieved into two grain size fractions: k = 0.125  0.250 mm 

and k = 0.250  0.500 mm. To separate the heavy minerals from the matrix, a heavy 

media was mixed using Sodium-Polytungstate (Na6 [H2W12O40]) and demineralized 

water (Fig. 55a). The density of the solution was set to 2.92 g/cm3 and filled into a 

separating funnel (Fig.55b). About 3 g of each grain size fraction was stirred with the 

heavy media (Fig. 55c) and allowed to rest for half an hour, then stirred again and 

resting thereafter for half an hour, until a clear separation was visible (Fig. 55d). 

Afterwards the heavy (density > 2.92 g/cm3) and light fractions (density < 2.92 g/cm3) 

were separated from each other and washed in a filter. Six thin sections of the grain 

concentrates were produced, using artificial resin. 
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4.1.3.2 Transmitted Light Microscopy 

Sample AT-1: 

The matrix was fine grained (<20 μm) and probably consisting of pyrophyllite. The 

fabric was densely foliated. Alternating layers of 1 mm thickness were pyrophyllite or 

quartz rich (Fig. 57a and Fig. 57b). Carbonate grains were rare and had a size up to 

400 μm in diameter. Quartz was abundant in some areas (Fig. 57b) and could reach 

a maximum of 1mm. Some coarse rock fragments formed shear-clasts (Fig. 57c), 

which might indicate tectonic strain. Accessorily plagioclase and opaque grains 

appeared. To identify the pyrophyllite was not possible by microscopy but had to be 

carried out by X-ray diffraction. The identification of the carbonate (e.g. calcite, 

dolomite, etc.) was not possible in the frame of the project. 

 

Sample AT-2: 

The matrix was homogeneously and consisted of pyrophyllite. The fabric was densely 

foliated (<20 μm). Quartz grains were common and reached 100  200 μm, in 

exceptional cases up to 3 mm. Carbonate was far more abundant than in the sample 

AT-1 and appeared as calcite. Some coarse rock fragments formed shear-clasts, 

which might indicate tectonic stain. Accessorily plagioclase and opaque grains 

appeared. Some of the opaque grains gleamed reddish. They possibly were 

hematite, which could also contribute to the purple color. The identification of the 

pyrophyllite and calcite was not possible by microscopy and had to be carried out by 

X-ray diffraction.  
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4.1.3.6 Chemical Analysis 

The results of the chemical analysis are listed in Tab. 30  32: 

Tab. 30: Chemical Analysis of Pyrophyllite, g/100g, AT-1 and AT-2 

Element Sample 

  AT-1 AT-2 

g/100g     

Na2O 0.12 0.42 

MgO 1.61 0.89 

Al2O3 15.28 14.64 

SiO2 66.16 65.46 

P2O5 0.057 0.054 

SO3 0.39 0.14 

K2O 0.25 1.27 

CaO 5.19 4.55 

TiO2 0.13 0.12 

Cr2O3 <0.01 <0.01 

MnO 0.04 0.01 

Fe2O3 1.1 0.97 

LOI 9.06 7.43 

TOTAL 99.39 95.95 
 

Tab. 31: Chemical Analysis of Pyrophyllite, mg/kg, AT-1 

Element Sample Element Sample 

  AT-1   AT-1 

mg/kg   mg/kg   

Sc 7.6 Ce 4.09 

V 5.6 Pr 1.47 

Cr 3.2 Nd 5.99 

Co 4.9 Sm 1.07 

Ni 12 Eu 0.32 

Cu 8.5 Tb 0.09 

Zn 35 Gd 0.79 

Ga 15 Dy 0.45 

Rb 1.19 Ho 0.08 

Sr 162 Er 0.22 

Y 2.44 Tm 0.03 

Zr 76 Yb 0.22 

Nb <10 Lu 0.03 

Ba 66 Pb 8.18 

La 5.12 Th 0.74 
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Tab. 32: Chemical Analysis of Pyrophyllite, mg/kg, AT-2 

Element Sample Element Sample 

  AT-2   AT-2 

mg/kg   mg/kg   

Sc 7.3 Ce 3.23 

V 4.1 Pr 7.06 

Cr 2.6 Nd 0.55 

Co <1 Sm 0.00 

Ni <10 Eu 1.18 

Cu <5 Tb 4.84 

Zn 17 Gd 0.93 

Ga 15 Dy 0.31 

Rb 4.93 Ho 0.08 

Sr 234 Er 0.67 

Y 2.13 Tm 0.41 

Zr 68 Yb 0.07 

Nb <10 Lu 0.18 

Ba 147 Pb 0.03 

La 4.07 Th 0.19 
 

4.2 Mineral Processing 

The aims were a best possible enrichment of pyrophyllite in the products and a best 

possible removal of accompanying minerals like quartz and calcite.  

The crushed raw material was processed by attrition. The attrition products were 

divided into two grain size fractions. The coarse grain material was directly analyzed 

in regard to impurities and the fine grain fraction was continuatively processed by 

flotation. The flotation resulted in two froth products and a residual product. To qualify 

and quantify the success of mineral processing procedures, several analytical 

methods were applied. Among these were: X-ray diffraction, brightness 

measurements, loss of ignition and acid solubility (chapter 4.2.2.). 

4.2.1 Methods of Mineral Processing 

4.2.1.1 Crushing 

The samples AT-1 and AT-2 were crushed manually in a cycle to a maximum grain 

size of 6 mm, using a hammer and a sieve with 6 mm mesh size. The resulting 
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Tab. 34: Flotation Record: Sample AT-2 

Flotation Record: AT-2 

    

Time [min] Action 

0 
Filling: 115 g Feeding, 11229 g H2O 

Stirring, Homogenization, 1700 rpm 

1 1 Drop of Frother (  0.6 g / l H2O) 

2 Air (half open) 

3 Air (fully open) 

7 
Air off (26 l) 

1 Drop of Frother (  0.6 g / l H2O) 

Remove Froth Product 1 (FP1-AT2) 

7.5 Air (fully open) 

12 

Air off (45 l)) 

Stirring off 

Remove Froth Product 2 (FP2-AT2) 

Remove Residual Product 2 (RP2-AT2) 
 

During the flotation of sample AT-2 the stirrer probably was not fully working, 

therefore the froth product 1 possibly had less, but more refined output.  

4.2.2 Methods for the Determination of the Mineral Processing Success 

 

The products of the mineral processing tests were analyzed, concerning their change 

in mineral composition, especially the enrichment of pyrophyllite. All products of the 

crushing, the attrition and the flotation tests were analyzed. The analysis methods to 

quantify/qualify the products were: Acid solubility, loss of ignition, brightness 

measurements and X-ray diffraction.  

4.2.2.1 Acid Solubility 

To determine the mass percentage of acid-soluble minerals in the mineral processing 

products, the material was boiled in diluted hydrochloric acid. Pyrophyllite is inert to 

diluted acid. The following method is a non-standardized, but industrially common 

material test. 

Procedure: 

- Weight in 1 g, accuracy ± 0.0001 g of the sample 

- Mix a 1% hydrochloric acid  
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variation cannot be contributed to a specific mineral phase however the loss of 

ignition is a common material test in industry.  

The procedure is slightly modified after DIN 51081: 

- Pestle the samples to an approximate grain size < 100 μm 

- Dry the samples at 105 °C until constant weight 

- Pre-ignite the crucibles for cleaning 

- Weight the empty crucibles 

- Weight-In 5 g (accuracy ± 0.0001 g) of the dry sample 

- Put the filled crucibles in the oven 

- Heat up the oven to 1050 °C 

- Anneal the samples until constant weight  

- Weight-Out the cool crucibles 

- Subtract the weight of the crucibles from the weight-out 

Calculation Formula: 

    (Weight-Out Crucible/Sample  Weight-Out Crucible) [g] 

Volatile Components [m%] = -----------------------------------------------------------------  *  100 

      Weight-In Sample [g] 

 

4.2.2.3 Brightness Measurements 

The brightness of the mineral processing products of sample AT-1 and AT-2 was 

measured to detect brightness variations in different stages of the mineral processing 

and to gain information about the suitability of the products as filler for plastics. The 

brightness does not need to increase with increasing pyrophyllite content, if the 

pyrophyllite itself is not white. The procedure is described in chapter 3.1.2.5.  

 

4.2.2.4 X-Ray Diffractometry 

To investigate the mineral composition of the mineral processing products, X-Ray 

diffraction (XRD) was applied. The XRD analysis was carried out by the Institute for 

Mineralogy and Crystallography, Bulgarian Academy of Sciences. Due to several 

issues concerning the crystal orientation of muscovite, chlorite and kaolinite, no 

quantifications of the samples were possible. Only the spectra with the mineral 

phases are shown. However they give little information about the content of flaky 

minerals in the samples. 
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4.2.4 Results of Mineral Processing and Comments 

 

The results of the mineral processing tests were obtained using the methods listed in 

chapter 4.2.2. The calculation tables (Tab. 53 and 54) and the X-ray spectra are 

listed in the appendix.  

 

4.2.4.1 Crushing 

The results of crushed material with mesh size < 6mm are listed in Tab. 35: 

Tab. 35: Results Crushing of Pyrophyllite, < 6 mm 

Sample Acid Solubility LOI Brightness 

  [m%] [m%] [%] 

AT-1 12.28 1.89 81.18 

AT-2 11.15 2.97 72.29 
 

The XRD spectra of the crushed material mesh size < 6mm are listed in the appendix 

(Fig. 73). Sample AT-1 comprises quartz and pyrophyllite in the major phases and 

dolomite, calcite and kaolinite in the minor phases. The major phases of sample AT-2 

are quartz and pyrophyllite, the minor phases are dolomite, muscovite, calcite, 

chlorite and kaolinite. 

 

Comments:  

The XRD results of the raw material samples did not correlate with the XRD results of 

the fraction of grain size < 6 mm in all mineral phases.  

4.2.4.2 Attrition 

The attrition process divided each sample into two products. The products of grain 

size < - -

0.1  - - The results are listed in Tab. 

36. 

Tab. 36: Results of Attrition of Pyrophyllite 

Sample Acid Solubility LOI Brightness 

  [m%] [m%] [%] 

AT-1<0.1 7.73 1.58 76.71 

AT-1>0.1 17.98 5.32   

AT-2<0.1 7.41 1.87 64.09 

AT-2>0.1 12.94 4.6   
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The XRD spectra of the attrition process products are listed in the appendix (Fig. 74 

and 75). The grain size fraction < 100 μm of sample AT-1 contained pyrophyllite and 

quartz as major phases and kaolinite, dolomite and muscovite as minor phases. The 

grain size fraction > 100 μm comprised major phases of quartz and dolomite and 

minor phases of pyrophyllite, calcite and kaolinite.  

The grain size fraction < 100 μm of sample AT-1 contained quartz and pyrophyllite as 

major phases and muscovite, chlorite and kaolinite as minor phases. The grain size 

fraction > 100 μm comprised a major phase of quartz and minor phases of 

pyrophyllite, dolomite, calcite, muscovite and kaolinite.  

Quartz and dolomite were enriched in the coarse fractions of both samples. Still, the 

fine fractions of both samples contained quartz. 

 

Comments: 

The acid solubility of the fine (k< 0.1 mm) products was significantly lower than that 

of the coarse (k> 0.1 mm) products. A concentration of inert pyrophyllite in the fine 

product can be reached by attrition. The LOI was higher in the coarse products. This 

can be contributed to a carbonate content. An improvement of the brightness 

compared with the raw material (AT-1: 81.18 % and AT-2: 72.29 %) could not be 

achieved. The XRD spectra showed significant variations of the pyrophyllite content 

between the concentration product (k< 100 μm) and the coarse product (> 100 μm). 

A pyrophyllite enrichment in the fraction k < 100 μm was obvious. As an additional 

purifying process, the remaining quartz in the fractions k < 100 μm can be removed 

by further screening with smaller mesh sizes.  

The fine product of sample AT-1 showed a little higher pyrophyllite content and a 

higher brightness, than the fine product of sample AT-2. 

 

4.2.4.3 Flotation 

The flotation process resulted in three products for each sample of k < 0.1 mm mesh 

he 

results are listed in Tab. 37. 
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Tab. 37: Results Flotation of Pyrophyllite 

Sample Acid Solubility LOI Brightness 

  [m%] [m%] [%] 
FP1-AT1 7.61 2.92 76.68 
FP2-AT1 5.29 1.52 77.73 
R-AT1 18.52 1.66 73.46 

FP1-AT2 5.38 1.29 65.71 
FP2-AT2 3.95 2.17 66.44 
R-AT2 8.37 2.27 56.40 

 

The XRD spectra of the flotation products are listed in the appendix (Fig. 76 and 77). 

The mineral composition of the flotation process (Tab.38): 

Tab. 38: Mineral Phases of Flotation Products of Pyrophyllite 

AT-1 

FP1 FP2 R 

Pyrophyllite Pyrophyllite Pyrophyllite 

Quartz Quartz Quartz 

Muscovite Muscovite Muscovite 

Kaolinite Kaolinite Chlorite 

Dolomite Dolomite Kaolinite 

  Calcite Dolomite 

  

AT-2 

FP1 FP2 R 

Pyrophyllite Pyrophyllite Pyrophyllite 

Quartz Quartz Quartz 

Muscovite Muscovite Muscovite 

Chlorite Chlorite Chlorite 

Kaolinite Kaolinite Kaolinite 

  Calcite Dolomite 

    Calcite 
FP1 Froth Product 1, FP2 Froth Product 2, R Residual Product 

 

Sample AT-1 showed only marginal differences in the mineral phases. Major phases 

in all products were pyrophyllite and quartz.  

Sample AT-2 showed clear differences between the froth products and the residual 

product. In this case, it was possible to enrich the pyrophyllite and decrease the 

quartz in the froth product.  
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Comments: 

The acid solubility varied significantly between the froth products and the residual 

products. The froth products of the scavenger cell showed the best results with the 

lowest concentrations of soluble components. The highest concentrations of soluble 

components were in the residual products. The results of the loss of ignition did not 

show a clear trend, however the high LOI of the froth product 1 of AT-1 indicated high 

pyrophyllite content. The high LOI of the residual product of AT-2 may indicate that 

there was still plenty of pyrophyllite in the residue. The brightness measurements 

correlated with the acid solubility. The scavenger cell foam products showed the 

highest Y-axis values, the residue showed the lowest values. The XRD results for the 

froth products indicated a higher pyrophyllite content of AT-2 compared to AT-1. Both 

residual products still showed high pyrophyllite concentrations. The separation by 

flotation of sample AT-1 was not successful in this particular case. Further 

investigations, like finer screening and more flotation tests are advisable to reach a 

higher purification of the pyrophyllite.   

 

4.3 Suitability Criteria for the Use as Filler in Plastics and 

Discussion 

 

4.3.1 Suitability Criteria as Filler in Plastics 

 

The criteria for the use as filler in plastics are not generally standardized and vary 

from producer to producer. However, some industrial benchmarks are listed in 

LORENZ AND GWOSDZ 2005C: 

 

4.3.1.1 Raw Material Requirements  

LORENZ AND GWOSDZ 2005C published some benchmarks for the use of Australian 

raw pyrophyllite as filler in plastics: 

  [m%] 

Al2O3  24  28 

K2O  0.2  0.5 

Fe2O3  0.2 
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Conclusion: 

Both raw material samples did not meet the suitability criteria because of too low 

Al2O3 contents. 

 

4.3.1.2 Mineral Composition of Processed Pyrophyllite 

As filler in plastics, only flaky minerals can be used. Minerals with cubic or similar 

habits are not suitable. Pyrophyllite as filler in plastics should not contain quartz 

[LORENZ AND GWOSDZ 2005C]. 

 

Conclusion: 

The mineral processing products of both samples did contain certain amounts of 

quartz. They did not fulfill the suitability criteria. 

 

4.3.1.3 Brightness 

For the use as filler in plastics, the brightness (GE brightness) of the processed 

pyrophyllite should be 80  90 % [LORENZ AND GWOSDZ 2005C]. 

 

Conclusion: 

Only the raw material sample of AT-1 fulfilled this suitability criterion with a brightness 

of 81.18 % (ELREPHO Standard). All the other samples and mineral processing 

brightness 

was less than that of the foreign minerals. 

 

4.3.2 Discussion 

 

The results of the particular tests applied, classified both samples (AT-1 and AT-2) 

from , Bosnia and Herzegovina, as unsuitable to be used as filler in plastics. 

Additional methods to purify pyrophyllite, such as finer milling, finer sieving and 

gravity separation may have led to different conclusions. However, these additional 

methods were beyond the scope of this study. 
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3.1.3.5 Chemical Analysis of Barite 

 

Tab. 39: Chemical Analysis of Barite in g/100g 

Element Samples 

  AT-7A AT-7B AT-7C AT-7D AT-7E 

g / 100 g           

Na2O <0.01 <0.01 <0.01 <0.01 <0.01 

MgO <0.01 <0.01 <0.01 <0.01 <0.01 

Al2O3 0.11 0.37 0.55 0.07 0.07 

SiO2 2.14 26.6 4.65 0.0279 <0.01 

P2O5 0.014 0.013 0.017 <0.01 <0.01 

SO3 27.4 22.1 28.19 29.92 29.55 

K2O <0.01 0.1 0.09 <0.01 <0.01 

CaO <0.01 <0.01 0.05 0.02 0.02 

TiO2 <0.01 <0.01 <0.01 <0.01 <0.01 

Cr2O3 <0.01 <0.01 <0.01 <0.01 <0.01 

MnO <0.01 <0.01 <0.01 <0.01 <0.01 

Fe2O3 <0.01 0.02 <0.01 <0.01 <0.01 

BaO 69.27 50.15 56.90 59.47 61.14 

SrO 0.96 0.39 8.77 9.61 9.19 

LOI 0.23 0.32 0.45 0.36 0.09 

TOTAL 100.12 100.06 99.67 99.48 100.06 
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Tab. 40: Chemical Analysisof Barite in mg / kg 

Element Samples 

  AT-7A AT-7B AT-7C AT-7D AT-7E 

mg / kg   

Sc 0.7 3.1 0.5 0.0 0.1 

V 1.4 1.7 3.2 3.2 3.1 

Cr 1.0 1.1 1.6 1.9 1.6 

Co <1 <1 <1 <1 <1 

Ni <10 <10 <10 <10 <10 

Cu 75.9 10.4 647.1 12865.4 36.3 

Zn 13 20 109 498 15 

Ga <10 <10 91 91 97 

Rb 0.08 0.57 0.57 0.03 0.06 

Sr 8130 3270 74200 81300 77700 

Y 0.81 1.26 0.77 0.29 0.80 

Zr <10 <10 <10 <10 <10 

Nb <10 <10 <10 <10 <10 

Ba 620400 449200 509600 532600 547600 

La 0.42 1.01 1.43 0.13 0.51 

Ce 0.16 0.45 1.10 0.07 0.96 

Pr 0.52 0.00 2.25 1.38 2.59 

Nd <0.05 0.07 0.25 <0.05 0.17 

Sm 0.00 0.00 0.00 0.00 0.00 

Eu 0.04 0.19 0.32 0.01 0.03 

Tb 0.24 0.80 1.27 0.07 0.18 

Gd 0.32 0.31 0.32 0.08 0.31 

Dy 5.56 2.42 1.73 0.86 6.44 

Ho 0.01 0.05 0.03 0.00 0.01 

Er 0.25 0.34 0.23 0.05 0.32 

Tm 0.05 0.22 0.10 0.01 0.02 

Yb 0.01 0.04 0.02 0.00 0.00 

Lu 0.03 0.09 0.05 0.01 0.02 

Pb 0.01 0.01 0.01 0.00 0.01 

Th 0.54 0.29 0.23 0.10 0.85 
 

 

 

 

 



119 
 

3.3.4.1 Sieving 

Tab. 41: Data of Grain Size Distribution of Barite 

Sample Mass = 12790.42 g 

Mesh Size Mass Residue Undersize 

[mm] [g] [m%] [m%] [m%] 

10.00 11087.00 86.68 86.68 13.32 

5.00 702.00 5.49 92.17 7.83 

1.00 600.00 4.69 96.86 3.14 

0.71 71.96 0.56 97.42 2.58 

0.50 54.94 0.43 97.85 2.15 

0.315 64.72 0.51 98.36 1.64 

0.125 96.98 0.76 99.12 0.88 

0.04 75.45 0.59 99.71 0.29 

0.00 37.37 0.29 100.00 0.00 

Sum 12790.42 100.00     

 

3.3 -Separator 

 

Tab. 42: Data for susceptibility classes of Barite, k = 0.315  0.5 mm, Fig. 44 

  Mass [g] Mass [%] 

Feeding 13.5731 100.00 

ferromagn 0.0068 0.05 

0.20 0.0025 0.02 

0.60 0.3149 2.32 

1.00 0.4933 3.63 

1.40 0.3457 2.55 

Waste 12.4099 91.43 
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Tab. 43: Data for susceptibility classes of Barite, k = 0.125 - 0.315 mm, Fig. 45 

  Mass [g] Mass [%] 

Feeding 20.2132 100.00 

ferromagn 0.0043 0.02 

0.20 0.0030 0.01 

0.60 0.4654 2.30 

1.00 0.6015 2.98 

1.40 0.5480 2.71 

Waste 18.5910 91.97 

 

3.3.4.5 Heavy Media Separation  Sink-Float Analysis 

Tab. 44: Data for Grain Size Distribution of Sink-Float Analysis, Barite, Fig. 46 

Sample Mass = 12790.42 g 

Mesh Size Mass Residue Passage 

[mm] [g] [m%] [m%] [m%] 

100 0 0 0 100 

10.00 11087.00 86.68 86.68 13.32 

5.00 702.00 5.49 92.17 7.83 

1.00 600.00 4.69 96.86 3.14 

0.71 71.96 0.56 97.42 2.58 

0.50 54.94 0.43 97.85 2.15 

0.315 64.72 0.51 98.36 1.64 

0.125 96.98 0.76 99.12 0.88 

0.04 75.45 0.59 99.71 0.29 

0.00 37.37 0.29 100.00 0.00 

Sum 12790.42 100.00     
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Tab. 45: Data for Masses of the Density Classes of Barite 

 

 

Tab. 47: Data for Mass Recovery/Grain Size Diagram, Barite, Fig 47 

rm<2,65 rm2.65-2.75 rm2.75-2.9 rm2.9-3.1 rm>3.1 

 

 

 

 

Tab. 46: Data for Mass Recovery and Grade of Barite 
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Tab. 48: Data for Henry-Reinhardt Diagram, Barite, Fig. 48 

*Cum = Cumulative, Ba = Barite 

rm0.71-1mm Cum g Ba0.71-1mm rm0.5-0.71mm Cum g Ba0.5-0.71mm rm0.315-0.5mm Cum g Ba0.315-0.5mm 
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Tab. 49: Balance and Grade Calculation, Sink-Float Analysis, Barite, k = 0.71  1 mm 
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Tab. 50: Balance and Grade Calculation, Sink-Float Analysis, Barite, k = 0.5  0.71 mm 
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Tab. 51: Balance and Grade Calculation, Sink-Float Analysis, Barite, k = 0.315  0.5 mm 

Legend: L Density of Heavy Media 
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3.3.4.6 Magnetic Separation with an IFE Permanent Magnetic, Strong Field 

Drum Separator: 

Tab. 52: Data for Mass Percentage, IFE Separator, Barite, MP/NMP, Fig. 49 
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4.2.4 Results of Mineral Processing 

 

Acid Solubility 

Tab. 53: Calculation Table Acid Solubility, Pyrophyllite 

Sample 
Weight In 
Sample 

Weight Out 
Sample + 

Filter 

Mass 
Filter 

Weight Out 
Sample 

corr. 
Value 

Soluble 
Content 

  [g] [g] [g] [g] [g] m% 
AT1 <0.1 1.0203 2.8517 1.9305 0.9212 0.9414 7.73 
AT2<0.1 0.9866 2.9575 2.0642 0.8933 0.9135 7.41 
FP1-AT1 1.0080 2.9201 2.0090 0.9111 0.9313 7.61 
FP1-AT2 0.9925 2.9411 2.0222 0.9189 0.9391 5.38 
FP2-AT1 1.0130 2.9068 1.9676 0.9392 0.9594 5.29 
FP2-AT2 1.0030 2.8966 1.9534 0.9432 0.9634 3.95 
AT1<6 1.0234 2.8730 1.9955 0.8775 0.8977 12.28 
AT2<6 1.0093 2.8709 1.9944 0.8765 0.8967 11.15 
R-AT1 0.9994 2.8541 2.0600 0.7941 0.8143 18.52 
R-AT2 0.9828 2.8696 1.9892 0.8804 0.9006 8.37 
AT1>0.1 1.0219 2.8559 2.0379 0.8180 0.8382 17.98 
AT2>0.1 0.9991 2.8848 2.0352 0.8496 0.8698 12.94 
Blind 1   1.9267 1.9481 -0.0214     
Blind 2   1.9898 2.0049 -0.0151     
Blind 3   2.0242 2.0483 -0.0241     

      
Average 

Loss 0.2710     
 

Loss of Ignition 

Tab. 54: Calculation Table Loss of Ignition, Pyrophyllite 

Sample 
Mass 

Crucible 

Weight In 
Crucible + 

Sample 

Weight Out 
Crucible + 

Sample 
LOI 

  [g] [g] [g] [m%] 

AT1 <0.1 14.0629 18.3040 18.0140 1.58 

AT2<0.1 9.4889 13.6623 13.4073 1.87 

FP1-AT1 6.5643 11.7510 11.4076 2.92 

FP1-AT2 17.3818 22.3136 22.0250 1.29 

FP2-AT1 11.1105 14.7058 14.4827 1.52 

FP2-AT2 9.2927 14.4887 14.1744 2.17 

AT1<6 17.3835 22.4850 22.0591 1.89 

AT2<6 9.2946 15.2193 14.7668 2.97 

R-AT1 14.0770 18.6219 18.3127 1.66 

R-AT2 9.4893 14.7706 14.4347 2.27 

AT1>0.1 11.1134 21.7613 20.6041 5.32 

AT2>0.1 6.5765 13.1786 12.5720 4.60 
 












