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H. KUCHA®, I. R. PLIMER"™, E. F. STUMPFL""

GEOCHEMISTRY AND MINERALOGY OF GOLD AND PGE’S
IN MESOTHERMAL AND EPITHERMAL DEPOSITS AND
THEIR BEARING ON THE METAL RECOVERY

In mesothermal-epithermal (below 250 °C) noble metal deposits mineralogy and geochemistry of Au, Pd
and Pt are complex. The metals form substitutions in arsenides, antimonides, sulphides, organic matter,
arsenates and oxysulphides. In some deposits the metals form their own oxysulphides, organometallic
compounds, silicates, tellurides, selenides, sulphides, arsenides and arsenates. Such complex mineralogy
and geochemistry of noble metals involving direct chemical bonding to the host lattice causes difficulties
in the metal recovery. A treatment of such ores requires prior geochemical and mineralogical study to
design optimal technology of the ore treatment.

INTRODUCTION

Ores of metallic gold are still the main type of Au ores treated today. They contain
gold in concentration ranging from about 1 to a few dozen ppm. The main
mineralogical type of gold in these deposits is metallic gold, and therefore the gold
can be easily recovered either by gravity separation or by cyanization.

During past two decades industry started to turn an increasing attention to
mesothermal and epithermal deposits, where gold mineralogy and geochemistry are
very complex. They include such minerals like Au-tellurides: petzite Ag;AuTe,,
calaverite AuTe,, krennerite AuTe,, montbrayite (Au, Sb),Te;; sulphides:
uytenbogaardite Ag;AuS,; selenides; fischesseerite Ag;AuSe,; bismuthides: maldonite
Au,Bi; and thiosulphates (Au, Cu)S,0;. Extraction of gold from the above discussed
minerals by cyanization is not possible. The minerals have to be first converted by
oxidation (rosting, chemical oxidation, bacterial oxidation) into oxide forms, which
involves braking of the Au-Te, Au-S, Au-Se chemical bonding (Yvonne et al., 1991).
Only after braking the chemical bond gold becomes susceptible to cyanide leaching.
However, an identification of gold chemical bonding must be done prior to the

“Institute of Geology and Mineral Deposits, 30-059 Krakow, ave Mickiewicza 30, Poland.
**School of Earth Sciences, University of Melbourne, Parkville, 3052 Vic., Australia.
“Institute of Mineralogy and Petrology, Mining University Leoben, A-8700 Leoben, Austria.
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oxidation, otherwise wrong method of oxidation may produce a new, unleachable
complex (Wagner et al., 1988). Mdssbauer spectroscopy indicates that in gold silver
chalcogenides Agz;AuX,, where X = S, Se, Te, gold valency is +1 (Wagner et al.,
1988, 1989).

In the recent times there is also an increasing treatment of ores with an “invisible”
gold. In such ores gold occurs in the structure of the common minerals as discrete
inclusions smaller than about 100nm, and therefore not detectable by optical and
scanning electron microscopy. Minerals acting as hosts are most frequently
arsenopyrite and pyrite, although invisible gold occurs also in pyrrhotite, chalcopyrite,
bornite, galena and tetrahedrite. Mossbauer study shows gold to be chemically bound
to the lattice of arsenopyrite or pyrite (Wagner et al., 1988, 1989). A High Resolution
Transmission Electron Microscopy (HRTM) indicates that visible particles of gold are
absent in host grains containing even up to 2000 ppm of Au (Cabri et al., 1989).
However, many ores contain both the chemically bound gold and discrete particles of
gold with size less than 100nm as well (Marion et al., 1991). The content of
chemically bound gold in pyrite may reach 4000-5000 ppm (Marion et al., 1991) in
Au rich zones. Discrete particles of native gold show valency 0, typical for metallic
gold, and chemically bound Au shows valency +1.

The aim of this paper is to present mineralogy and geochemistry of gold
associated with organic matter (Kupferschiefer, Maldon), oxysulphides (Mitterberg,
Veitsch, Comet Mine, Barberton), sulphides (Kupferschiefer, Barberton, Mitterberg)
and silicates (Maldon, Barramiya, Barberton), as well as platinum group element
minerals related to the organic matter and redox interface in Kupferschiefer.

DEPOSITS STUDIED

The Barberton Mine is located in Transvaal, South Africa, in the Archean rocks
comprising the Zwartkopie and Sheba Formations of the Onverwacht and Fig Tree
Groups, respectively (Schouwstra, de Villiers, 1988). The locus for gold
mineralization of the Main Reef Complex at Barberton is a major anticlinal structure
(Birthday No. 2 Anticline), which consists of green quartz-carbonate schists and
banded cherts (Zwartkopie Formation) with overlying shales and graywackes (Sheba
Formation). The highest-grade gold mineralization occurs in fractures in sheared and
brecciated rocks of the Sheba Formation and is associated with quartz-carbonate veins
and disseminated sulphides. Gold occurs in association with sulphides — mainly as
inclusions in pyrite and arsenopyrite. Pyrite is ubiquitous whereas arsenopyrite occurs
in restricted areas of the fracture zones (Schouwstra, de Villiers, 1988). High gold
grades correlate better with quantity of arsenopyrite than with quantity of pyrite.
Associated minerals are gersdorffite, pyrrhotite, sphalerite, chalcopyrite, tetrahedrite,
rutile, Fe-oxysulphides, anhydrite, chlorite, and graphite (Kucha et al., 1994).
Arsenopyrite-pyrite-pyrrhotite geothermometry indicates a temperature range of 350400
°C (Schou-wstra, de Villiers, 1988).
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The Barramiya gold prospect is located in the southern part of the Eastern Desert,
Egypt. The oldest rocks of the late Proterozoic age comprise graphite, actinolite,
tremolite and chlorite schists. They are intruded by ultramafic rocks converted to
serpentinite and talc carbonate rocks (El Shazly, 1977). Younger intrusions cmprise
two sets of granite and tonallite intrusions. Post granitic dykes include felsites, dacites
as well as quartz veins with sulphides, gold and chlorites. The gold content in quartz
veins varies between traces and 18, most often between 5 and 18ppm. Gold is
accompanied by: pyrite, gersdorffite, ankerite, siderite and As-bearing chlorite.

The Comet Mine, New South Wales, Australia, is one of slate belt-type gold
deposits in the Armidale area of the New England Fold Belt hosted by Paleozoic
carbonaceous metasediments (Plimer, 1982). The mine is located on the largest of the
three parallel quartz pyritic veins that are hosted by the Permo-carboniferous Rockvale
Adamellite, an S-type adamellite that forms a part of the Hillgrove suite of granitic rocks
in the New England Fold Belt (Shaw & Flood, 1981). The veins which are enclosed by a
narrow quartz—sericite—pyrite—chlorite alteration assemblage, comprise quartz, pyrite,
arsenopyrite, chalcopyrite, pyrrhotite, magnetite, haematite, Bi tellurides, gold and
thiosulphates. Fluid inclusions temperatures reveal two thermal maxima at 290 and 400
°C and the **S values of sulphides group around 0 (Kucha et al., 1994).

The Kupferschiefer Cu—Ag deposits are located in the South-Western Poland.
Mining operations at four mines ,,Lubin”, ,,Polkowice”, ,,Rudna” and ,,Sieroszowice”
produce per annum about 400,000 t Cu, 12,000 t Pb, 1,000 t Ag, 300 t Ni, 600 kg Au
and 150 kg of Pt + Pd. Quantities of V, Mo and Co in the ore are similar to those of
silver but none of these metals is recovered. Economic grade Cu-ore is present in
white sandstone — ca. 50% of the Cu reserves, in black shale — ca. 20%, and in dark
dolomite — ca. 30%. The average thickness of the mineralized horizon is about 4 m.
The lateral zoning patterns are oriented radially outwards from Rote Foule in the
following order: hematite — chalcocite — bornite — chalcopyrite — galena — sphalerite
— pyrite (Rydzewski, 1976). The vertical zonation from the bottom upwards is: barren
hematite—dispersed pyrite with minor chalcopyrite—copper sulphides—galena
—sphalerite—pyrite. There are four types of epigenetic hematite in the ore zone (Kucha,
1995), each associated with different metals. Cu-, Pb-, Zn-, and pyrite-horizons may
partly overlap but usually they are developed as clear units independent from changes
in lithology (Kucha, 1990). The mineralization is discordant to time lines. The
distribution of noble metals is controlled by the redox interface (Kucha, 1981, 1990;
Kucha et al., 1993). The highest noble metals contents are observed at the redox
interface, especially when the interface runs between black shale resting directly on
the red sandstone, and/or when the interface is crossing stratigraphic boundaries of the
black shale (Piestrzynski, Wodzicki, 1996). The first type of occurrence is observed in
the Lubin West Mine, Polkowice East Mine and less in the Polkowice Central Mine,
the second type of occurrence is seen mainly in the Polkowice West Mine
(Piestrzynski, Wodzicki, 1996) as well as in the Sieroszowice Mine (Kucha et al.,
1993). On the reduced side of the redox boundary, 3 to 300 mm thick, there are:
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electrum (Ag-rich gold), Pd arsenides, Ni—-Co arsenides, Bi sulphides, native Bi,
uraninite, brannerite, thucholite, Au—Pd—Pt-bearing thucholite, and covellite but the
Cu content does not exceed 0.2—0.8 wt. % (Kucha 1982). The redox interface may be
marked by two phase gold, where silver rich gold containing about 60 wt. % of Au is
embedded in gold of high fineness containing 92-97 wt. % of Au (Kucha, Pochec,
1983). On the oxidized side of the redox boundary which may be up to 50-60 cm
thick the main mineral is haematite accompanied by gold of high fineness, platinian
gold contains up to 1.60 wt. % of Pt, PdBi sobolevskite, AgsAuyPb,, native Pb, PbSe
clausthalite, metallic palladium, relicts of metal-bearing organic matter replaced by
black calcite (Kucha, 1981), and palladium arsenates. Characteristically only traces of
Cu are observed on the reduced side of the redox interface. Larger quantities of copper
appear 1.0-1.5 m. above the redox interface (Kucha, 1981, 1982). The temperature of
the deposit formation was around 100 °C, as indicated by thermal stability of sulphide
assemblages (Kucha, 1990).

Maldon, Victoria, Australia, hosts a number of auriferous quartz reefs which occur
in argillaceous and arenaceous hornfelses, a variety of schists, and nodular schists
(Moon, 1897) of early Ordovician age adjacent to the late Devonian Harcourt
Granodiorite (Morgan & Woodland, 1990). Contact metamorphism converted the
original sediments, which consisted mainly of greywackes and less frequently shales,
predominantly into hornfelses composed of varying proportions of quartz, biotite,
cordierite and andalusite. The sediments have been tightly folded along parallel axes
approximately 230 m apart with extention at 345° (Ramsay & Willman, 1988; Morgan
& Woodland, 1990). Mineralized faults are often sub-parallel to bedding. The quartz
reefs are generally concordant with surrounding sediments, but in places they cross
fold axes and sediment bedding and then they attain an increased thickness. The reefs
predate at least the final stage of the granodiorite emplacement (Ramsay & Willman,
1988). The reefs and veins are composed of massive, milky quartz with a sulphide
content of about 1% (Morgan & Woodland, 1990). Clean quartz contains little gold
but dark patches in quartz are rich in gold (Moon, 1897). The sulphide assemblage
includes (in decreasing abundance): pyrite, arsenopyrite, sphalerite, 16llingite (FeAs,),
chalcopyrite, galena, pyrrhotite, marcasite, gold, maldonite, native Bi and Sb, stibnite,
oxysulphides of Fe, Cu and Pb, ullmanite and Pb (Sb, Bi)S4. Gold is also accompanied
by organic matter, As—chlorite and siderite. The oxide assemblage includes: rutile,
ilmenite and magnetite.

The Mitterberg deposit is located in the Greywacke Zone close to the Calcareous
Alps, Austria. It is composed of five major veins cross-cutting the Paleozoic strata of
the Northern Greywacke Zone. The largest orebody is represented by the main vein
(Hauptgang) extending W—E over a total distance of 11 km with thickness from 0.2 to
4 m, and 460 to 520 m of mineable vertical extent. The Hauptgang cuts through the
Grey Formation (Silurian, Devonian) and the Violet Formation (Rotliegendes). The
three veins of the Southern Orefield cut trough the phyllites of the Grey Series. The
main ore mineral at Mitterberg is chalcopyrite. Sb-fahlore (tetrahedrite) occurred
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mainly at the upper sections of the veins. In some sectors of the veins larger amounts
of arsenopyrite, gersdorffite, safflorite—16llingite—rammelsbergite, pyrite, and cubanite
occur. The gangue minerals are carbonates, quartz and minor muscovite. Gold occurs
as both visible and invisible mainly in tetrahedrite and less often in pyrite,
gersdorffite, cubanite and chalcopyrite (Bernhard, 1966). Mineral separates show gold
contents (ppm): tetrahedrite 18.7-52.5 (Kucha et al., 1997), and chalcopyrite from
traces up to 1.5 (Bernhard, 1966). Mining at Mitterberg ceased in 1976. Ore reserves
left underground amount up to 10.5 mio t with an average Cu grade of 1.5 wt. %.

MATERIALS AND METHODS

Samples were cut and polished in a careful way to avoid destruction of fragile
micro-inclusions in gold (Kucha et al., 1994). Samples were ground dry on abrasive
paper using progressively decreasing grain size until final grinding on paper with
abrasive grains of 1um. Final polishing was completed with 1 um diamond polishing
spray. The chemical composition of minerals and the valencies of S, Fe, As and Au
were determined with a Cameca SX50 microprobe with a stabilized electron beam at
the School of Earth Sciences, University of Melbourne, Australia, at the Institute of
Mineralogy and Petrology, Mining University Leoben, Austria with an ARL SEMQ
microprobe, and with Camebax microprobe at the Institute of Material Sciences,
University of Mining and Metallurgy, Krakow, Poland. All used microprobes
possessed stabilized electron beam. The beam stabilization permitted a much higher
resolution and accuracy of valency determination than is possible using probes
without such a facility (Kucha et al., 1989; Kucha et al., 1994). The technique of
valency determination relied on general principles developed previously for iron and
sulphur (Kucha et al., 1989).

Mineral compositions were determined at 20 kV using the following spectral lines
and synthetic standards: F Ka (CaF;), Cl Ko (NaCl), Na Ka, Al Ka, Si
Ko (NaAlSi;Og), Mg Ka (Mg,SiOy), K Ka (KAISi;Og), Ca Ko (CaCOs), Ti Ka, Mn
Ka, Fe Ka and S Ka (FeS;), Co Ka, Fe Ka and As La, Ka (FeAsS), Zn Ka, Ni
Ko and Sb La (NiSbS), Ag Laand Au Ma (Au-Ag alloy), Pb Ma (PbS), Hg
Mo (HgS), and Bi Ma. Oxygen and carbon were calculated by difference, but their
content has also been checked at 10 kV using haematite and graphite as standards. The
carbon content was measured on uncoated sample where a conductivity path was
provided by a thin, self adhesive copper foil attached to the sample surface.

Sulphur valencies were measured with a PET crystal by determination of S
Ko and S K shifts and S KB/S Ko intensity ratios (Kucha et al., 1989), iron valencies
were measured with a LiF crystal by determination of the Fe Kf3 shift, arsenic valency
was determined by measurement of As K shift with a LiF crystal and As L3/As
Lo ratios with a PET crystal. Gold valency was determined by measurement of the Au
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M B/Au Ma intensity ratios using the following standards: pure Au (valency 0) and
AuTe, (valency +1), gold cyanide AuCN adsorbed on activated carbon (valency +1),
and gold bromideide (AuBr;) adsorbed on activated carbon (valency about +3).

Infrared absorption spectra were performed in reflected light mode using
a microscope supplied with a Fourier infrared system with spot size varying from 7 to
10 pm at the Institute of Forensic Research, Krakow, Poland.

PAY METALS ASSOCIATED WITH ORGANIC MATTER

The first occurrence of noble metals associated with organic matter was found in
Kupferschiefer, Poland (Kucha, 1973, 1974, 1975, 1993). Pay metals occur also
within reduction haloes in the Permian Sandstones of the Northern Switzerland
(Hofmann, 1986). They were also found later in black shales in Canada, USA, and in
metal-rich black shales of China (Parnell, 1988). An association of gold with organic
matter in Witwatersrand gold and uranium deposits in known for a long time
(Schidlowski, 1968). Recent studies indicate their presence also in uranium deposits
related to organic matter. It appears that connection of pay metals with organic matter
is frequent enough to be interested in this phenomenon also from a practical point of
view. The problem will be demonstrated on examples from the Kupferschiefer,
Poland, and Maldon, Australia.

Noble metals associated with clay-organic matrix of the Kupferschiefer

Extractable bitumens usually constitute no more than 1-2% of the total organic
matter of the shale. Most of the organic matter is insoluble kerogen tightly intermixed
with clay minerals forming a clay-organic matrix of the shale. Such a matrix may
contain significant amounts of metals (Table 1).

Kerogen obtained after extraction of soluble bitumens and removal of carbonates
by HCI, and of clay minerals by HF was studied by infrared spectroscopy. It is
composed mainly of hydrocarbons with conjugated benzene rings. Some CO, OH,
CH, and CH; groups are also present. They form short additives to aromatic rings
and/or may be incorporated in insoluble resins.

Titanium is a common minor element in Kupferschiefer, and occurs in
concentrations from 0.04 to 1.00 wt. %. The Ti budget is controlled by detrital TiO,,
and substitutions in the illite lattice. In the matrix of noble metal-bearing shale (Table
1) the Ti content varies from 0.008 to 4.61 wt. %, and usually is substituted in clay
minerals but sometimes it is connected with brannerite (U, Ca, TR) (Ti, Fe),0O¢ as
indicated by an increased content of U.

The Fe content in black shale varies between 0.22 and 3.29 wt. % (Table 1). The
distribution of Fe in the clay-organic matrix is controlled by minute inclusions of
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sulphides, substitutions in clay minerals (Kucha, 1985), and by haematite on the
oxidized side of the redox interface. An average Fe content in the matrix of noble
metal-bearing shale determined by MPIXE is 0.71 wt. %, and by EPMA 0.91 wt. %
(Table 1). These amounts of Fe may be entirely accommodated by clay minerals.

Table 1. Concentration of selected elements
in the clay-organic matrix of the noble metal-bearing shale free of microscopically visible ore minerals (ppm)

Beam
Method | size, | n Ti \% Fe Ni Cu [ As [ Mo | Pd | Ag | Pt | Au | Pb U
um
PIXE 3000 | 10| 4400 [2450] 2200 | 90 [ 2000 | 50 38 | <201 90 <40 | <80 20 |min
29300 [ 5700132900 | 1400|51300]4900 1080 70 | 2500 700 {6700 3000 |max
13800 | 4000 | 10900 | 600 |19400(1400| 340 | 20 | 560 140 11300 800 |mean

MPIXE 3 |18 422 | 307 | 5270 | 130 | 415 [ 490 | 63 |<15.3[<20.1| <6.0(<12.5] <85 170 |min

4896 | 1038 [ 10777 3045| 7650 | 7062 [ 1572 88.0 | 196.6] 28.0 {238.3| 109 | 2600 |max
3294 | 854 | 5270 | 689 | 1560 [ 1945| 261 | 43.7 [ 91.7 [ 11.0 [108.7( 94 | 788 |mean

EPMA 1 [56[ <80 |<200| 2700 [ <200 <60 [<200[<100{<200[ <300| <360 <100 <400 [min
46100 (4000 [ 13900 | 1600 [ 8800 3500 | 880 | 1900| 1000 | 600 | 1900 11300 [max
3375 |1100] 9100 | 400 | 1950 | 1500) 211 | 55 | 300 | 62 | 70 846 |mean

n —number of analyses, PIXE — Proton Induced X-ray Analysis, MPIXE — micro PIXE, EPMA — Electron Probe Microanalysis.

An average Ni content in the black shale is about 200 ppm, but in the very bottom
part of the shale Ni abruptly increases up to 500 ppm (Kucha, 1976b). The matrix of
noble metal-bearing shale contains 459 ppm Ni measured by MPIXE and 400 ppm
measured by EPMA (Table 1). A part of Ni correlates with As and may be present as
minute inclusions of sulphoarsenides in the matrix of noble metal-bearing shale. The
remaining Ni not balanced by As may be, however, present in porphyrins.

The Cu content in the matrix of noble metal-bearing shale determined by MPIXE
is 1587 ppm, and by EPMA is 1950 ppm (Table 1). A part of Cu occurs as
microinclusions of sulphides, but a part is also bound to solid bitumens and clay
minerals (Kucha, 1985).

The average As content in black shale is 250-300 ppm, with a rapid increase
towards the bottom of the black shale (Kucha, 1993). Arsenic partly correlates with
Cu, Ni and Co present as microinclusions of sulpho-arsenides in the black shale matrix
(Kucha, 1976a, b). Arsenic which does not correlate with the above mentioned metals
is bound to solid bitumens (Kucha, 1982).

The Pd content in the matrix of noble metal-bearing shale varies from <20 to 88
ppm (Table 1), but in the studied profile may reach 1900 ppm. Here Pd does not
correlate with any of the other elements. It may suggest the presence of organometallic
compounds specific for Pd. Apart from being present in the matrix of the shale as
“invisible” palladium Pd forms numerous arsenides with size up to 100 um (Kucha,
1984). They are intergrown with native gold.
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The Pt content measured by MPIXE in the matrix of noble metal-bearing shale
reaches occasionally 28 ppm (Table 1), but in more numerous EPMA analyses values
as high as 600 ppm were found. Pt does not correlate significantly with any of the
other elements. Platinum so far has been detected only in the clay-organic matrix of
the shale, in thucholite, and as 1.6 wt. % admixture in platinian gold.

Gold is present in four points out of 28. Only at the point no 6 gold correlates with
silver. This suggests the presence of microinclusion of Ag-rich gold. Such an
interpretation is suggested by the chemical composition of electrum from
Kupferschiefer which contains 55-63 wt. % of Au and 37-45 wt. % of Ag. In the
remaining three points no silver was found. This may suggest that these Au peaks are
connected with Ag-free solid bitumens containing organically-bound gold. Au
MpB/AuMa emission efficiency ratio suggests that gold at point % SA has valency +1.
Apart of organometallic compouds gold forms numerous native inclusions with size
reaching up to 300 um (Kucha, 1982, 1984).

The average U content in the mineralised area of Lubin is 61.5 ppm (Piestrzynski,
1990). The average U content in the matrix of noble metal-bearing shale determined
by MPIXE is 495 ppm, and by EPMA is 846 ppm (Table 1). The main uranium carrier
is thucholite, forming grains up to 4 mm in size in the shale. Minor uranium carriers
are phosphates, and brannerite.

The above described relationships are characteristic for the matrix of noble metal-
bearing shale on the reduced side of the redox interface. The presented results indicate
that a significant part of Au, Pt, and Pd present in the matrix of noble metal-bearing
shale may be chemically bound to organic matter.

Noble metals associated with organic matter
(kerogen—thucholite) in Kupferschiefer

The organic matter constituting clay-organic matrix of Kupferschiefer is soluble in
chloroform only in amounts of 1-2%, but may reach 19% in samples rich in alginite.
The soluble organic matter is enriched in several metals: V, Fe, Co, Ni, Cu, As and
Mo (Kucha, 1993). Vanadium and nickel are present as vanadyl ethioporphyrins
(Kucha et al., 1983), and Ni porphyrins (Sawlowicz, 1985). Also some Fe and Mg are
connected with pyrrole rings. Despite a high Cu content in some organic extracts no
specific copper organic compounds have been found yet.

Thucholite is defined as a bitumen polymerized by radiolytic action of uranium
and thorium (Schidlowski, 1968). In the Zechstein copper deposits thucholite is
present in areas of y-anomalies (Kucha et al., 1993) in black shale as rounded nodules,
boundary dolomite, and in the top few cm of white sandstones as fillings, veinlets and
cements of detrital grains. Within y-anomalies, the thickness of the black shale is
reduced, the Cu content is usually below 1 wt. % and the shale rests directly on the red
sandstone free of copper mineralization (Piestrzynski, 1988). The last feature, i.e.
a direct contact of red sandstone and black shale is the most important single factor
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controlling a lateral distribution of y-anomalies and an increased content of the pay
metals as well (Kucha et al., 1993). This is connected with redox interface which may
cross stratigraphic boundaries and shift also above the shale bringing with itself a few
cm to 50 cm thick pay metal horizon.

Thucholite grains in black shale are up to 4 mm in size. The shale around
thucholite is exhibits disturbed lamination, providing evidence for the epigenetic
growth of the thucholite with the matrix of the shale. Thucholite is composed of two
optically distinct components: isotropic (A) and strongly anisotropic (B). Component
A has reflectance in oil from 1.75 to 2.50%, with most measured values grouped
around lower figure. The reflectance values are roughly parallel to the uranium
content, i.e. the higher the U content the higher reflectance observed. The component
A is richer in heavy metals than anisotropic component B. TEM study shows that
thucholite A is not crystalline.

Component B is strongly anisotropic in reflected light and has reflectance close to
graphite. Electron diffraction reveals three types of small scale ordering (domains) in
anisotropic thucholite B: i) with typical graphite cell parameters ao = 0.246, and
co = 0.672nm, ii) with Van der Waals thickness of the benzene ring aq = 0.246, and
co = 0.740nm, and iii) with a grater thickness of the ring where CH;, CO, or OH
groups are attached to conjugated benzene rings (Kucha, 1982, Kucha and Wieczorek,
1988). The discussed domains in thucholite are usually smaller than 100nm and
therefore they are not detectable by standard X-ray diffraction techniques.

Thucholite contains ubiquitous inclusions of Cu-Bi sulphides, PdAs,, and native
gold present at the boundary between isotropic component A and B. It seems that
graphitization of thucholite A caused destruction of organometallic complexes and
subsequent exsolution of noble metal minerals at the boundary of thucholite A and B.
Similar mineral assemblage appears at the edge of thucholite. The contact of
thucholite and replacive calcite may be regarded as micro-redox interface
demonstrating that on such boundary there is an efficient accumulation of pay metals
minerals.

Geochemistry of thucholite was studied with EPMA, PIXE, MPIXE, SXRFA, and
TEM (Table 2). Several grains were studied including one with a profile traversing
across the whole grain.

Uranium

Thucholite free of microscopically visible UO, grains have U contents ranging
from <35 to 162400 ppm (Table 2). Optical and Transmission Electron Microscopy
(TEM) shows that budget of uranium in thucholite is controlled by three major phases:

e Uraninite. Hipidiomorphic uraninite has size up to 25 um. TEM diffraction
gives unit cell size ay = 0.542 (0.004nm close to Th-free uraninite. Uraninite forms
also submicroscopic inclusions in the thucholite matrix. Such inclusions have sharp
contacts to the enclosing organic matrix and sizes ranging from 0.04 to 0.02 pum.
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e Brannerite (U, Ca, TR) (Ti, Fe),04. Brannerite grains with size up to 30 um. are
dispersed through the organic matrix of thucholite. The mineral contains also Y, Ce and
La. On TEM brannerite produces ring diffraction patterns due to radioactive decay.

Table 2. Concentration of selected elements in the thucholite (organic matrix)
free of microscopically visible ore minerals (ppm)

Method| n Ti v Fe Ni Cu As Pd Ag Pt Au Pb U

PIXE 25 | 120 | 120 | 2200 | <7 [ 300 11 <12 | <10 | <13 | <13 | <I8 <35 |min
5900 [ 460 [28700| 900 |93700| 600 [ 100 100 | <13 | 800 | 6400 | 38000 |max
1084 | 172 | 10620 ( 220 | 23780 292 26 28 <13 35 1400 | 19600 |mean
MPIXE | 33 | 182 | <18 | 140 | <3.5| 33 <10 [ <78.6 | <58.0( 152 | <9.8 [ 50.2 | 12000 (min
521 | 82 | 5800 |273.3| 5560 | 3439 |4578.5[1065.7| 464.9 |2527.8|3700.0( 55114 |max
262 | 41 876 | 722 | 412 | 781 | 787.4 | 332.5 [ 123.0 [ 862.0 | 861.3 | 36330 [mean

SXRF | 21 73 <5 | 1300 | 5 <2 <1 <3 min
A 1300 | 650 | 5000 [ 5100 1770 | 1900 | 490 max
396 67 | 2207 | 1432 162 | 175 | 215 mean

EPMA | 27 | <130] <300| <200 | <150| <200 | <100| <300 [ <300 [ <200 | <300 | <600 [ <400 [min
14201 2200 | 2200 | 500 [ 1800 | 5000 | 5000 [ 3900 | 2100 | 800 | 1400 |162400|max
620 | 504 | 390 | 109 | 510 [ 270 | 390 | 504 | 480 | 291 410 | 28600 |mean

n — number of analyses, PIXE — Proton Induced X-ray Analysis, SXRFA — Synchrotron X-ray Fluorescence.

e Uranium-organic compounds. The organic matrix of thucholite contains
numerous finely dispersed inclusions with sizes from 4 to 20 nm. These inclusions are
not crystalline as shown by a selected area diffraction. Energy dispersive analysis
indicate the presence of U and often also Ti. As a rule these inclusions, unlike
uraninite, have diffuse boundaries with the enclosing organic matrix. The identity of
the inclusions is not certain, but they may be uranium organometallic compounds. The
uranium distribution in the organic matrix of thucholite is unhomogeneous, and varies
from <400 up to 162400 ppm (Table 2). U does not correlate with other studied
elements except of Ti and TR.

Palladium

The palladium content in the organic matrix (thucholite A) varies between <11 and
5000 ppm (Table 2), but occasionally may reach even 2 wt. % (Kucha, 1975). In the
studied profile it changes from 260 up to 1117 ppm. Pd does not correlate with other

elements, also in the former studies some correlations with As has been found (Kucha,
1982).
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Platinum

The Pt content in the matrix of thucholite varies from <2 to 2100 ppm (Table 2).
In the studied profile set across thucholite grain Pt reaches 800 ppm. Occasionally the
Pt content in the organic matrix at the edge of thucholite grains replaced by calcite
may reach 1.06 wt. % (Kucha, 1975, 1981, 1982). Pt is antipathetic to U, but in
general is sympathetic with Ni. This suggests that Pt, like Ni, is partly connected with
the pyrrole ring. This idea is further supported by the presence of inclusions in the
organic matrix of thucholite containing some Pt and Ni. Such inclusions have size
about 20 nm, and diffuse boundaries to the enclosing organic matrix. During
replacement of thucholite by calcite (oxidation) platinum is depleted in the rim of
thucholite down to 0.54 wt. % from 1.06 wt. % in the center (Kucha, 1982).

Gold

The Au content in the organic matrix varies from <1 to 1900 ppm (Table 2), but
occasionally may reach 6800 ppm (Kucha, 1982). Au is antipathetic to U. Gold forms
both visible and submicroscopic inclusions in the organic matrix of thucholite. The
size of invisible gold inclusions is about 40 nm. The energy dispersive analysis
indicates that such inclusions in the organic matrix contain Au but are Ag-free. A lack
of silver and non-crystalline nature of such inclusions may indicate that these are in
fact organometallic compounds of gold. This may be further supported by observation
that metallic gold occurring in Kupferschiefer contains 3645 wt. % of Ag. The Au
Mp/Au Ma emission efficiency ratio suggests that gold at point 18 shows valency +1,
which speaks in favour of organically bound gold. Apart of organometallic compouds
in the organic matrix gold forms numerous native inclusions with size reaching up to
50 um (Kucha, 1982, 1984).

Other elements

Thucholite contains also (ppm): Pb <3-6400 which is probably entirely
radiogenic, Y 50-560, Ce 35-380, La 25-120, as well as some K, Rb, CI, Br, Sn, P,
Ca, Bi, Sr, W, Ir and 1.

Redox interface as a control of a distribution of pay metals in Kupferschiefer

By definition a redox interface is a plane (or a thin horizon) developed between:
1) reduced and oxidized rocks, or between 2) reduced and oxidized fluids. The redox
horizon has thickness from a few cm up to 1-1.5 m. The reduced part of the horizon
has different pay metal mineralogy, thickness, and pay metal contents than the
oxidized portion.
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1. The first case occurs when black shale rests directly on the red sandstone. It
occurs in the Lubin West and Polkowice East Mines, and partly also in the Central
part of the Polkowice Mine (Kucha et al., 1993). Due to a direct contact between the
most reducing rock (black shale) and the most oxidized rock (red sandstone with
haematite) redox gradient is so strong that involved reduction-oxidation reactions
catalysed by
o-, B-, y-radiation of uranium, noble metal catalysts of Pt, Pd, Au and other transition
metals (Waters, 1960; Kucha, 1981, 1982; Kucha et al., 1993) produce the highest
observed concentrations of pay metals (ppm): Au 1-3000, Pt 2-340, Pd 2-1000
(Table 3). The copper horizon is located 1-1.5 m above the redox interface. This
means that pay metal horizon is located well below economic copper ore.

Table 3. The content of noble metals in selected areas of black shale and in some mineral processing products.
Upper figure — range, lower figure — average. Ag to Pd in ppm, Rh in ppb (modified after Kucha et al., 1993)

Side of redox | Thickness
Area n . Ag Au Pt Pd Rh
interface m
Lubin West, 31 | reduced 0.1-0.4 | 310-5780 | 1-3000 2-340 2-1000
Polkowice East 1222 40 18 37
6 | oxidized 0.3-1.0 1-25 0.05-9 0.01-4.1 | 0.01-0.8
5 1.8 0.19 0.1
Polkowice 5 | reduced 0.1-0.25 | 265-3080 1-115 0.01-3 1-15 1-52.0
Central 856 24 0.3 35 9.1
4 | oxidized 0.4-0.5 1-19 0.05-10 | 0.01-1.5 | 0.01-0.6 <5
6 3.95 0.19 0.07
Sieroszowice 8 [ reduced 0.34-0.50 | 117-3991 | 0.01-13 0.01-1 0.10-2.0 | 2.0-45.2
518 5 0.2 0.42 12.3
Flotation 5 0.74-2.10 | 0.05-0.16 | 0.07-0.14 | 2.5-53.0
concentrate 1.42 0.09 0.12 22.0
Polkowice
Gravity 5 4.0-56,2 | 0.10-0.81 | 0.10-25.0 | 5.0-84.7
concentrate 17.3 491 32.2
Polkowice

n — number of analyses.

2. The second case occurs when the redox interface is crossing stratigraphic
boundaries. The oxidized side of redox boundary is spotted with red stains of
haematite, which makes the interface well visible on faces of mine workings. Such
development occurs in Sieroszowice Mine (Kucha et al., 1993), locally in the Lubin
West or Polkowice East (Kucha, Pochec, 1983). The largest occurrence of such
development is located in the Polkowice West (Piestrzynski et al., 1996). The total
thickness of the discussed redox interface horizon reaches 1.5 m., although in the
Sieroszowice Mine it may locally attain greater thickness which results in very strong
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dilution of pay metals content. The interface is usually marked by an increased
uranium content on the reduced side.

Mineralogical, geochemical and textural signature of the oxidized and reduced
sides of the redox boundary is different:

e Reduced side of redox horizon — has much smaller thickness than oxidized
counterpart which varies from 0.03 to 0.4m. (Table 3). The pay metal content is
distinctly higher (Table 3), but known horizontal extension is much smaller than in the
case of oxidized portion. The copper content varies between 0.2—0.8 wt. % (Kucha,
1982). Main minerals observed are: covellite, Ni-Co arsenides, castaingite, Cu-Bi
sulphides, native Bi, graphite, continuous series of native silver-gold (electrum), pay
metal bearing thucholite which locally may be a main mineral, Pd arsenides PdAs,,
Pd;Ass, Pd,Ass, PdsAs,, PdsAs,S, Pd;As vincentite, (Ni, Pd);As,, PdCu (As, S)s, and
PdgAseS; (Kucha, 1975, 1984), and up to 5.50 wt. % of Pd in nickel diarsenides.
Characteristic non opaque minerals are: white phosphate, -boracite (Kucha, 1983),
and fine euhedral quartz.

Table 4. Chemical composition of plumbian gold from the Lubin Mine (wt. %)

No. Cu Ag Au Hg Pb Total
96/ES <0.08 33.81 43.54 1.39 22.00 100.74
96/F1 <0.09 32.93 42.89 1.12 22.83 99.77
96/F2 <0.09 33.92 43.28 0.41 22.53 100.64

Table 5. Chemical composition of palladian gold from the Lubin Mine (wt. %)

No. Cu Pd Ag Pt Au Hg Total
96/C1 1.53 0.15 83.11 0.21 0.50 14.82 100.32
96/D1 0.42 4.16 15.94 0.46 78.91 0.99 100.88
96/D2 0.37 0.19 14.20 0.49 85.56 <0.10 100.81
96/D3 0.55 4.99 11.49 0.79 81.05 0.83 99.70
96/E1 <0.09 3.73 30.45 0.55 38.62 3.78 100.11
96/E4 0.34 3.00 12.47 1.33 78.69 6.04 101.87
96/E7 0.30 6.89 17.90 1.27 73.60 <0.10 99.96

e Oxidized side of redox horizon — has much greater thickness than reduced
counterpart varying from 0.3 to 1.5 m. (Table 3). The pay metal content is distinctly
lower (Table 3), but known horizontal extension is much larger than in the case of
oxidized portion (Piestrzynski et al., 1996). The cooper content is well below 0.5
wt. %. Main minerals observed are: gold of high fineness (92-98wt. % of Au),
palladian gold (Table 4), plumbian gold (Table 5), native Pb, clausthalite, PdBi
sobolevskite (Kucha, 1981), two-phase gold (Kucha, Pochec, 1983), Pd arsenates
PdAsO, and Pd,AsO, (Table 6), relicts of kerogen, and most of all haematite.
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Locally trace amounts of covellite and chalcopyrite are observed. One of
characteristic minerals are also gypsum with red internal reflections and strontianite
SrSOy.

e Within oxidized side of the redox horizon microsopic redox interfaces are
developed. They occur around relicts of thucholite. At first during replacement of
pay metal rich thucholite noble metal minerals are precipitated at the boundary
between organic matter and replacive calcite. If progress of replacement (oxidation)
continues than in the massive calcite with fine haematite only minute relicts of
thucholite and dispersed native gold, claustahlite, Pd arsenides and arsenates are
visible. This indicates that the redox interface was advancing on pre-existing
reduced sediments and ore minerals (Kucha, 1981).

Table 6. Chemical composition of palladium arsenates (wt. %/mol), Lubin Mine

S Co Ni Cu As Pd Ag Pt Au Bi z

81/B4a | <0.06 | 0.30 0.47 0.73 | 30.11 | 37.50 2.10 0.73 0.43 0.80 |[73.17
0.0127] 0.0199 | 0.0285 [ 1.0000 | 0.8767 | 0.0484 | 0.0093 | 0.0054 | 0.0095
33/6¢ 0.90 0.25 1.80 3.50 | 19.60 | 57.10 2.80 <0.08 | 0.88 [ <0.09 | 86.83
0.0969 | 0.0146 | 0.1057 | 0.1901 | 0.9031 | 1.8520 | 0.0895 0.0154
42/A2 1.20 0.40 4.20 0.55 | 19.60 | 51.20 7.70 <0.08 | <0.08 | <0.08 | 84.85
0.1251]0.0227 1 0.2393 | 0.0289 [ 0.8749 [ 1.6087 | 0.2386
42/B1 1.10 0.37 0.54 1.00 | 19.70 | 47.10 | 10.40 0.50 0.72 | <0.08 | 81.43
0.1154]0.0211 | 0.0309 | 0.0529 | 0.8846 | 1.4887 | 0.3243 | 0.0086 | 0.0123
55/A4a | 0.13 0.35 090 [ <0.05 | 21.50 | 53.10 5.10 0.50 290 | <0.08 | 84.48

0.0139 ] 0.0204 | 0.0527 0.9861 | 1.7143 | 0.1624 {0.0088 | 0.0505
55/A7 <0.06 | <0.05 | 3.00 | <0.05]| 22.65 | 51.30 | 3.40 0.55 1.40 0.70 | 83.00
0.1690 1.0000 | 1.5943 ] 0.10542 ] 0.0093 ] 0.0235] 0.0111

Inclusions of solid hydrocarbons in gold and inclusions of gold
in solid hydrocarbons, Maldon, Australia

The entire range in ratios of native gold to solid organic matter may be observed
in intergrowths of these two substances in the different deposits under study.

“Brown gold” with reflectivity of 30-40% in air occurs in fractures and voids in
FeAs, at Maldon. It contains 81-83 wt. % Au (Table 7). The balance consists of C,
1-2 wt. % of Fe, S and traces of Cl, Sb and Bi. Another type of gold found here is
“dark gold” with reflectivity of about 25% in air. It contains 90 wt. % Au and much
finer inclusions of solid hydrocarbons than “brown gold”. Characteristically both of
these types of gold are silver-free (Table 7). The true nature of brown gold and dark
gold can not be revealed in reflected light, but under the higher magnification of SEM
it becomes obvious that they consist of fine intergrowths of two phases: bright gold
and dark solid organic matter. Infrared spectra collected with an infrared microscope
from “brown gold” indicate that the solid organic matter in gold is composed mainly
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of conjugated benzene rings with short aliphatic additives, and some carbonyl groups
as well. The proportion of metallic gold to solid organic matter varies from 50 to 80
vol. %. The two substances are so tightly intergrown as to suggest simultaneous
precipitation of both from the same fluid. “Brown” and “dark™ gold has been observed
in fractures and voids in l6llingite. The FeAs, host is separated from quartz by a
siderite rim several tens to several hundredths pm wide which contains small
inclusions of metallic gold. Siderite matrix free of visible gold may still contain Au at
a level of 0.09 wt. %. It is possible that gold intergrown with solid hydrocarbons and
siderite with minute inclusions of native gold may be genetically linked. Mechanism
would be similar to this operating in Kupferschiefer at the redox interface — oxidation
of gold tightly intergrown with solid hydrocarbons after oxidation (replacement) may
be converted into siderite full of small gold inclusions.

Table 7. Chemical composition of “brown gold” (reflectivity in air 36%) No. 7A3 — 7A5a,
and “dark gold” (reflectivity in air about 25%) No. 7A5b — 7A5d, Maldon, Vic., Australia (wt. %)

ALO; | SiO, | K,0 | Cl S Fe Ag Sb Au | Bi | Carr | Crneas.
TA3 0.08 |0.18 | <0.01 [0.14|1.18|1.67| <0.01 | 0.16 [81.520.15|14.92| 15.0
TA4 0.10 | 0.20| 0.04 [0.12]1.22|1.60| <0.01 | 0.12 [80.40|0.15|16.05| 15.0
7TA5 0.12 10.20 | 0.05 |0.09|1.16|2.08 [ <0.01 | 0.08 |79.22(0.31|16.69 | 14.5
7AS5a 0.09 1022 0.05 |0.11[1.20(1.93] <0.01 | 0.10 |80.27]0.27[15.76 | 15.5
7TA5b 0.10 | 0.20 | <0.01 {0.12]0.50(0.81 | <0.01 | 0.05 |89.50(0.30| 842 [ 9.0
TAS5c 0.10 | 0.20 | <0.01 {0.20]1.00 | 1.01 | <0.01 | <0.01]90.03 (0.10] 7.36 [ 9.0
7A5d 0.15 10.22 | <0.01]0.16|1.12[1.50 | <0.01 | 0.10 | 89.88 [0.18] 6.69 [ 6.0

PAY METALS ASSOCIATED WITH SILICATES

In gold deposits of greenstone belt type native gold is often associated with
chlorites. Even gold residing in quartz veins cutting through greenstones contain
chlorites well visible under microscope as veinlets and/or nests. Usually chlorite
content in quartz positively correlates with gold grade. In some deposits native gold
occurs as inclusions in chlorites. Also larger gold grains may contain chlorite
inclusions. Such phenomena were observed in Maldon, Vic., Australia, in Barramiya,
Eastern Desert, Egypt and in Barberton, Transvaal, South Africa.
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Inclusions of As-chlorites in gold and inclusions of gold in chlorites, Maldon,
Australia

Clean quartz veins at Maldon contain little gold (Moon, 1987). Most gold occurs
in dark patches, nests, veins and veinlets composed mainly of chlorites, with smaller
amounts of biotite and muscovite, which cut through quartz veins. Under the
microscope chlorites are also visible as nests and veinlets cutting through earlier ore
minerals. Chlorites are finely intergrown with gold, and form myrmekitic intergrowths
with metallic gold. On the other hand, chlorite nests and veins in quartz contain fine
inclusions of native gold and larger grains of FeAs,. Secondary, later chlorite veins are
free of visible gold.

Table 8. Microprobe composition of As-chlorites tightly intergrown with gold, Maldon, Vic (wt. %/mol)

NaZO MgO A1203 SlOz Kzo CaO TlOz MnO | FeO SO3 AU2O ASzO3 Cl HzO
7B18¢ | 2.38 | 5.55 | 598 [2895| 0.64 | 038 | <0.02| <0.02| 12.04 [ 0.20 | 3.66 | 2891 | 0.50 | 10.81
light 0.5418]1.942910.8268 (6.7982(0.0959|0.0959 2.364810.0353]0.1256|2.0615|0.1990| 8.9680
7B18e2 | 231 | 525 | 525 |28.14| 084 | 0.70 | <0.02| <0.02| 1142 | 120 [ 831 [2495]| 0.68 | 10.95
light 0.8488(1.8823(0.7445|6.7701{0.1287{0.1807 2.2972(0.2168(0.2920( 1.823010.2776| 9.3074
7B18el | 1.76 | 6.78 | 645 [ 3331 0.80 | 0.23 [ <0.02| 0.18 | 11.81 [ 0.85 | 3.52 [ 23.79 | <0.02| 10.52
light 0.6280]2.276810.8569(7.5032(0.1150{0.0555 0.033812.225410.1435(0.1164(1.6271 8.3726
7B18d | 0.59 | 4.57 | 642 |32.14] 0.62 | 039 | 0.17 [ 0.19 | 1532] 0.79 | 2.10 | 21.04 [ <0.02| 15.66
dark 0.2031(1.4383(0.7991(6.7845(0.0837(0.0888|0.0266( 0.0342(2.7042{0.1256( 0.0647 | 1.3483 11.6784
7B181 [ 0.65 | 6.86 | 6.53 [34.62| 0.68 | 036 | 0.08 [ <0.02 17.44 [ <0.05| <0.05(22.23 | 0.19 | 10.36
dark 0.233212.2733]0.8548 [ 6.3966 [ 0.09480.0855]0.0134 3.2416 1.5013]0.0721] 8.1358
7B18 141 | 721 | 541 | 3121 | 0.78 | 0.26 | <0.02] 0.15 [ 1530 | <0.05| 0.73 | 17.77 | 0.71 | 19.06
dark 0.2764(2.1782[0.6465]6.3239{0.1010{0.0560 0.0256{2.5921 0.0219{1.0933{0.2438 13.6443

Formula has been calculated based on 36 (O, OH).

Chlorites have characteristic chemical signatures which depends on their
paragenesis. Young chlorite veinlets cutting older minerals contain less than 0.49 wt.
% of As,O; and are free of gold. Older chlorite veinlets contain inclusions of native
gold. Away from gold inclusions these older chlorites contain from 0.45 to 1.19 wt. %
As,0; and from <0.02 to 0.46 wt. % Au. Close to gold grains they contain from 1.56
to 2.21 wt. % As,Os and from 0.30 to 0.54 wt. % Au. The most striking composition is
shown by chlorites tightly intergrown with gold. They are As chlorites containing
from 17.77 to 28.91 wt. % As,0Os3 and from 0.20 to 8.31 wt. % Au,O and 0.20 to
1.20 wt. % SO; (Table 8). As always in research on geochemistry of invisible gold
there is a question on chemical status of gold in the investigated chlorites. The gold
content is very high yet no metallic gold inclusions are seen under SEM. Gold bearing
chlorites in reflected electrons of SEM show two varieties: one darker with gold
content (2 wt. % of Au, and another brighter with gold content between 2 and 8 wt. %.
X-ray emission spectra of AuMf and AuMa, AuMB/AuMa ratios, and fine structure
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of gold standards of metallic gold with valency 0, and AuTe, with gold valency +1
suggests that As chlorite (Table 8, 7B18e2) containing 7.99 wt. % of gold is
chemically bound to chlorite structure. It shows characteristic split of the AuMa line
interpreted as a resolved AuMa 3 line (see Fig) which is similar in position and
intensity to Aul; standard adsorbed on activated carbon. This component was
observed in Au—As-chlorite at both 23 and 16 kV. These differences are large enough
to argue a different chemical status of gold in Au—As-chlorite as opposed to AuTe;
and metallic gold (see figure).

AuMc11’2

Au-As-chlorite
AuMu1 2 =100.00%

AuMp

AuMp = 74.08%
AuMcL3 = 6.18%
/AuMa3

=100.00%
70.20%
4.02%

AuMp3

Au metal
Au Mu1 2:100.00%

AuMB  =7237%
AuMcx.3 = 0.00%

2100 2150 2200 aVv

Normalized X-ray emission spectra of AuMa and AuMp region in standards metallic gold Au
100%, AuTe2 (synthetic), and in Au-As-chlorite containing 7.99 wt. % Au. Emission efficiency is
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normalized to AuM (1,2 taken as 100%. Au-As-chlorite shows a distinct AuM (3 component barely
visible in AuTe2 (Au valency +1), and absent in metallic gold (Au valency 0)

Arsenic valency, as determined in the above chlorites by microprobe, is about
+3.5 and gold valency varies around +3. Although these measurements should be
regarded as preliminary, they suggest that gold present in chlorites is bound
chemically to their structure. This may open a new chapter in gold mobility research.
As-chlorites which contain above 2 wt. % Au appear distinctly brighter under SEM
than As-chlorites containing less than 2 wt. % Au. The two types of As-chlorites
sometimes form intergrowths with clearly visible boundaries marking the contact
between the two minerals. Gold intergrown with As-chlorites is of high fineness and
contains only 0.09-0.28 wt. % Ag and 0.10-0.16 wt. % Fe. The gold forms so tight
myrmekitic intergrowths with As-chlorites that rapid, simultaneous precipitation from
the same parent fluid is indicated.

Chlorite veinlets in gold bearing quartz veins at Barramiya contain small
inclusions of metallic gold. They are As-bearing chlorites with As,O; varying between
2.00 and 3.39 wt. % and gold content changing between <0.05 and 1.21 wt. %. Under
reflected light microscope these chlorites are texturally similar to these observed at
Maldon, and may be of similar origin. Chlorite inclusions intergrown with native gold
in pyrite from Barberton, South Africa contain up to 2.89 wt. % of As,O; and up to
0.41 wt. % of Au.

Gold associated with oxysulphides and occurrence of Au-oxysulphides

Oxysulphides were reported from the Lubin deposit, Poland (Kucha, 1990). Some
of them contain detectable gold content. Oxysulphides associated with gold are
present at Barberton and Pilgrim’s Rest, South Africa, Comet Mine, NSW, Australia
(Kucha et al., 1994) as well as in Maldon, Vic., Australia. They were reported from
Veitsch, Austria, where they contain 0.12-0.21 wt % of Au (Kucha et al., 1995). So
far significance of these compounds in gold metallogeny escaped attention of students
of gold mineralogy and mineral processing.

Au—Cu oxysulphides from Mitterberg, Austria

Sb-fahlore in Mitterberg is a major gold carrier. This has been overlooked in the
past, and subsequently fahlore has never been considered as the most attractive target
during mining and mineral dressing procedures.

Five types of gold can be distinguished in the Sb-fahlore:

1. Gold (primary?) present in massive, unfractured fahlore. This gold usually
forms grains only a few pm in size, rarely up to 20 um. It is composed of (average, wt.
%): Ag 25.18, Au 67.39 and Hg 7.05.
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2. Native gold and electrum present in microfractures in fahlore together with
pyrite, gersdorffite, chalcopyrite, cubanite and quartz. The chemical composition of
gold depends on the paragenesis. Gold of the highest fineness appears together with
Cu—As-bearing fractured pyrite replacing tetrahedrite. Gold associated with quartz is
rich in silver.

3. Ag;AuzHg present in microfractured fahlore with or without chalcopyrite 11
and/or gersdorffite.

4. Gold with oxysulphide inclusions and intergrowths. This type of gold has
distinct pink hue in reflected light and is spotted with irregular dark inclusions often of
under 1 pm in size. Gold with oxysulphide inclusions has a very distinct chemical
composition. It is rich in (wt. %): Cu (3.73—4.94) and Sb (3.17—4.44) but it has very
low contents of Ag <(0.03-0.14) and Hg <(0.03-0.21), similar to such gold from
Veitsch (Kucha et al. 1995).

5. Refractory gold occurs in the fahlore matrix at a distance of up to 100 um away
from gold inclusions. The content of refractory gold in such microareas may reach of
1.81 wt. % of Au with an average value equal to 0.71 wt. %. Such microareas of
tetrahedrite are enriched in As, Hg, Fe but depleted in Zn and Ag.

Table 9. Microprobe composition of thiosulphate intergrown with pink gold,
Mitterberg, Brander Gang, sample PR1B-3 (C) and PR1B4 (A) (wt. %/mol)

No. S Cl Fe Ni Cu Zn As Ag Sb Au Hg Pb Total Oy
Clla | 247 | <0.10| 2.21 | 0.15 | 4.54 | <0.01| 0.63 | 0.16 | 2.68 [45.06| <0.02| 0.50 [58.31[41.69
0.0770 0.0380] 0.0026 [0.0715 0.0084]0.0015{0.0220]0.2285 0.0024 2.6056
Cl1 2.05 | <0.10| 2.12 | 0.15 | 4.50 | <0.01| 0.29 | 0.08 | 2.72 | 65.63 | 0.07 | 0.50 [78.11|21.89
0.0639 0.0380] 0.0026 [0.0708 0.0039]0.0007(0.0223]0.3328(0.0004|0.0024 1.3681
C12 |[18.31[<0.10| 448 | 0.18 |14.07| 0.34 | 0.35 | 0.14 | 3.11 [44.20| <0.02| 0.43 [85.61( 14.39
2.0000 0.2809] 0.0109 [0.7755]0.0182(0.0165]0.0045(0.0893|0.7849 0.0074 3.1503
C13 [ 15.40| <0.10| 3.96 | 0.52 [24.06] 0.72 | 0.92 | 0.06 | 3.59 | 40.11 | <0.02| 0.49 [89.83]10.17
0.4803 0.0709] 0.0089 [0.3786/0.0110{0.0123]0.0005{0.0295]0.2034 0.0024 0.6356
Cl16 | 9.27 | <0.10] 4.80 | 0.16 |10.84| <0.01( 0.53 | 0.06 | 3.20 [33.27| <0.02| 10.34 (72.47 | 27.53
0.2891 0.0859] 0.0027 [0.1706 0.0071]0.0005(0.0263]0.1687 0.0499 1.7206
C10 [ 15.17] <0.10| 1.98 |0.200.0( 16.94 | <0.01| 0.46 | 4.31 [ 11.11|29.76| 3.75 | 0.78 |84.16] 15.54
1.6588 0.1241] 119 (0.9347 0.0214]0.1403(0.2146]0.5291(0.0655|0.0133 3.4053
A1l | 7.62 |11.92| 1.07 | <0.05|23.57 | <0.01| 0.36 | 1.15 | 3.77 |28.77] <0.03( 11.26 |89.49( 10.51
0.2376]0.3362(0.0192 0.3709 0.0048]0.0107{0.0310]0.1459 0.0543 0.6560
A12 [ 890 | 793 | 1.53 | 0.11 [15.69]<0.01| 0.33 | 0.21 | 7.14 | 47.39| <0.03| 0.19 [89.42]10.58
0.2776]0.2237(0.0274] 0.0019 [0.2469 0.0044]0.0019{0.0586]0.2403 0.0009 0.6613

Pink gold contains numerous dark inclusions with reflectivity in air of about 20%;
their size varies from sub-micron up to 20 um. Some of the oxysulphides studied
surround gold grains and form dark twisted wavy veinlets cutting through the
tetetrahedrite. The oxysulphides discussed have gold content ranging between 33.27
and 44.20 wt. % (Table 9). Analysis C12 (Table 9) is close to the thiosulphate
composition — (Au, Cu, Fe)S,0;. The SK (peak shift in this compound is 0.70 (0.08
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eV close to the peak position in the standard thiosulphate. Another inclusion (Table 9,
C13) shows composition close to (Cu, Au)S,0; and the SK peak shift equal to 0.61
(0.09 eV. The Au valency measured by microprobe in the thiosulphates discussed is
close to +1. Both compounds studied show a double SKB peak and S°° satellites
similar to those seen in the thiosulphate standard. Therefore taking into account the
chemical composition of the oxysulphides considered (Table 9) and results of the X-
ray spectroscopic studies these compounds may be tentatively identified as Au—Cu-
and Cu—Au-thiosulphates. Not all inclusions in gold (Table 9) show such clear
stoichiometry. Because of their small size and exsolutions of nanoinclusions of
metallic gold many of them represent a physical mixture of oxysulphides and metallic
gold (Table 9, C11, Clla). Non-stoichiometric analyses with significant oxygen
content may suggest that the process of decomposition of Au—Cu—Fe oxysulphides
continued after precipitation producing a complex nano-mixture of solid native metals,
sulphides, oxysulphides and oxides. The tetrahedrite matrix directly surrounding the
gold with oxysulphide inclusions is enriched in As, Fe, Hg and distinctly depleted in
Zn, Ag and Sb. This may suggest that the first three elements moved from the fluid
phase to the solid by ion exchange, and simultaneously the second three elements
moved from the solid to a liquid phase.

Oxysulphides of iron and gold from the Comet Mine, NSW, Australia

Native gold at the mine occurs in two distinct pargeneses:

e gold with quartz and Bi-tellurides. Gold forms inclusions in the quartz matrix
with or without Bi tellurides.

e gold with pyrite, thiosulphates, sulphates and haematite. Gold occurs as
intergrowths with sulphates, haematite and pyrite with thiosulphate relics. Often gold
is present at grain boundaries between haematite and sulphate and as inclusions in Fe
thioulphates, suggesting the involvement of thiosulphate in the transport and/or
redistribution of Au within the orebody. Sulphates have an increased content of Pb,
Cu, Zn, Al and Si (Kucha et al., 1994).

Thiosulphates are ubiquitously associate with gold at the Comet Mine, forming
irregular aggregates up to 1 mm in size, being partly replaced by sulphates and
haematie and also forming relicts in pyrite. Two different types of pyrite are
recognized. The first is euhedral and takes a clean polish, whereas the second contains
numerous dark, cloudy inclusions of thiosulphates and was probably formed by the
replacement of an Fe thiosulphate precursor. Microprobe analyses reveal that S, Fe
and O are main components of oxysulphides studied. Main trace elements are Cu, As,
Ag and Pb ranging from <0.05 to 0.85 wt. % (Kucha et al., 1994). Sometimes gold is
present above detection limit as well. The SKP emission spectra show S°" and S*
satellites and a double SKf peak top indicating the presence of thiosulphates and
sulphites (Kucha et al., 1994). Gold is so tightly and finely intergrown with
oxysulphides that this texture will affect gold recovery.
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GOLD IN SULPHIDES

Gold is present as an admixture in sulphide minerals from Lubin (Kucha, 1975,
1984). It also occurs as an admixture together with Pd and Pt in arsenides at this
location (Kucha, 1984). Gold in sulphides is also found at Maldon, Bendigo,
Australia, at Veitsch (Kucha et al., 1995, 1997 a, b) as well as at Mitterberg, Austria.
Preliminary microprobe measurements of gold valencies in sulphides suggests that
below certain concentration characteristic for each mineral gold occurs as Au +1, and
above saturation limit in a given lattice it occurs as metallic submicroscopic inclusions
as Au 0. In deposits of gold bearing arsenopyrite, and/or pyrite invisible gold of both
types i.e. chemically bound to the lattice and minute inclusions of metallic particles may
control most of gold budget. This has strong influence on choice of metal recovery
technology.

DISCUSSION

Chemical status of gold in deposits discussed differs from case to case. This
indicates that each of them has to be treated as an individual case to choose a proper
gold and/or PGM recovery. In recent times mesothermal and epithermal deposits are
becoming more and more important gold producers. Therefore advanced mineralogical
and geochemical studies are getting increasingly important. They include gold
valences measurements, identification of chemical status of ,,invisible” gold, as well as
textures and microtextures of gold and gold-bearing minerals.

One of principal associations discussed in this note are associations of pay metals
with organic matter. It seems to be important in the Kupferschiefer. Most of gold and
PGE’s associated with hydrocarbons occurs on the reduced side of the redox interface
where they form thin but higher grade accumulations, but with limited lateral
extension. On the oxidized side of the interface pay metals occur mainly as native
metals and palladium arsenates where they form thicker but lower grade
accumulations and are laterally extensive. A rough estimation of reserves on both
sides of the redox interface suggests that on reduced side it may about 20-25% of
reserves, and on the oxidized side remaining 75-80%. In case of mining both types
will be mined together and extracted ore will have a mixed nature. Therefore, the ore
processing will have to cope simultaneously with organically fixed pay metals, with
pay metal minerals such as native metals, arsenides and arsenates, as well as pay
metals substituted in arsenide and sulphide carriers.

Close intergrowths of native Au and Au—As-chlorites at Maldon, Australia,
Barramiya, Egypt, and Barberton, Transvaal, South Africa present a new challenge for
mineral processing. Properties of gold silicates are virtually unknown, also
quantitative partition of gold between native gold and various mineral carriers present
a challenge for mineralogical and geochemical study.
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Gold thiosulphates occurring at Mitterberg, Austria open a new field of study on
gold mineralogy and geochemistry. These compounds are leachable by acidic water
and could be recovered by heap or bacterial leaching. This would have an extra bonus
because this treatment will also recover gold substituted in sulphides, which contain
up to 1.8 wt. % of Au (Kucha et al., 1977a, b).

Well conducted research on mineralogy and geochemistry of pay metals in
mesothermal-epithermal deposits shall be conducted with care starting from sample
preparation to avoid destruction of fragile oxysulphide minerals. Main methods of
research should include high quality reflected light microscopy, EPMA, SEM, HRTM
as well as microbeam techniques with very high detection limits such as SXRFA and
MPIXE.
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W mezotermalnych i epitermalnych ztozach metali szlachetnych mineralogia i geochemia Au, Pd i
Pt jest zlozona. Wymienione metale tworza domieszki izomorficzne w arsenkach Ni—Co (Lubin,
Maldon), antymonkach (Maldon), siarczkach (Veitsch, Mitterberg, Lubin, Maldon, Barberton), materii
organicznej (Lubin, Maldon). W niektorych zlozach wymienione metale tworza wilasne oksysiarczki
Au,S,0;5 (Veitsch, Mitterberg), zwiazki organometaliczne (Lubin, Maldon), krzemiany (Maldon,
Barramiya, Barberton), tellurki, selenki, siarczki, arsenki (Lubin) i arseniany Pd,AsO, (Lubin). Obecno$é¢
ztota chemicznie zwiazanego z sieciag mineralow goszczacych potwierdzona zostata obecnoscia Au +1 i
Au +3. Tak zlozona mineralogia i geochemia metali szlachetnych tworzacych bezposrednie wiazania
chemiczne zsiecia goszczaca powoduje trudnosci z odzyskiwaniem metali szlachetnych z rudy.
Przerdbka takich rud wymaga najbardziej nowoczesnych badan geochemicznych i mineralogicznych w
celu dobrania wiasciwych metod przerobki. W przeciwnym razie straty w odzyskiwaniu metali
szlachetnych moga sigga¢ nawet do 50%.
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LITOSTRATYGRAFIA, PETROGRAFIA I MINERALOGIA
KENOZOICZNYCH PIASKOW ZL.OTONOSNYCH
DOLNEGO SLASKA

Scharakteryzowano wystapienia zota w luznych okruchowych skatach wystepujacych na Dolnym Slasku.
Zwrécono uwagg na litostratygrafig, petrografi¢ i mineralogi¢ tych utworéw. Dla celow ustalania
litostratygrafii kenozoicznych osadéw ztotonosnych zostat opracowany przez Grodzickiego ,,miernik czasu”
oparty na zasadzie wzrostu entropii i teorii denudodezagregacji. Autor wyrdznit cztery etapy formowania sig
osadow ztotonosnych. Do etapu I oligocensko-neogenskiego naleza osady o najwyzszych koncentracjach ztota
i maksymalnych zawarto$ciach Au w ziarnach. Wspolczynniki denudodezagregacji D maja tu bardzo wysokie
wartosci. Do etapu II — preglacjalnego zaliczane sa osady o nizszych koncentracjach ztota, a wspdtczynniki D
maja mniejsze warto$ci. Utwory ztotonosne etapu 11T (plejstocenskiego) i IV (holocenskiego) charakteryzuja
si¢ najnizszymi koncentracjami ztota i najmniejszymi zawarto$ciami Au w ziarnach.

WPROWADZENIE

Piaski zlotonosne wystepujace na terenie Polski potudniowo-zachodniej przyciagaja
uwage cztowieka od tysiacleci a ich eksploatacja miata przez pewien czas znaczacy
wplyw na ekonomiczny i polityczny rozwoj Slaska. Obecnie notuje si¢ coraz wigkszy
wzrost zainteresowania geneza tych sedymentow, ich wiekiem, sktadem petrograficzno-
mineralogicznym oraz stosowanymi metodami badan. Czynniki te warunkowaly r6zna
koncentracje zlota w osadach, od ktorej z kolei uzalezniona byta wielko$¢ i sposob
eksploatacji tego kruszcu w przesziosci, a takze planowane kierunki prac
poszukiwawczych za piaskami zlotono$nymi, ktore beda prowadzone w przysztoscei.

ROZSYPISKA ZEOTONOSNE DOLNEGO SLASKA
W SWIETLE METODY DENUDODEZAGREGACII

Gloéwne wystapienia historycznie udokumentowanych i eksploatowanych od

czaséw starozytnosci tak zwanych , piaskéw ztotonosnych” na Dolnym Slasku ciagna
si¢ pasmem dtugosci okoto 54 kilometréow od Wadroza Wielkiego i Mikotajowic na

" Instytut Nauk Geologicznych Uniwersytetu Wroc*awskiego, 50-204 Wroc*aw, pl. M.Borna 9, Polska.
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wschodzie, przez Ztotoryje do Lwowka Slaskiego i Bolestawca na zachodzie. Na
poludniu wystapienia ztota w osadach spotykane sa w bloku karkonosko-izerskim.
Eksploatacja tego kruszcu z piaskéw i1 zwirow prowadzona byla takze w innych
miejscach Dolnego Slaska np. w okolicach Strzegomia i Swidnicy, Gérach Sowich,
regionie klodzkim i Sudetach Wschodnich, zwltaszcza za$ na terenach ztotono$nych
Ghuchotazow taczacych si¢ z przyleglym obszarem Zlatych Hor i1 Jesenika
w Czechach (Grodzicki, 1972). W ciagu ostatnich kilkunastu lat w wyniku prac
poszukiwawczych prowadzonych przez autora, a takze pracownikoéw Panstwowego
Instytutu Geologicznego, stwierdzono nowe wystapienia ztota w kenozoicznych
skatach okruchowych Polski potudniowo-zachodniej (rys. 1).
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Rys. 1. Mapa wystapien niektérych koncentracji ztota w piaskach i zwirach na Dolnym Slaku:
1 — Sulikéw, 2 — Grodnica, 3 — Olszyna, 4 — Swieradéw, 5 — Szklarska Preba, 6 — Jelenia Gora,

7 — Karpacz, 8 — Leszczyniec, 9, 10 — rejon na wschod od Lwowka Slqskiego, 12 — Bolestawiec,
13 —rejon Jerzmanic, Sgpowa, Polnej, 14 — Ztotoryja, Kopacz, 15-17 Legnickie Pole, Mikotajowice,
Wadroze Wielkie, 18 — Uliczno, 19 — rejon Gluchotazéw
Fig. 1. Map of occurrence of selected gold concentrations in sands and gravels of Lower Silesia

Zdaniem autora szczegdlnie istotnym czynnikiem wptywajacym na tworzenie si¢
716z rozsypiskowych ztota byt proces denudodezagregacji. Jego nazwa nadana przez
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A.Grodzickiego pochodzi od stow: denudare — odstaniaé, aggregatus — agregat,
dezagregacja — dezintegracja, rozpad agregatow na elementarne czastki proste na tym
poziomie organizacji materii, czyli ziarna monomineralne (Grodzicki, 1987, 1989).

Proces dotyczy wigc stopnia oswobodzenia ziarna monomineralnego ztota i
innych mineralow z agregatéw polimineralnych. Im wigksza jest zachodzaca w czasie
intensywno$¢ tego zjawiska, tym znaczniejsza jest koncentracja wolnego zlota w
poszczegélnych  frakcjach  mineralnych, a tym samym zwigksza sig
prawdopodobienstwo jego odkrycia w czasie prowadzonych prac poszukiwawczych.
Zloto jest wtedy tatwiejsze do zauwazenia a nastepnie odzysku z osadow
okruchowych.

Dla celéw ustalania litostratygrafii kenozoicznych skal zlotonosnych zostat
opracowany przez autora entropijny miernik czasu oparty na teorii
denudodezagregacji (Grodzicki, 1989, 1997). Po krétce przedstawiajac te zagadnienia
— uwzglednia si¢ w osadach stosunek macierzystych agregatow polimineralnych (4)
do potomnych ziaren monomineralnych (Z,), ktére powstaty w wyniku dezintegracji
skal. Zasadg¢ mozna przedstawi¢ wedlug ogolnego schematu:

to t
A
Z

m

4, -

gdzie: Ay — macierzyste agregaty polimineralne w chwili poczatkowej (¢t = 0) skaty in
situ, A — liczba agregatow polimineralnych pozostata w osadzie po uplywie czasu ¢,
Z, — liczba potomnych ziaren monomineralnych powstata po uplywie czasu ¢.
Predko$¢ przejscia (V) migdzy stanem poczatkowym ukladu (4) a koncowym (Z,)
okresla wspotczynnik denudodezagregacji, ktory jest obliczany odpowiednimi
wzorami dla poszczegolnych frakeji (d) i dla catosci osadu D.

S A+2M+3z,

gdzie: 4 — liczba agregatéw polimineralnych, M — liczba mikrozrostow mineralnych
(mniej niz 1/4 powierzchni ziarna zajgta jest przez zrost), Z, — liczba ziaren
monomineralnych (o powierzchni uwolnionej od innych mineratéw), n — og6lna liczba
przeanalizowanych ziaren badanej frakcji, N;— liczba zbadanych frakc;ji.

Zaleznos$¢ t¢ zgodnie z zasada wzrostu entropii mozna przedstawi¢ jako proces
wyznaczajacy nam kierunek uptywu czasu: 4 — M — Z,. Ma to istotne znaczenie
w ustalaniu  stratygrafii osadow 1 korelacji wiekowej warstw  skalnych.
Denudodezagregacja w zasadniczy sposob wplywa na sktad granulometryczny,
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petrograficzny i mineralogiczny osadoéw, a takze na morfologi¢ ziarna mineralnego i
jego czystos¢ powierzchni. Proces ten jest ztozony i zalezny od wielu czynnikow
przyrodniczych, aw szczegolnosci od odpornosci skal, selektywnego transportu
osadow w warunkach naturalnych, wietrzenia, a te z kolei zaleza od sktadu
petrograficznego skat, rzezby terenu i czynnikéw klimatycznych zmieniajacych si¢ w
czasie.

Denudodezagregacja zachodzi szczegélnie intensywnie w okresach cieplejszych
i wilgotniejszych w wyniku destrukcyjnego dziatania wietrzenia chemicznego co
objawia si¢ w osadach wysokimi warto§ciami wspdtczynnika D. W okresach zimnych
ow proces zachodzi wolniej, nastgpuje przewaga wietrzenia fizycznego, ktore nawet w
drobniejszych frakcjach powiela liczbg agregatow polimineralnych a zmniejsza
zawarto$¢ ziaren monomineralnych co uwidacznia si¢ w sedymentach nizszymi
wartosciami wspolczynnika D. Potaczenie wynikow badan denudodezagregacji z
wiadomos$ciami na temat ewolucji paleoklimatu zmieniajacego si¢ w roznych okresach
trzeciorzedu, plejstocenu i holocenu stwarza przestanki do $ledzenia historii rozwoju
osadow zlotonosnych i ustalania ich litostratygrafii.

Ztoto jest doskonatym, lecz nie jedynym wskaznikiem owego ,zegara
denudodezagregacyjnego”, a to z trzech powodow:

1. Dzigki zwartos$ci tak charakterystycznego mineratu jakim jest zloto, warstwy
zawierajace ten metal staja si¢ reperowe. Jest to istotne ze wzgledu na duza
monotonnos$¢ okruchowych skat kenozoicznych i bardzo czesty brak w tych osadach
datujacych szczatkéw organicznych.

2. Utwory zlotono$ne cechuje duza rozciagto$¢ przestrzenna i czasowa trwajaca
od neogenu po holocen, co umozliwilo rozwinigcie si¢ pelnych cyklow
denudodezagregacyjnych.

3. Ztoto ze wzgledu na swoja odpornos¢ moze stuzy¢ jako ,,wzorzec” historii
osadoéw, nie podlegajacy tak tatwo czynnikom niszczacym, zwlaszcza chemicznym,
dzigki czemu jego powierzchnia osiaga maksymalny stopien oswobodzenia i czystosci.

W zalaczonej tabeli 1 przedstawiono réznice w stopniu denudodezagregacji, to
jest oswobodzenia i czysto$ci powierzchni ziaren ztota znajdujacych si¢ w osadach
uformowanych w réznych okresach kenozoiku. Wyniki zamieszczone w kolumnie
4 1 5 tej tabeli zostaly uzyskane za pomoca mikrosondy elektronowej. Badania
przeprowadzono na AGH w Krakowie i w Pracowni Mikroskopii Elektronowej PIG
w Warszawie, korzystajac z mikrosondy EDS-ISIS (prod. Oxford Instruments).
Postuzono si¢ programem analizujacym powierzchnie nieréwne PB-Quant, ktory po
zastosowaniu niezbgdnej metody korekcyjnej ZAF umozliwia okreslenie ilosciowego
sktadu chemicznego z doktadnoscia do 5% warto$ci mierzalne;j.

Autor wyroznil cztery etapy formowania sig¢ rozsypisk zlotonosnych w Polsce
potudniowo-zachodniej (Grodzicki, 1989). Osady uformowane w czasie owych
etapow r6znia si¢ migdzy soba polozeniem geomorfologicznym, skladem
petrograficznym, paragenezami mineralow cigzkich, koncentracja ztota, cechami
morfoskopowymi, morfologicznymi i sktadem chemicznym ziarna, czystoscia jego
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powierzchni, malejaca dojrzatoscia sktadnikowa oraz nizszymi wspolczynnikami
denudodezagregacji D w kierunku mtodszych stratygraficznie serii osadow.

Oswobadzanie ziaren zlota z agregatow polimineralnych ma zdaniem autora
zwiazek z cyklicznymi wahaniami klimatycznymi, ktére zachodzity od paleogenu do
holocenu. Proces ten na wigksza skale¢ odbywal si¢ w czasie trwania lub
bezposredniego po okresach kolejnych ocieplen klimatu co w czasach historycznych,
a takze wczesniejszych wiazato si¢ ze zjawiskiem tak zwanego ,,odnawiania sig”
poprzednio wyeksploatowanych okruchowych zi6z ztota i kontynuowaniem jego
wydobycia.

ETAPY FORMOWANIA SIE ROZSYPISK ZEOTONOSNYCH
NA DOLNYM SLASKU

Etap I — oligocensko-neogenski

W wyniku intensywnego wietrzenia chemicznego zachodzacego w wilgotnym i
cieptym klimacie, ktory wtedy panowal nastapita intensywna dezintegracja
pierwotnych ztotono$nych skat macierzystych i rozpad ich na ostrokrawedziste zwiry i
piaski. Poczatkowo mialy one charakter utworow eluwialno-deluwialnych. Ten
najwczesniejszy etap tworzenia si¢ zt6z rozsypiskowych zlota znany jest miedzy
innymi z rejonu Legnickiego Pola, Mikotajowic, Wadroza Wielkiego (rys.1). Wedlug
A. Grodzickiego (1972) w skladzie petrograficznym tych osadow w roznych frakcjach
ziarenowych zdecydowanie dominuje bialy kwarc zylowy (miejscami do 91%), kwarc
niebieski bedacy gtownym skladnikiem granitognejsow z Wadroza Wielkiego (4,8—
45%), lupki kwarcytowe (przecigtnie — 5,1%), lidyty, fyllity, granitognejsy z Wadroza
Wielkiego i inne. Mineraty cigzkie we frakcjach drobnoziarenistych reprezentowane
sa przez cyrkon (15-38%), leukoksen (22-33%), rutyl, anataz, turmalin, brukit,
korund i inne. Ztoto wystgpuje w formie ziaren ostrokrawedzistych, nie obtoczonych,
niekiedy w przerostach z kwarcem. Jego wigksze koncentracje stwierdza si¢ w stropie
wkladek ilastych oraz nad wychodniami granitognejséw z Wadroza Wielkiego.
Nalezy zaznaczyé¢, ze ztoto wystgpujace w okolicach Legnickiego Pola — Wadroza
Wielkiego miato wigcej zanieczyszczen i domieszek niz ztoto z okolic Ztotoryi, ktore
zawieralo mniej srebra. Odbito si¢ to na roéznej wartosci tego kruszcu. Dokument
pochodzacy z 27 maja 1345 roku okresla grzywne ztota z Mikotajowic na 11,5 marki,
natomiast grzywne ztota ze Ztotoryi na 12 marek (Grodzicki, 1972). Analiza sktadu
chemicznego ztota wykonana za pomoca mikrosondy elektronowej wykazata 90,4%
Au i okoto 9,8 % Ag (tabela). Denudodezagregacja osadow ztotono$nych okolic
Legnickiego Pola — Wadroza Wielkiego jest znaczna. Wspotczynnik D osiaga wartosé¢
w granicach 2,8. Na trojkacie denudodezagregacji (rys. 2) utwory te grupuja si¢ w
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szczytowej czesci trokata w polu nr 1. Eksploatacja tych zt6z rozpoczela si¢ okoto
1340 roku i trwata okoto 30 Iat. Kilkakro’ Zm ta wznawiana.

50 5M

A/ \m

/ N
/

Rys. 2. Rozmieszczenie kenozoicznych osadow z*otonocenych Dolnego (El'ska
na trojk'cie denudodezagregacji. Na rogach trojk'ta zaznaczono: A — agregaty polimineralne,
M — mikrozrosty mineralne, Zm — ziarna monomineralne
Fig. 2. Place of Cainozoic gold-bearing sediments of Lower Silesia on denudodisaggregation triangle.
Triangle corners: A — polymineral aggregates, M — mineral microgrowths, Zm — monomineral grains

W wyniku powierzchniowych ruchéw masowych ztotonosny materiat eluwialny
ideluwialny dostawal si¢ do koryt rzecznych, po czym podlegat w warunkach
naturalnych selektywnemu transportowi. W sprzyjajacych dla depozycji miejscach
nastgpowato ponowne jego unieruchomienie, gdzie byt znowu poddawany niszczacemu
dziataniu wietrzenia w cieptym i1 wilgotnym klimacie neogenu. Ten pdzniejszy w
porownaniu do poprzedniego okres formowania sig¢ rozsypisk zlotonosnych obserwowany
jest migdzy innymi na pdmoc od Lwowka Slaskiego, a takze w rejonie Zlotoryi koto
Sepowa, Nowej Ziemi i Jerzmanic (Grodzicki, 1972). Spotykane tu ztoto nie ma zwiazku
genetycznego z rejonem Legnickiego Pola, Mikotajowic, Wadroza Wielkiego, a rdznice
dotycza sposobu i czasu formowania si¢ zt6z. W rejonie Lwowka Slaskiego dominujacym
sktadnikiem petrograficznym frakcji gruboziarenistych jest kwarc zylowy (miejscami
ponad 80%), piaskowce gornokredowe (do 10%), fragmenty granitoidow karkonoskich i
izerskich (do 8%), tupki krzemionkowe, karneole, jaspisy, rogowce, hornfelsy i inne.
W5rdd mineratow cigzkich dominuje cyrkon (do 55%), rutyl (do 16%), topaz, monacyt,
korund, granaty, mineraly rudne. Ztoto gromadzi si¢ glownie we frakcjach ponizej 0,5
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mm. Opisywane byty jednak rzadko wystepujace wicksze samorodki zlota, o masie
dochodzacej do 45 mg.

Potozenie hipsometryczne piaskéw zlotonosnych tego obszaru wynosi $rednio
250-260 m npm. Owe utwory bedace osadami pra-Bobru wystgpuja w formie
izolowanych ptatow pokrywajacych kulminacje terenu. Sedymenty te wykazuja
wysokie wartosci wspotczynnika D (w granicach 2,78) i na trojkacie
denudodezagregacji (rys. 2) grupuja si¢ w szczytowej czesci trojkata w polu 1,
jednak w potozeniu nieco nizszym niz osady okolic Legnickiego Pola. Ztoto z tych
osadow jest ubozsze w srebro w stosunku do zlota zt6z macierzystych i wynosi
okoto 93% Aui 6 % Ag. (tabela). Mozna to stwierdzi¢ poréwnujac zawarto$¢ ztota
w ziarnach pochodzacych z sudeckich zt6z pierwotnych, a takze z eluwialnych
osadow Legnickiego Pola
— Wadroza Wielkiego. Dtugi transport ztocin oraz wystawienie ich na destrukcyjne
dziatanie wietrzenia chemicznego w cieplym i wilgotnym klimacie neogenu
spowodowato wtorne wzbogacenie ziaren w trudno lugowalne ztoto zwlaszcza w
ich partiach brzeznych a wusunigcie mniej odpornych zanieczyszczen
powierzchniowych i srebra, co jest wynikiem dtugotrwatego intensywnego procesu
denudodezagregacji. Eksploatacja tych zt6z rozpoczeta si¢ okoto 1217 roku i trwata
z przerwami 100 lat.

Do etapu pierwszego mozna takze zaliczy¢ koncentracje ztota okruchowego
wiloci 0,06 g/m’ stwierdzone w miocenskich nadweglowych seriach piaszczysto-
mutkowych ztoza wegla brunatnego ,,Ruja” (Jeczmyk i in., 1997). Zostaly opisane
takze w rejonie Gluchotazow (Grodzicki, 1997 b).

Etap II — preglacjalny

Tworzyt si¢ w goérnym pliocenie i obejmuje dolng czg$¢ eoplejstocenu. Na skutek
ruchow pionowych skorupy ziemskiej wywotanych faza rodanska i woloska orogenezy
alpejskiej, a takze wzrostem opadow i spadkiem temperatury nastapita wzmozona erozja
rzeczna, a w jej wyniku doszto do rozcigcia warstw zlotonosnych etapu pierwszego,
rozmycie 1 przetransportowanie osadéw, a potem ich redepozycja i ponowne
nagromadzenie na innych obszarach w nizszym potozeniu hipsometrycznym. Miato to
miejsce migdzy innymi na wschod od Lwéwka S. i na ponocny wschéd od Ztotoryi koto
Kopacza, a takze w rejonie Gluchotazéw. Czynniki te doprowadzity do wymieszania si¢
starszych utworow ztotonosnych pochodzacych z podloza z mlodszymi ciagle
naplywajacymi z obszaréw zrodtowych. Stato si¢ to przyczyna zréznicowania ziaren ztota
spotykanych w osadach. Ztotu towarzysza zespoty skal i mineratow mniej odpornych na
dziatanie transportu i wietrzenia chemicznego, ktore w chlodniejszym klimacie
preglacjatu rozwijato si¢ wolniej, a tym samym proces denudodezagregacji przebiegat
mniej intensywnie. W skladzie petrograficznym oprocz kwarcu i skal krzemionkowych
spotyka si¢ tupki fylitowe, zielence i piaskowce gérnokredowe, fragmenty granitoidow i
skal wylewnych migdzy innymi porfirow, melafirow i bazaltéw. Wsrod mineratow
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cigzkich spada liczba gatunkéw bardzo odpornych (np. cyrkon, rutyl, korund i inne) tak
charakterystycznych dla etapu pierwszego, natomiast zaczyna dominowa¢ mniej odporny
si¢ tez obecno$¢ mietrwatych
wspotczynnikow D maja tutaj nizsze wartosci niz w etapie pierwszym i wahaja si¢ w

epidot

i chloryt.

Stwierdza

A. GRODZICKI

skaleni.

granicach: 2,58-2,38, grupujac si¢ w polu 2 na trojkacie denudodezagregacp (rys. 2).
Sktad chemiczny ziaren ztota w réznych typach zt6z na Dolnym Slasku’
Chemical composition of gold grains in various types of deposits in Lower Silesia

0 —24,54

Nr Lokalizacja Zrédto ztota Au, % wag. Ag, % wag. Literatura
1 | Radomice ztoza pierwotne Paulo, Salamon
Klecza W arsenopirycie 69,7 28,9
Pilchowice w galenie 82-86 14-17
2 | Klecza zloza pierwotne 84,4 14,4 Wojciechowski
Radomice zyta kwarcu (patrz Jeczmyk
Golejow Krzeminska (1996))
3 | Czarnow ztoza pierwotne 76-81 18-23 Mikulski (1997)
W arsenopirycie
4 | Wadroze Wielkie | zwiry i piaski 90,4 9,1-9,8 Banas, Grodzicki,
trzeciorzgdowe Salamon (1985)
eluwialno-
deluwialne
etap |
5 | dorzecze Zwiry 93,5 6,42 Wojciechowski
srodkowego trzeciorzgdowe (patrz Jeczmyk
Bobru etap | Krzeminska (1996))
6 | Kopacz piaski i zwiry 89,2 8,9 Banas, Grodzicki,
preglacjalne Salamon (1985)
etap II
7 | Wojcice, dolina | piaski i zwiry 88,7 6,2 patrz Jeczmyk
Nysy Ktodzkiej | plejstocenskie Krzeminska (1996)
etap I1I
8 | dolina Oldzy piaski i zwiry 85,0 5,0 Wojciechowski
tarasu (patrz Jeczmyk
holocenskiego Krzeminska (1996))
etap IV
9 | Olszyna piaski i zwiry 84,9 5,52 Jeezmyk
aluwialne etap Krzeminska (1996)
v
10 | Gradéwek piaski i zwiry 78,6 Si—6,0 Jeczmyk
aluwialne etap 0-164 Krzeminska (1996)
v
11 | Grodnica piaski i zwiry 74,4 Si-5,0, Jeczmyk
aluwialne etap Fe—-3,4 Krzeminska (1996)
v 0-18,8
12 | Sulikéw piaski i zwiry 63,7 Si—4,77 Jeczmyk
aluwialne etap K-0,21 Krzeminska (1996)
v Al-221

Warto$ci
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Fe— 1,16
Ti— 0,18
Mg - 0,13
Ca-0,17

‘Wydzielenie i podzia® etapow wed*ug A. Grodzickiego.

Ziarna zlota zawieraja nieco nizsza zawarto$¢ kruszcu (okoto 89,2% Aui 8,9 %
Ag (tabela). w poréwnaniu do ziaren etapu pierwszego, co jest wynikiem mniej
zaawansowanego procesu denudodezagregacji. W rejonie Gluchotazow i Zlatych Hor
zawarto$¢ ztota w utworach preglacjalnych waha si¢ w granicach 75-202 mg/t i jest
znacznie wyzsza w poréwnaniu do nizej legltych osadow deluwialnych (do 48 mg/t
Au) 1 wyzej leglych piaskow i1 zwirow fluwioglacjalnych (okoto 2,1 mg/t Au)
(Wierchowiec, Wojciechowski, 1997).

Eksploatacja ztota w okolicach Ztotoryi rozpoczgla si¢ okoto 1180 roku i trwata
200 lat. W rejonie Gluchotazoéw wydobycie rozpoczeto si¢ okoto 1220 roku i byto
kontynuowane szereg lat z dluzszymi lub krotszymi przerwami. Nalezy stwierdzi¢, ze
osady uformowane w dwoch pierwszych etapach charakteryzuja si¢ najwyzszymi
koncentracjami zlota, gdyz proces denudodezagregacji jest tutaj najbardziej
zaawansowany. Ziarna maja tez najwyzsza zawartos¢ kruszcu. W wymienionych
obszarach wydobywczych eksploatacja rozpoczeta si¢ najwezesniej, gdyz ztoto oprocz
tego, ze miato tutaj najwyzsza probg, bylo tez najtatwiejsze do zauwazenia w czasie
poszukiwan oraz poézniejszego odzysku. W przyszlych planowanych pracach
poszukiwawczych nalezy zwréci¢ szczegolna uwage na osady ztotono$ne uformowane
w tych dwoch etapach.

Etap III — plejstocenski

Osady formowaty si¢ w chtodnym klimacie. Denudodezagregacja ztotono$nych
skat i agregatow polimineralnych zachodzita tutaj na niewielka skale, gdyz wietrzenie
chemiczne nie odgrywalo wtedy wigkszej roli natomiast wietrzenie fizyczne nie
dostarczato duzych ilosci oswobodzonych ziaren ztota. Migdzy innymi dlatego osady
plejstocenskie sa ubozsze w ten kruszec niz osady dwoéch poprzednich etapow. Ztoto
spotyka si¢ w glinach zwalowych 1 zwirach fluwioglacjalnych. W glinach
morenowych zlodowacenia potudniowo-polskiego pochodzi ono niewatpliwie z
trzeciorzegdowego podloza po ktorym przesuwat si¢ lodowiec wilaczajac mineraty w
sktad utwordéw glacjalnych. W takich wypadkach kruszec charakteryzuje si¢ wysokimi
zawartosciami zlota i niewielka domieszka srebra, zblizonymi do dwoch poprzednich
etapow. Zdaniem autora analiza z Wojcic w dolinie Nysy Klodzkiej reprezentuje ten
wlasnie typ kruszcu pochodzacy z podloza, ktory zostat wiaczony w sktad osadow
plejstocenskich (tabela).

Niewatpliwie cze$¢ ztota spotykana w osadach glacjalnych moze pochodzi¢ ze
Skandynawii jednak zatozenie to nalezy zweryfikowaé za pomoca doktadniejszych
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badan poroéwnawczych. Transport w warunkach lodowcowych nie sprzyja na ogot
duzej denudodezagregacji agregatow. Dotyczy to zwlaszcza glin zwatowych. Analiza
piaskow 1 zwirow fluwioglacjalnych rejonu Zlatych Hor—Gluchotazow wykazata
okoto 2,1 mg/t Au.

Wspotczynniki denudodezagregacji D osaddéw plejstocenskich wykazuja na ogot
niskie wartosci to jest od ponizej 2,2 do 2,4 i na trojkacie skupiaja si¢ przewaznie
w polach: 11, 51 6 (rys.2). Obserwowane niekiedy wysokie wartosci wspotczynnika D w
osadach glacjalnych sa wynikiem redepozycji i wlaczania w te utwory materiatu
trzeciorzgdowego pochodzacego z podloza. W osadach plejstocenskich wsrod
mineratow ci¢zkich dominuja: granaty, amfibole, magnetyt, ilmenit, hematyt i in.

Etap IV — holocenski

Jest to wspotczesny etap formowania si¢ osadéw ztotonosnych. Mamy tu do
czynienia z kilkoma generacjami ziaren ztota, z ktorych jedne pochodza z redepozycji
rozmytych utworéw ztotonosnych utworzonych w czasie poprzednich etapow, drugie
natomiast sa zwiazane z obecnie zachodzacg erozjg zt6z macierzystych. W pierwszym
wypadku zawarto$¢ ztota i srebra w ziarnach jest zblizona do wartosci poprzednich
etapow. Wida¢ to na przykladzie probek z doliny Oldzy i z Olszyny (tabela).
W drugim wypadku analizy wykazuja liczne zanieczyszczenia powierzchni ziaren
ztota wynikajace z malego zaawansowania procesu denudodezagregacji. Dotyczy to
na przyktad probek z Gradéwka, Grodnicy i Sulikowa. Po obejrzeniu fotografii ziaren
ztota zamieszczonych w artykule M. Jgczmyk i1 E. Krzeminskiej (1996) autor dochodzi
do wniosku, Ze przerosty zlota z innymi mineratami na tych obszarach nie s wcale
takie rzadkie.

W profilach wzdhuz wspoélczesnych biegdw ztotonosnych rzek najnizsze wartosci
wspotczynnika D stwierdza si¢ w poblizu zrodet (okoto 2,04), tak jak ma to miejsce w
wypadku Kaczawy w rejonie Wojcieszowa. Na trojkacie denudodezagregaciji
gromadza si¢ one w polu 18. W miarg oddalania si¢ od Zzrodet rzeki, wzrasta niszczace
dziatanie transportu selektywnego oraz wietrzenia dzialajacego na osady
unieruchomione na kamiencach, plazach i poboczach koryt. Ponadto do holocenskich
osadow wlacza sig¢ takze material starszy, bardziej dojrzaty pochodzacy z podioza,
ktory zostaje na pewnych odcinkach rozmyty. Wowczas wzrasta wartos¢
wspotczynnika D, tak, jak ma to miejsce na réznych odcinkach Bobru w rejonie
Wilenia (D — 2,35), Lwowka Slaskiego (D — 2,38) i Zagania (D — 2,64). Probki
znajduja swe miejsce na trojkacie w polach 5 i 2. Stopniowo zwigksza si¢ wtedy
udzial wolnego zlota i stwierdza si¢ niekiedy anomalne podwyzszenie jego
koncentracji.
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The paper describes gold occurrences in loose clastic rocks in Lower Silesia (SW Poland). They
have been exploited since ancient times. Particular attention was paid to lithostratigraphy, pertography
and mineralogy, i.e. factors controlling gold concentration in sediments. Denudodisaggregation method
was applied in the studies. Four stages of gold placers formation were distinguished, with various origin,
composition and gold content.

According to the author’s view, a particular role in formation of gold placers belonged to
denudodisaggregation process. Its name, proposed by A. Grodzicki, comes from Latin words: ‘denudare’ —
uncover, ‘aggregatus’ — aggregate, ‘disaggregation’ — break-up of aggregates into basic particles, i.e.
monomineral grains. In order to establish lithostratigraphy of Cainozoic gold-bearing sediments, A. Grodzicki
prepared a ‘time indicator’ based on the principle of entropy increase and the denudodisaggregation theory. It
may be summarised in the following way: a ratio of parent polymineral aggregates (4) in sediments to
secondary, monomineral grains (Z,,) is established, and denudodisaggregation coefficients are calculated using
suitable formulae given in the paper for individual grain fractions () as well as for the entire sediment D.

The author distinguished four stages of gold placers formation in Lower Silesia. Differences
between them consist in geomorphologic situation, petrographic composition, heavy minerals content,
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gold concentration and its chemical composition, as well as in denudodisaggregation coefficients D. To
the 1st, Oligocene-Neogene stage, belong sediments with the highest gold concentrations and maximum
amounts of Au in grains. The sediments contain petrographic and mineral assemblages highly resistant to
chemical and mechanical weathering. D coefficients reveal the highest values here. The 2nd, preglacial,
stage includes sediments with high gold concentration whose grains contain less Au. They occur as usual
on lower geomorphologic levels, and their D coefficients are lower. Gold-bearing sediments of the 3rd
(Pleistocene) and 4th (Holocene) stages are characterised by the lowest Au concentrations in grains. They
contain petrographic and mineralogical components which have little resistance against chemical and
mechanical weathering with lower D coefficients have lower values.
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Tomasz CHMIELEWSKI"

ODZYSKIWANIE ZLOTA I PLATYNOWCOW
Z RUDY POZABILANSOWEJ LGOM
NA DRODZE LUGOWANIA CYJANKOWEGO

Przedstawiono wyniki badan nad hydrometalurgicznym odzyskiwaniem zlota i platynowcow z
pozabilansowej rudy miedzi z rejonu zachodnich Polkowic. Probki rudy, ktére zawieraty ponad 5 ppm
Au oraz ponad 2 ppm platynowcoéw (Pt i Pd) poddawano kompleksowym badaniom tugowania w
natlenionych roztworach NaCN. Wykazano, ze badana pozabilansowa ruda ztotonosna jest ruda trudno
lugowalna (tzw. refractory), w ktoérej znaczna czg$¢ zlota, platyny i palladu jest rozproszona w
siarczkowych mineratach metali. Uniemozliwia to odzyskiwanie tych metali na drodze bezposredniego
lugowania cyjankowego w stopniu wyzszym niz 80%. Wyniki badan pokazaly, Zze zastosowanie
cisnieniowego lugowania utleniajacego w temperaturach do 190 °C obniza zuzycie cyjankoéw z 500-550
g/t rudy do poziomu

212-280 g/t oraz w istotny sposob podnosi zaréwno szybkos¢ tugowania jak tez stopien wylugowania
metali szlachetnych w procesie cyjankowym. Zastosowanie lugowania cyjankowego rudy poddawane;j
wstgpnemu tugowaniu cisnieniowemu doprowadzito do wylugowania ponad 98% Au, Pt i Pd, co czyni

ten proces skuteczny technicznie.

WPROWADZENIE

Unikalny w skali $wiatowej sklad chemiczny i mineralogiczny polskich rud
miedzi ze z16z LGOM powoduje, ze sa one faktycznie rudami polimetalicznymi
(Speczik, 1987). Rudy te jako polimetaliczne powinny by¢ przerabiane w sposob
umozliwiajacy jak najwyzsze wydzielenie zawartych w nich pierwiastkow. Proces
taki, oprocz miedzi, powinien obejmowac zarowno metale towarzyszace np. Ni, Co,
Zn, Cd, V, Mo, jak i metale szlachetne — srebro, ztoto i platynowce. Obecnie
stosowane technologie pozwalaja na skuteczne odzyskiwanie tylko niektorych metali
(Ag, Ni), pozyskiwanie innych (Au, Pt, Pd) jest w zasadzie ubocznym efektem
stosowania okreslonych technologii otrzymywania miedzi. Przyktadem sa metale szla-
chetne otrzymywane ze szlamu anodowego powstajacego w procesie elektrorafinacji

* Zaktad Hydrometalurgii, Instytut Chemii Nieorganicznej i Metalurgii Pierwiastkéw Rzadkich,
Politechnika Wroctawska, 50-370 Wroctaw.
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miedzi. Tq metoda odzyskuje si¢ tylko czes¢ metali szlachetnych, ktore wyflotowaty
wraz z siarczkami i przeszty w formie koncentratu flotacyjnego do procesu
hutniczego. Bezpowrotnie traci si¢ natomiast zarowno czg$¢ metali szlachetnych
rozproszonych w nieflotujacych, bardzo drobnych ziarnach ptonnych mineratéw nie-
siarczkowych, rudach pozabilansowych, atakze metale znajdujace si¢ w postaci
lotnych zwiazkow metaloorganicznych.

Obecnos¢ w ztozach LGOM trzech glownych odmian litologicznych
siarczkowych rud miedzi: piaskowcowej, weglanowej 1 tupkowej powoduje znane,
istotne rdéznice ich skltadow, wilasciwosci flotacyjnych i chemicznych, czy tez
zachowania si¢ w procesach hutniczych. Réznice te nie sa, niestety, brane pod uwagg i
juz na etapie dotychczasowej eksploatacji gorniczej wszystkie trzy odmiany rudy sa
wydobywane jednoczes$nie, rozdrabniane i w ten sam sposob wzbogacane metoda
flotacji kolektywnej przy uzyciu kolektoréw ksantogenianowych. Tak wigc juz we
wstepnych etapach przerobki nieodwracalnie tracona jest mozliwo$¢ wydzielenia i
selektywnej przerobki tych odmian rudy, w ktorych koncentracja metali
towarzyszacych i szlachetnych jest znacznie wigksza od obserwowanej w pozostatych
frakcjach. Dotyczy to zwlaszcza rudy tupkowej, niewlasciwie dotad wydobywane;j
lacznie z pozostalymi odmianami litologicznymi rudy miedzi i w procesach
wzbogacania "rozcienczanej" obecno$cia tych frakcji, ktore sg ubozsze w metale
towarzyszace i szlachetne (ztoto i platynowce).

Znaczne, w pordwnaniu z innymi frakcjami, zawartosci miedzi, olowiu, srebra,
niklu, kobaltu, cynku, molibdenu, wanadu, renu i metali szlachetnych we frakcji tup-
kowej sa jej cecha znana i opisywana (Kijewski, 1987). Wedlug ocen wielu badaczy,
ponad 30% wszystkich metali towarzyszacych miedzi jest skoncentrowana w rudach
hlupkowych. We frakcjach tupkowych znajduje si¢ ok. 25% miedzi, cho¢ stanowia one
ok. 5-9% masowych rudy (Tomaszewski, 1985).

Frakcja tupkowa (zwlaszcza tzw. tupek smolisty) stosunkowo trudno wzbogaca
si¢ flotacyjnie (Luszczkiewicz, 1987, 1988), a kierowana do procesu hutniczego traci
w jego warunkach wiele cennych metali (Tokarska, 1971; Szczepkowska-Mamarczyk,
1971) m.in. ze wzgledu na znaczna lotno$¢ zwiazkéw metaloorganicznych obecnych
w tej frakcji rudy. Frakcje tupkowa nalezy zatem nie tylko selektywnie wydobywac
jako oddzielny strumien surowca, ale tez odmiennie wzbogacaé, a otrzymane
koncentraty przerabia¢ z zastosowaniem procesOw innych niz stosowane obecnie
metalurgiczne procesy ogniowe. Zastosowanie metod hydrometalurgicznym jest tu
oczywistym i racjonalnym rozwigzaniem. Brak odpowiednich technologii selektywnej
eksploatacji gorniczej cienkiej frakcji tupka byt w przesztosci glownym powodem
odrzucania idei selektywnej przerébki rudy lupkowej na drodze hydrometalurgiczne;.
Obecnie istnieje techniczna mozliwos$¢ takiej eksploatacji.

Oddzielny problem stanowi tzw. tupek brunatny, ktory jest pozabilansowa w
odniesieniu do miedzi, frakcja litologiczna w rejonie ztoza Polkowice-Sieroszowice.
Badania geochemiczne wykazaly wyraznie podwyzszone zawarto$ci zlota i platy-
nowcow w pozabilansowej, tupkowej frakcji rudy miedzi na znacznym obszarze ztoza
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Polkowice Zachodnie. Rownocze$nie opracowane zostaly metody selektywnej eks-
ploatacji gorniczej cienkich warstw rudy, co stato si¢ poczatkiem ponownego zainte-
resowania odzyskiem metali szlachetnych ze zt6z LGOM. Wykazano ponadto, zZe
frakcja tupkowa ze zloza Polkowice Zachodnie o podwyzszonej zawartosci zlota
i platynowcow bardzo dobrze wzbogaca si¢ flotacyjnie, dajac mozliwo$¢ otrzymania
bogatych koncentratéw metali szlachetnych (zawarto$¢ Au ok. 100 g/t) z bardzo wy-
sokim, ponad 95% uzyskiem (Luszczkiewicz, 1997).

Celem niniejszej pracy jest ocena mozliwosci zastosowania procesow
hydrometalurgicznych do odzyskiwania metali szlachetnych (Au, Pt, Pd) i towa-
rzyszacych (Cu, Ni, Co) z lupkowej frakcji rudy pozabilansowej eksploatowanej ze
ztoza Polkowice Zachodnie.

MATERIALY I METODYKA BADAN

Rodzaj i przygotowanie probek rudy

Badano probki rudy tupkowej (tzw. tupek brunatny) pobrane z udzialem autora ze
ztoza Polkowice Zachodnie. Podano fizykochemiczna charakterystyke probek badanej
frakcji tupkowej z punktu widzenia mozliwosci zastosowania réznych metod
lugowania celem odzyskania metali towarzyszacych i szlachetnych z rudy tupkowe;.
Dotychczasowe informacje nt. badan geologicznych oraz analizy chemiczne probek
lupka z obszaru Polkowice Zachodnie wykazuja wyraznie podwyzszone koncentracje
Au, Pt i Pd w poréwnaniu z pozostata czescia ztoza (Piestrzynski, 1996). Stwierdzono
ponadto, ze w rejonie oddziatéw, skad pochodzity badane w tej pracy probki rudy,
ztoze miedzi lokalizuje si¢ wylacznie w tupkach miedzionosnych i w skatach wg-
glanowych (nieco powyzej badanego tupka brunatnego).

Do badan w ramach niniejszej pracy pobrano 5 niezaleznych prébek rudy tup-
kowej ze ztoza Polkowice Zachodnie. Wszystkie probki rudy poddano rozdrabnianiu
(kruszenie i mielenie) do uziarnienia ponizej 300 mm. Pobrane do naszych badan
probki rudy o podwyzszonej zawartosci metali szlachetnych cechowaly si¢ wyraznie
obnizona, pozabilansowa koncentracja miedzi i srebra. Jest to dodatkowy argument
przemawiajacy za selektywna eksploatacja i przerobka tupka z rejonu Polkowice
Zachodnie.

Wczesniejsze proby geologiczne z rejonu Polkowice Zachodnie, analizowane
przez autoréw z AGH (Piestrzynski, 1996), wykazywaly obecnos¢ tupka o
charakterystycznej, czerwono-brunatnej barwie. Najczesciej byl to ‘tupek
dolomityczno-ilasty zabarwiony hematytem. W wielu profilach, w poziomie lupka
autorzy stwierdzali takze brak okruszcowania bilansowego siarczkami miedzi z
wyraznie podwyzszona koncentracja metali szlachetnych. Ztoto wystepuje tu badz w
postaci rodzimej, badz w postaci elektrum (stop Au—Ag). Stwierdzono, Ze srebro
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rodzime obecne jest wylacznie w asocjacji z siarczkami miedzi, czyli tam, gdzie w
ztozu zaczyna sig bilansowe okruszcowanie Cu.

Z dotychczasowych danych wiadomo, ze wsrdd ziaren metali szlachetnych zawartych
w pozabilansowej rudzie lupkowej zdecydowanie dominuja ziarna bardzo drobne.
Przyjmuje si¢, ze w pozabilansowych rudach z rejonu Polkowice Zachodnie ok. 98%
ziaren zlota znajduje si¢ we frakcji <50 um (49% we frakecji <5 pm). Tak duze roz-
drobnienie ziaren zlota w badanej rudzie lupkowej powoduje, ze moze by¢ ono
odzyskiwane wylacznie na drodze hydrometalurgicznej. Ziarenka zlota bardzo czgsto
wystepuja w postaci wigkszych skupien z CuS, CusFeS, lub Fe,O;. Generalnie, obszar
wydobycia Polkowice Zachodnie uznawany jest za najbardziej wzbogacony w metale
szlachetne na terenie LGOM. Z dotychczasowych badan geochemicznych wynika, ze
strefa wzbogacenia w te metale to gldwnie strop piaskowca i spag tupka. Nie sa dotad
znane systematyczne prace, ktorych celem Dbyloby okreslenie mozliwosci
hydrometalurgicznego odzyskiwania ztota z tego zloza. Niniejsza praca po raz pierwszy
porusza te zagadnienia.

Optyczne badania mikroskopowe

Analiza mikroskopowa zmielonej rudy tupkowej, wykonana za pomoca mikro-
skopu Zeiss-Jenavert oraz mikroskopu stereoskopowego wykazata, ze w poréwnaniu
zinnymi frakcjami rézni si¢ ona istotnie glownie pokrojem ziaren mineratow
kruszcowych obecnych w rudzie. Mineraty metalono$ne wystgpuja w niej bowiem w
postaci bardzo drobnych ziaren badZ rozproszonych w skale ptonnej (krzemionka,
weglany), badz w postaci wigkszych zrostoéw z mineratami skaty ptonnej lub innymi
mineratami, co potwierdza w petni wczesniejsze obserwacje. Obecno$¢ tych zrostow
dowodzi, ze zastosowane w naszych badaniach mechaniczne rozdrabnianie rudy
ponizej 300 pm nie doprowadzito do catkowitego uwolnienia ziaren skladnikow
metalono$nych. Dalsze uwolnienie jest mozliwe albo na drodze glebokiego mielenia
albo na drodze chemicznej tj. rozktadu zrostow.

Dalsza hydrometalurgiczna obrébka tak zmielonego surowca, prowadzaca do
chemicznego, rozbicia zrostow i uwolnienia ziaren mineratow kruszcowych wydaje si¢
by¢ najbardziej skutecznym sposobem dodatkowego rozdrobnienia sktadnikow rudy. Za
zastosowaniem tej metody przemawia m.in. stwierdzone duze rozdrobnienie mineralow
kruszcowych i metali szlachetnych w rudzie tupkowej. Heterogeniczne procesy
hugowania zachodza bowiem z wigksza szybkoscia na materiale rozdrobnionym.

ZAKRES BADAN

Do badan hydrometalurgicznych, obejmujacych najpierw tzw. tugowanie wstepne,
dla odzysku niektorych metali (Cu, Ni, Co) oraz lugowanie zasadnicze, dla odzysku
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ztota i platynowcow, przewidziano uzycie rudy przygotowanej na drodze zoboj¢tnia-
nia weglanow kwasem siarkowym. Dobor warunkéw rozktadu zrostow, tugowania
wstepnego i zasadniczego ma na celu skuteczne odzyskiwania zaréwno niektorych
metali towarzyszacych (gtéwnie Cu, Ni, Co) jak i szlachetnych (Ag, Au, Pt, Pd)
z rudy tupkowej. Przewidziano zbadanie mozliwosci odzyskiwania zlota i platynow-
cOw na drodze tugowania cyjankowego. Do szczegdlowych badan laboratoryjnych
wybrano probke, ktora wielokrotnie poddawano niezaleznym analizom zawartosci
ztota i platynowcow. Wyniki tych analiz zestawiono w tabeli 1.

Tabela 1. Zestawienie niezaleznych analiz Au i Pt i Pd
w probee rudy tupkowej ze ztoza Polkowice Zachodnie

Nr Au Pt Pd Miejsce wykonania
probki [ppm] [ppm] [ppm] analizy

1 5,52 - - Kanada

2 5,65 1,710 0,916 ZD Lubin

3 2,83 - - ZD Lubin

4 - 0,57 0,51 Kanada

5 5,07 2,42 1,82 ZD Lubin

6 3,01 1,45 0,86 ZD Lubin

7 5,35 - - Kanada

8 5,79 1,07 0,82 ZD Lubin

Analizy chemiczne probek (tabela 1) wykazaly, ze badana pozabilansowa ruda
lupkowa ze zloza Polkowice Zachodnie jest faktycznie kompleksowa ruda zlota
i platynowcow. Stwierdzona obecno$¢ metali towarzyszacych o zawartosciach:

Cu 130413 ppm

Ni  17-68 ppm

Co 3,7-5,5 ppm

Zn 72 ppm

Ag 3,5-16 ppm
moze oznaczac jedynie, ze czg$¢ metali szlachetnych znajduje si¢ w postaci rozpro-
szonej w siarczkach tych metali. Potwierdzity to p6zniejsze badania mineralogiczne.

WSTEPNE LUGOWANIE CISNIENIOWE RUDY LUPKOWEJ

Celem wykonanych doswiadczen bylo okreslenie wplywu lugowania rudy tup-
kowej pod ci$nieniem tlenu na przebieg zasadniczego tugowania cyjankowego i
mozliwos¢ odzyskiwania metali towarzyszacych. Testy bezposredniego tugowania
cyjankowego surowej rudy wykazaly, ze stopien wylugowania ztota utrzymuje si¢ na
poziomie ponizej 80%, stad ruda ta musi by¢ uznana za rudg trudno tugowalna, tzw.
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refractory. Dla osiagnigcia wysokiej skutecznosci odzysku metali szlachetnych
podczas tugowania cyjankowego, nalezy ja zatem poddawaé wstepnej obrobce
hydrometalurgicznej, np. na drodze lugowania ci$nieniowego. Zatozono, ze na skutek
hugowania rudy tupkowej pod ci$nieniem tlenu w srodowisku kwasu siarkowego lub
amoniakalnym nastapi uwolnienie zawartego w mineratach siarczkowych zlota i
platynowcow, co powinno doprowadzi¢ do wzrostu szybko$ci tugowania zlota i
podniesienia stopnia wylugowania tego metalu w zasadniczym procesie cyjankowym.

W badaniach uzyto probek rudy tupkowej wstepnie tugowanych w roztworach
kwasu siarkowego, pod cisnieniem parcjalnym tlenu Py, = 0,5 MPa w temperaturach
110, 1601 190 °C (Wodka, 1997). Lugowanie wysokotemperaturowe w zakresie
160-190 °C dominuje obecnie w $wiatowych technologiach odzyskiwania ztota z rud
siarczkowych, zwlaszcza z tzw. rud refractory, umozliwiajac znaczny wzrost stopnia
wydzielenia tego metalu. W procesie lugowania wysokotemperaturowego (powyzej
150 °C) zachodzi ponadto utlenianie siarki siarczkowej do jonu SO4> oraz wytracanie
zelaza w postaci hematytu lub jarosytow.

LUGOWANIE CYJANKOWE

Istota cyjankowego tugowania zlota jest wykorzystanie bardzo wysokiej trwatosci
jego cyjankowych komplekséw. Wynika stad mozliwo$¢ prowadzenia procesu w
bardzo rozcienczonych (znacznie ponizej 0,1%), alkalicznych roztworach cyjanku
1 w temperaturze otoczenia. Cyjanki, znajdujace si¢ w tych warunkach w roztworze w
formie jonow CN’, sa najsilniejszym ze znanych czynnikiem kompleksujacym zloto.
Podczas lugowania zloto przechodzi do roztworu w formie bardzo trwalego
kompleksu Au(CN),, ktorego stata trwatosci 3 wynosi 2:10°* i o co najmniej 10
rzedow wielkoS$ci przewyzsza state trwatosci innych kompleksoéw tego metalu (Nicol,
Fleming i Paul, 1987). Lugowanie cyjankowe zachodzi zwykle przy znacznym,
siggajacym 45-50% zaggszczeniu fazy statej w prostych, otwartych urzadzeniach
hugujacych, co szczegolnie korzystnie wyrdznia metody cyjankowe spos$rod znanych
metod odzyskiwania ztota. Utleniaczem, bez ktorego proces tugowania cyjankowego
nie moze zachodzi¢, jest tlen lub powietrze. Istnieje wiele modyfikacji technologii
cyjankowych, uwzgledniajacych specyfike i1 sktad mineralogiczny i1 chemiczny
surowca, zwlaszcza za$ jego podatnos¢ na cyjankowanie.

STOSOWANA METODYKA LUGOWANIA CYJANKOWEGO

W wykonywanych w ramach tej pracy tugowaniach cyjankowych probke
zmielonej rudy (80 g) i 200 ml roztworu wprowadzano do 300 ml kolby stozkowe;j
(40% zageszczenie fazy stalej). Roztwor miat pH w granicach 10,9-11,5, ktore
regulowano dodajac roztworu NaOH. Powstala zawiesing intensywnie mieszano
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mieszadtem magnetycznym i natleniano tlenem, wprowadzanym z butli za pomoca
spieku szklanego. Stosowana szybkos$¢ przeptywu tlenu zapewniata stale nasycenie
roztworu tym gazem. Stopien natlenienia kontrolowano sonda tlenowa CTN-920.S
(co, > 20 mg/l). W pomiarach stosowano mikrokomputerowy tlenomierz CX-315
(Elmetron).

Przed wprowadzeniem do roztworu cyjankow, najpierw przez ok. 2 godziny
prowadzono wstgpny proces utlenienia i wytracenia tych sktadnikéw rudy (glownie
zwiazkow zelaza(Il)), ktorych obecnos¢ moglaby powodowa¢ nadmierne zuzywanie
cyjankow lub tlenu w lugowaniu zasadniczym. W tym etapie obserwowano spadek pH
zawiesiny, uzupetniano wigc NaOH celem utrzymania pH w wymaganym zakresie
nieco powyzej 11. Alkaliczny zakres pH, utrzymywany w trakcie zasadniczego
lugowania cyjankowego, mial na celu uniemozliwienie hydrolizy cyjanku z
wydzieleniem gazowego, silnie toksycznego HCN i zachowanie maksymalnego
stezenia wolnych jondéw cyjankowych (CN") w roztworze.

Proces lugowania cyjankowego prowadzono za pomoca cyjanku sodowego,
NaCN, dodawanego do zawiesiny w formie roztworu w ilosci odpowiadajacej
wymaganemu, poczatkowemu stgzeniu cyjankéw. Catkowity czas tugowania w
pierwszych, wstepnych seriach eksperymentow ustalono w zakresie od 24 do 45
godzin. Doswiadczenia prowadzono w temperaturze ok. 20 °C. Stgzenie wolnych
cyjankoéw podczas tugowania ztota i platynowcow kontrolowano na drodze pomiarow
stezenia jonow CN  w pobieranych probkach roztworu za pomoca cyjankowej
elektrody jonoselektywnej i mikrokomputerowego pH/jonometru CPI-551 (Elmetron).

Po okresleniu stopnia zuzycia cyjankéw, dalsze doswiadczenia nad szybkoscia
hugowania Au, Pt i Pd prowadzono przy ustalonym, poczatkowym stezeniu jonow CN —
400 mg/l. Taki poziom stezenia poczatkowego czynnika hugujacego zapewniat
wytugowanie zawartych w rudzie metali szlachetnych, a st¢zenie koncowe cyjankow w
roztworze uniemozliwialo wystepowanie niekorzystnych dla tugowania procesow
hydrolizy. Wykonano systematyczne eksperymenty dla okreslenia kinetyki lugowania
1 stopnia wylugowania Au, Pt i Pd, uzywajac surowej rudy tupkowej zmielonej < 300 pm,
rudy zoboje¢tnianej kwasem siarkowym, rudy tugowanej wstgpnie pod cisnieniem w
roztworze amoniakalnym oraz rudy tugowanej pod cisnieniem w roztworze H,SO4 w
temperaturach 110, 1601 190 °C.

We wszystkich lugowaniach cyjankowych stosowano dodatek jonéw Pb*"
(40 mg/dm’) w postaci Pb(NOs),. Jony otowiu(Il) stosowano jako czynnik
katalityczny, zmniejszajacy udzial reakcji ubocznych i podwyzszajacy w efekcie
potencjat redoks zawiesiny. Po wykonaniu zasadniczego lugowania cyjankowego
roztwor odsaczano od fazy statej i pobierano probki do analizy.

Do badan nad mozliwoscia hydrometalurgicznego odzyskiwania metali
szlachetnych wybrano probke rudy tupkowej pobrana ze ztoza Polkowice Zachodnie
(oddziat G-32). Petna charakterystyka i analizy chemiczne probki pokazane zostaty w
poprzednich rozdziatach.



50 T. CHMIELEWSKI

WYNIKII ICH DYSKUSJA

Poczatkowe stgzenie cyjankow, zapewniajace calkowite wylugowanie metali
szlachetnych, musi zosta¢ okre§lone eksperymentalnie dla kazdego tugowanego
surowca i przyjetego zageszczenia zawiesiny. Cyjanki podczas tugowania zuzywac si¢
beda nie tylko na tugowanie ztota, srebra, platyny i palladu, ale takze na roztwarzanie
metali towarzyszacych (Cu, Ni, Co, Zn), niektéorych mineralow zawierajacych zelazo
(zwlaszcza pirotynu) oraz w wyniku utleniania jonéw CN do cyjanianéw (CNO")
i tiocyjanianéw (SCN"). Proces cyjankowy musi byé prowadzony tak, aby przy
maksymalnym stopniu wylugowania metali szlachetnych, zuzycie cyjankéw byto
minimalne, a koncowe stezenie jonow CN~ w roztworze utrzymywato si¢ na poziomie
uniemozliwiajacym hydrolize (zwykle ok. 100 mg/dm’).

450
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Rys. 1. Zmiany st¢zenia wolnych cyjankow
w procesie tugowania rudy lupkowej w roztworze NaCN
(ruda surowa i poddawana wstgpnemu tugowaniu ci$nieniowemu)

W niniejszej pracy okre$lano zuzycie cyjankéw dla rudy lupkowej surowej
(rozdrobnionej lecz nie poddawanej wstgpnemu tugowaniu) oraz dla rudy
zobojetniane] kwasem siarkowym a nastgpnie poddawanej wstgpnemu lugowaniu
cisnieniowemu w roztworze H,SO;,.

Z zalezno$ci zebranych na rysunku 1 widag, ze stgzenie wolnych cyjankéw obniza
si¢ najszybciej w przypadku lugowania rudy surowej, zawierajacej oprocz ztota
i platynowcow istotne dla tugowania cyjankowego ilosci Cu, Ni, Co i Zn. Zuzycie
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cyjankow w tym procesie bylo na poziomie 500-550 g/tone rudy. W przypadku
hugowania cyjankowego rudy poddanej wstepnemu tugowaniu cisnieniowemu (H,SO, +
0,, 110 °C) obserwowano obnizenie zuzycia cyjankéw do poziomu 367-415 g/t
Wstepne, wysokotemperaturowe tugowanie cisnieniowe (160—190 °C) doprowadzito
natomiast do obnizenia zuzycia cyjankéw do poziomu 212-280 g/t.

Tabela 2 pokazuje zuzycie cyjankéw (w przeliczeniu na 1 tong rudy) podczas
lugowania ztota i platynowcow z surowej rudy tupkowej oraz rudy poddawanej
wstepnej obrobce hydrometalurgicznej. Przedstawione wyniki dowodza, ze wstgpne
ci$nieniowe tugowanie rudy ztotonosnej prowadzi do znacznego obnizenia zuzycia
cyjandw w etapie zasadniczym i wzrostu szybkosci lugowania. Dodatkowym efektem
pozytywnym jest poprawa parametrow rozdziatu faz.

Tabela 2. Zuzycie cyjankow podczas lugowania ztota i platynowcoéw z surowej rudy tupkowej oraz rudy
poddawanej wstepnej obrobce hydrometalurgicznej

Rodzaj surowca Zuzycie cyjankow (CN~ .
. Uwagi
b (obrobka wstepna) ), g/tong rudy
ruda surowa 500-545 Znaczne trudnosci w rozdziale faz,
niska szybkos$¢ tugowania Au, Pt,
Pd.
2 | ruda zobojgtniana w H,SO, 367,5- 540 Poprawa parametréw rozdziatu
faz,
niewielki wzrost szybkosci
hugowania Au, Pt, Pd.
3 | ruda tugowana pod ci$nieniem 732 trudno$ci w rozdziale faz,
W roztworze amoniakalnym istotny wzrost szybkosci
hugowania Au, Pt, Pd
4 | ruda tugowana pod ci$nieniem 415 Bardzo dobry rozdziat faz, znaczny
w roztworze H,SO4 (50 g/1), 110 °C wzrost szybkosci tugowania Au, Pt,
Pd w poréwnaniu z ruda surowa.
5 | ruda tugowana pod ci$nieniem 367 Bardzo dobry rozdziat faz,
w roztworze H,SO,4 (100 g/1), 110 °C wzrost szybkosci tugowania
Au, Pt, Pd wigkszy niz dla 4.
6 | ruda tugowana pod ci$nieniem 212 Bardzo dobry rozdziat faz,
w roztworze H,SO,4 (100 g/1), 160 °C wzrost szybkos$ci tugowania
Au, Pt, Pd wigkszy niz dla 5.
7 | ruda tugowana pod ci$nieniem 280 Bardzo dobry (najlepszy) rozdziat
w roztworze H,SO,4 (100 g/1), 190 °C faz, najwigkszy wzrost szybkosci
hugowania Au, Pt, Pd.
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QOdzysk zlota i platynowcéw z rudy lupkowej na drodze lugowania cyjankowego

Lugowaniu cyjankowemu poddawano zaré6wno zmielong (< 300 pm) probke rudy
surowej jak i t¢ sama rud¢ poddana wczesniejszemu rozktadowi weglanow kwasem
siarkowym 1 tugowaniu cisnieniowemu, w roztworze H,SO, pod ci$nieniem tlenu,
badz w roztworze amoniaku w obecnosci O, jako utleniacza. Wstepne tugowanie
cisnieniowe miato na celu okreslenie podatnosci badanej rudy na hydrometalurgiczna
obrobke przed zasadniczym procesem tugowania metali szlachetnych. Lugowanie to
prowadzito zaré6wno do skutecznego odzyskania czesSci metali, ktorych obecnosc
w tugowaniu cyjankowym bytaby niepozadana (nadmierne zuzywanie cyjankow na
roztwarzanie Cu, Fe, Ni, Co) jak i uwolnienie czgSci metali — zlota i platynowcow
rozproszonych w mineralach. Bez wstgpnego lugowania cisnieniowego odzysk tej
czesci metali szlachetnych bytby w procesie cyjankowym znacznie nizszy.

Na podstawie wynikéw prob lugowania cyjankowego prowadzonych dla surowej
rudy (nie poddawanej wstgpnej przerobce hydrometalurgicznej) stwierdzono, ze stopien
wylugowania Au utrzymywat si¢ w granicach od 54,6% (24 godz. tugowania) do 59,2%
(45 godz. tugowania). W literaturze dotyczacej tugowania cyjankowego przyjmuje si¢
jako graniczne kryterium podatnos$ci na tugowanie cyjankowe 80% wylugowanie zlota w
standardowym, 24 godzinnym procesie cyjankowym. Surowce, dla ktorych stopien
wylugowania tego metalu jest ponizej 80% okre$la si¢ w hydrometalurgii mianem
refractory (trudno tugowalne). Dodatkowe eksperymenty cyjankowego tugowania
surowej rudy tupkowej prowadzily wprawdzie do wigkszych stopni wylugowania ztota,
jednakze w zadnym z testow z uzyciem rudy surowej nie stwierdzono ponad 80%
wylugowania ztota w procesie cyjankowym. Badana ruda jest wiec ruda trudno tugowalna
o $rednim stopniu odpornosci na lugowanie zlota. Wymaga jednak wstepnej obrobki
chemicznej przed zasadniczym tugowaniem zlota.
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Rys. 2. Zmiany zawarto$ci ztota w rudzie tupkowej podczas tugowania
cyjankowego (ruda surowa i tugowana pod ci$nieniem)

Zaleznosci pokazane na rys. 2 ilustruja zmiany zawartosci zlota w rudzie w czasie
lugowania. Lugowaniu cyjankowemu poddawano zaré6wno mielona < 300 pwm rudeg
surowa jak 1 rude poddawana wstepnemu, kwasnemu tugowaniu cisnieniowemu
w temperaturach 110, 160 i 190 °C. Poprawa skuteczno$ci lugowania zlota w wyniku
zastosowania wstgpnego tugowania ci$nieniowego jest dobrze widoczna.
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Rys. 3. Zmiany zawartosci platyny w rudzie tupkowejnpodczas lugowania
cyjankowego (ruda surowa i tugowana pod ciSnieniem)

1.8

164 SR

1.4 —e— surowa
1.2 ——1100C
&l —a—1600C
N q —o—1900C

06+4|- - - g -------

ZAWARTOSC Pd, ppm

o4l N

02 Qhg - - S

0.0
0 5 10 15 20 25 30

CZAS LUGOWANIA, godz.

Rys. 4. Zmiany zawarto$ci palladu w rudzie tupkowej podczas tugowania
cyjankowego (ruda surowa i tugowana pod cisnieniem)

Bardzo istotnym faktem obserwowanym podczas badan nad tugowaniem metali
szlachetnych z rudy tupkowej jest rownoczesne i z podobna szybkos$cia tugowanie
si¢ zardwno ztota jak i platynowcow (Pt i Pd), ktore przechodza do roztworu w po-
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staci kompleksow cyjankowych. Zmiany zawarto$ci platyny i palladu podczas
cyjankowego lugowania badanej rudy ilustruja rysunki 3 i 4. Podobnie jak w
przypadku ztota, obserwuje si¢ wyrazna poprawg skutecznosci tugowania
cyjankowego w przypadku zastosowania wstepnej hydrometalurgicznej obrobki
rudy.

Tabela 3. Wplyw wstepnego tugowania cisnieniowego
na skuteczno$¢ zasadniczego tugowania cyjankowego metali szlachetnych

% wylugowania
Au Pt Pd
I Rodzaj rud

Sur. ., i 78,1 80,0 85,6
dolomitu w H,SO,

Lug. cién., 110 °C 93,6 95,9 96,0
Lug. cisn., 160 °C 98,6 99,0 99,3
Lug. cién., 190 °C 98,0 98,4 99.1

Obserwowane zalezno$ci wykazaly mozliwos§¢ skutecznego odzyskiwania z
badanej rudy zlota, platyny i palladu z uzyskiem siggajacym 98-99% w ciagu 20-24
godzin tugowania w roztworze zawierajacym 400 mg CN7/dm’. Stwierdzono
wyrazny wzrost zar6wno szybkosci tugowania cyjankowego (rysunki 1-3) jak i
stopnia odzysku metali szlachetnych ze wzrostem temperatury wstepnego tugownia
cis$nieniowego. Najlepsze wyniki lugowania cyjankowego uzyskiwano w przypadku
zastosowania wstgpnego tugowania wysokotemperaturowego (160—190 °C).
Lugowanie cisnieniowe jest wigc jednoczesnie zaréwno sposobem odzyskania
niektorych metali towarzyszacych (Cu, Ni, Co) jak i uzdatnienia rudy kierowanej do
zasadniczego do lugowania metali szlachetnych. Uzdatnienie to (jak wykazaly
wyniki badan) prowadzi do uwolnienia czg¢sci zlota z wrostow 1 zrostow z mi-
neratami siarczkowymi.

Roztwory po tugowaniu cyjankowym, zawieraja ok. 2-2,3 mg/dm’ Au, 0,4-0,6
mg/dm® Pt i 0,3-0,6 mg/dm® Pd. Roztwory takie kieruje si¢ do wydzielania metali
szlachetnych zazwyczaj metoda selektywnej sorpcji na weglu aktywnym (CIP) lub
na zywicy jonowymiennej (RIP). Metale szlachetne po desorpcji moga by¢ wydzie-
lane z roztworu na drodze cementacji lub elektrolizy i poddawane rafinacji, nato-
miast wylugowana faza stala przechodzi do operacji unieszkodliwiania cyjankow
odpadowych a nastgpnie, pozbawiona obecnosci cyjankow, jest kierowana na staw
osadowy jako bezpieczny dla srodowiska odpad koncowy.
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WNIOSKI

¢ Ruda tupkowa ze zloza Polkowice Zachodnie jest pozabilansowa ruda miedzi.
Ze wzgledu na znaczng zawartos¢ Au, Pt i Pd powinna by¢ traktowana jako ruda zlota
1 platynowcow.

e Koncepcje hydrometalurgicznej przerdbki rudy tupkowej musza w pierwszym
rzedzie uwzglednia¢ maksymalne odzyskiwanie metali szlachetnych a jednoczesnie
zapewnia¢ odzyskanie zawartych w rudzie metali towarzyszacych, zwtaszcza Cu, Ag,
Ni i Co.

e Wykonane w pracy szczegOlowe analizy skladu chemicznego i1
mineralogicznego badanej rudy, produktow jej wzbogacania i wstgpnej obrobki
hydrometalurgicznej dowodza, ze proponowane w pracy metody hydrometalurgiczne
sa najbardziej racjonalnymi sposobami przerobki rudy dla odzyskania metali
szlachetnych 1 towarzyszacych. Zastosowanie metod hydrometalurgicznych jest
wynikiem duzego rozproszenia zlota i platynowcow w mineratach plonnych i
siarczkowych badanej rudy.

e Wedtug kryterium podatnosci na tugowanie metali szlachetnych badana ruda jest
kompleksowa ruda trudno tugowalng o $rednim stopniu odpornosci na bezposrednie
lugowanie cyjankowe. Ruda ta musi by¢ wigc poddawana wstgpnej obrdobce
hydrometalurgicznej przed zasadniczym lugowaniem cyjankowym metali szlachet-
nych. Obrobka taka obejmowaé powinna rozktad mineratow weglanowych za pomoca
H,S0, i selektywne, utleniajace, ciSnieniowe lugowanie metali towarzyszacych.

e Wstepne tugowanie ci$nieniowe pozwala istotnie obnizy¢ zuzycie cyjankow w
procesie zasadniczym, odzyska¢ metale towarzyszace (Cu, Ni, Co) oraz uwolni¢
metale szlachetne rozproszone w siarczkach tych metali.

e Biorac pod uwage stosowane dla skali przemystowej kryteria techniczne,
ekonomiczne oraz ekologiczne, a takze obecna skalg zastosowan w metalurgii zlota w
$wiecie, koncepcja technologii opartej o hydrometalurgiczne metody cyjankowe
rokuje najwigksze szanse na zastosowanie do odzyskiwania metali szlachetnych z
badanych rud.

o Istotna zaleta metody cyjankowej jest rownoczesne lugowanie z badanej rudy
zlota, platyny i palladu. Jest to specyficzna i bardzo korzystna cecha pozabilansowej
rudy miedzi ze z16z LGOM.

e Proponowana metoda hydrometalurgiczna zapewnia odzysk wszystkich metali
szlachetnych (Au, Pt i Pd) zawartych w rudzie pozabilansowej na poziomie
przekraczajacym 98%.
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Kazimierz St. SZTABA"

STOPIEN SEGREGACJI JAKO PODSTAWA OCENY
SKUTECZNOSCI TECHNOLOGICZNEJ PROCESOW
PRZEROBKI KOPALIN I JAKOSCI JEJ PRODUKTOW

Operacje 1 procesy technologiczne przerobki i przetwarzania kopalin wymagaja kontroli skutecznosci
technologicznej. Kontroli wymaga takze jako$¢ produktéw tych procesow okreslana z reguty na podstawie ich
wybranych charakterystyk. Skutecznos$¢ technologiczna operacji i procesow jest pojeciem bardziej ztozonym.
Najczesciej okresla sig ja na podstawie poréwnania osiagnigtych wynikoéw procesu z wynikami teoretycznie
mozliwymi lub zakladanymi. Jednak praktyczne przeprowadzanie takiego poréwnania i interpretacja jego
wynikow, zaleza od szeregu zalozen szczegdétowych. Zatozenia kompleksowego wykorzystania surowca
pierwotnego uzasadniaja przyjecie za jedna z najwazniejszych podstaw oceny skutecznosci procesu, osiaganej
w nim dokladnosci rozdzialu materiatu nadawy na poszczegolne produkty. Istnicja metody pozwalajace
oceni¢, na ile doktadnie zostal wydzielony jeden, wybrany sktadnik w stosunku do innych. Nie pozwalaja one
jednak okresli¢ skutecznos$ci procesu facznie — ze wzgledu na wyselekcjonowanie wszystkich interesujacych
sktadnikoéw. Autor niniejszego artykutu proponuje zastosowanie do takich celow, oceny stopnia segregacji.
Segregacja to samorzutne koncentrowanie si¢ ziarn niejednorodnego materiatu uziarnionego, wyrdzniajacych
si¢ okreslonymi warto§ciami pewnych cech, w wyodrebnionych czg$ciach obszaru zajgtego przez ten material.
Segregacja jest zjawiskiem wybitnie niepozadanym w przypadku materiatu przeznaczonego do dalszego
przetwarzania lub sprzedazy. Mozna przyja¢, ze segregacja jest zjawiskiem przeciwnym w stosunku do
uéredniania. Pod wzgledem formalnym wszystkie procesy rozdzielcze wystgpujace w technologiach
mineralnych, sa identyczne z segregacja, tyle tylko, ze sa wywolywane w sposob celowy i kontrolowany.
Pozwala to zastosowa¢ do oceny ich doktadno$ci stopien segregacji. Metoda jest oparta na analizie
parametrow rozkladu dowolnych, mierzalnych cech materialu w zajgtym przezen obszarze. Ocenie moze
podlegac jednoczesnie dowolna liczba cech.

WPROWADZENIE

Kopaliny wydobyte ze zldz, a takze w wielu przypadkach produkty wstepnych
etapéw ich utylizacji, nie posiadaja wilasciwosci umozliwiajacych ich bezposrednie
wykorzystanie do rozmaitych celow. Wymagaja one poddawania procedurom
technologicznym nadajacym im pozadane cechy. Te procedury stanowia wstepna faze
utylizacji kopaliny i obejmuja jej etap okreslany jako przerdbka kopalin. Analogiczna

*Akademia Gorniczo-Hutnicza im. Stanistawa Staszica w Krakowie, Wydzial Gérniczy, Zaktad
Przerdbki Kopalin, Ochrony Srodowiska i Utylizacji Odpadéw, Al. Mickiewicza 30, 30-059 Krakéw.
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wstepna faza musi rozpoczynaé takze utylizacje wszelkich surowcoéw wtornych,
powstajacych przede wszystkim zodpadéw roznych etapow utylizacji materiatow
pierwotnych. Wszelkie operacje technologiczne realizowane w celu nadania surowcom
kopalnym niezbednych cech uzytkowych, atakze procesy technologiczne bedace
zespotami operacji jednostkowych, wymagaja kontroli skutecznosci technologiczne;.
Z oczywistych wzgledow kontroli wymaga takze jako$¢ produktéow tych procesow.
Jako$¢ produktow okre$la si¢ w zasadzie jednoznacznie, oznaczajac ich wybrane
charakterystyki i oceniajac zgodno$¢ wartosci tych ostatnich z wymaganiami odbiorcow.
Skutecznos¢ technologiczna operacji i procesdw jest natomiast pojeciem bardziej
ztozonym. Formalnie okresla si¢ ja na podstawie poréwnania osiagnigtych wynikow
z wynikami teoretycznie mozliwymi lub — w praktyce czgsciej — zaktadanymi. Praktyczne
okreslanie takich wynikéw 1 ich interpretacja zaleza jednak od szeregu warunkow i
zatozen szczegdtowych. Wynikiem wielkiej roznorodnosci takich zatozen, okreslanych
stosownie do $cisle okreslonych celow prowadzenia danego procesu, jest — znany
z literatury i1 praktyki — bardzo liczny zespot metod szacowania owej skutecznosci i jej
przedstawiania ilosciowego (Barskij i Plaksin, 1967; Barskij i Rubinstein, 1970; Sztaba,
1970 a). Wyodrebnia si¢ szereg grup takich metod, rézniacych si¢ pomigdzy soba
zalozeniami podstawowymi. Ze wzgledu na mozliwosci doskonalenia procesow
technologicznych zarowno w kierunku podwyzszania jakosci produktow, jak i
zwigkszania stopnia wykorzystania kopaliny — nadawy procesow utylizacyjnych — za
najwazniejsza podstawe oceny skutecznosci konkretnego procesu nalezaloby uznaé
osiagana w nim dokladno$¢ rozdzialu materialu nadawy na produkty (zwlaszcza
koncentraty zawierajace poszczegolne sktadniki tej nadawy), wyodrgbniane stosownie do
zalozen uzytkowych. Doktadno$¢ t¢ nalezy traktowac relatywnie: najwigksze znaczenie
ma ona w odniesieniu do najcenniejszych sktadnikéw wejsciowego surowca mineralnego
— kopaliny. Niemniej, ocena procesu z punktu widzenia stopnia wyodrgbnienia
wszystkich znaczacych gospodarczo skladnikow — kompleksowego wykorzystania
surowca (Sztaba, 1970 b) — wymaga zastosowania metod pozwalajacych na
uwzglednianie jako danych wejsciowych nie tylko jakosci oddzielnych produktéw, lecz
tez rozktadu sktadnikéw surowca pomigdzy te produkty. Istnieja sposoby — np. rzadko
stosowane obliczanie wskaznikow selekcji (Stgpinski, 1964) — pozwalajace oceni¢, na ile
doktadnie zostal wydzielony jeden, wybrany sktadnik w stosunku do innych, np.
szczegblnie niepozadanych w pdzniejszych etapach przetwarzania produktu (w procesach
metalurgicznych, technologii chemicznej, produkcji energii w elektrowniach cieplnych
itp.). Nie pozwalaja one jednak oceni¢ skutecznosci procesu lacznie — ze wzgledu na
wyselekcjonowanie wszystkich interesujacych sktadnikow. W niniejszym opracowaniu
autor proponuje zastosowanie do takich celow, metody oceny stopnia segregacji (Sztaba,
1993). W opracowaniu podaje si¢ podstawy oceny stopnia segregacji oraz zasady jego
stosowania do omowionych celow.



Ocena skutecznosci przerobki kopalin 59

SEGREGACIJA

Segregacja polega na samorzutnym koncentrowaniu si¢ ziarn niejednorodnego
materialu uziarnionego wyrdzniajacych si¢ okreslonymi wartosciami pewnych cech
fizycznych — masy i warunkujacych ja: wielkos$ci i ggstosci, ksztattu, rzadziej innych —
w wyodrebnionych czesciach obszaru zajetego przez ten materiat (zbiornika, zwatu,
strumienia transportowego itp.). Takim materialem jest kazdy staly surowiec
naturalny, w szczegélnosci mineralny. Zwlaszcza w stanie nieprzetworzonym —
surowym
— niejednorodnos¢ wilasciwosci sprzyjajacych segregacji moze by¢ bardzo znaczna.
Segregacja jest zjawiskiem wybitnie niepozadanym w przypadku materiatu
przeznaczonego do przetwarzania, ale takze do sprzedazy — zmniejsza ona
jednorodnosc¢ jego wasciwosci.

Segregacja jest zjawiskiem powszechnym, towarzyszacym wszelkim procedurom
w jakich przerabia si¢ — przetwarza, transportuje, skladuje itp. — niejednorodne
materialy uziarnione. Z podanych juz powodow wystgpuje ona w szczegolnosci w
procesach technologicznych (przetwarzanie) i transportowych (przenoszenie i
sktadowanie) surowcow mineralnych. Warunki wystepowania segregacji i stopien jaki
osiaga, sa juz dos¢ Scisle opisane jakosciowo (Sztaba, 1963). Nie mozna tego jeszcze
powiedzie¢ o opisie iloSciowym — modelu matematycznym segregacji. Jej
wystgpowanie jest jednym z gldwnych czynnikéw utrudniajacych usrednianie
materiatu. Mozna powiedzie¢, ze segregacja jest procesem przeciwnym w stosunku do
usredniania. USrednianie jako operacja technologiczna (mozliwa do czg$ciowej
realizacji takze w toku niektorych operacji transportowych) odgrywa wazna rolg w
przygotowywaniu nadaw procesOw technologicznych przerobki surowcow
mineralnych oraz zapewnianiu stato$ci wlasciwosci ich produktow rynkowych. Stad
duza uwaga z jaka traktuje si¢ ten proces i liczne, po§wigcone mu opracowania (Strek,
1991; Strzelecki i in., 1996; etc). Segregacje¢ wspomina si¢ w niektorych takich
opracowaniach w zasadzie tylko jako jedno z uwarunkowan operacji usredniania.
Tylko nieliczne opracowania i prace badawcze dotycza $cisle segregacji (Nowak,
1990; Sztaba i in., 1986-1990; Sztaba, 1993). Wypada jeszcze zauwazy¢, ze
opracowania dotyczace usredniania mozna dos¢ wyraznie podzieli¢ na rozpatrujace
strong teoretyczng procesu (np. Strzelecki i in., 1996) i na eksponujace w wigkszym
stopniu problemy praktyczne (np. Strek, 1991). Charakterystyczne, ze o praktycznych
mozliwosciach oceny stopnia usrednienia traktuja przede wszystkim owe opracowania
»praktyczne”. Autorowi niniejszego opracowania nie sa natomiast znane propozycje
oceny stopnia segregacji.

Na tle przytoczonych informacji ogdlnych tatwo zauwazy¢, ze pod wzgledem
formalnym wszystkie procesy rozdzielcze wystgpujace w technologiach mineralnych,
poczawszy od przerobki kopaliny, sa identyczne z segregacja. W przeciwienstwie do
segregacji naturalnej — samorzutnej — tu jest ona wywotywana w sposob celowy
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i kontrolowany. Owa identyczno$¢ pozwala zaproponowac do oceny ich skutecznosci
metode oceny stopnia segregacji.

OCENA ILOSCIOWA STOPNIA SEGREGACII

Metoda oceny stopnia segregacji zaproponowana przez autora (Sztaba, 1993) jest
oparta na analizie parametrow rozktadu dowolnych, mierzalnych cech materiatu
w zajetym przezen obszarze. W wyniku obszernych rozwazan na temat wyboru
sposobu oceny stopnia segregacji (S) i — zgodnie z poprzednimi uwagami o jej
zwiazku z usrednianiem — stopnia usrednienia (H), jako najprostsza mozliwosé
pozwalajaca oceni¢ obie te wielkosci w odniesieniu do wybranej cechy (a) materiatu,

przyjeto

S:

(1)

Q‘|q

1
H
gdzie: o — odchylenie standardowe wybranej cechy ¢ w badanym obszarze zajetym
przez dany material, o * — maksymalna warto$¢ odchylenia o wystgpujaca wowczas,
gdy wybrany sktadnik (cecha) jest skoncentrowany w catosci w pewnym podobszarze
obszaru zajgtego przez material — w ogolnosci: gdy material jest idealnie
rozsegregowany na dajace si¢ wyrozni¢ sktadniki

Mozna zauwazy¢, ze zawsze bedzie zachodzila relacja: o < o'. Wynika stad, ze
warto$¢ stopnia segregacji S < 1, natomiast H > 1 i w miar¢ wzrostu stopnia
usrednienia H — c. Zaproponowany sposOb oceny bedzie wigc w przypadku
usredniania odpowiadal coraz to wigkszym trudno$ciom — w tym rosnacym wydatkom
energii — wystgpujacym przy prowadzeniu bardzo doktadnego usredniania. Jest wigc
adekwatny do rzeczywistych warunkéw prowadzenia tej operacji, jednak wychodzi
poza zakres najchetniej stosowanych wartoSci podobnych ocen, dla ktorych
najcze¢sciej przyjmuje si¢ granice zmienno$ci: 0 — brak sukcesu ocenianej operacji (nie
wystepowanie zjawiska) i 1 (100%) — pelny sukces. Takie wlasno$ci ma natomiast
wskaznik okreslony wzorem (1) w stosunku do segregacji. Do obliczenia warto$ci o
potrzebne sa charakteryzujace material ze wzgledu na cechg a, jej wartosci: minimalna
— Qmin, maksymalna — @y, 1 przeci¢tna w catym materiale — a,. Dwie pierwsze
wartosci ocenia si¢ na podstawie ogélnej charakterystyki materiatu i badanej cechy.
Jezeli np. cecha ta jest zawarto§¢ wybranej klasy ziarnowej, to jej zawartosé¢
maksymalna (ziarna nalezace do tej klasy) wynosi 100%, a minimalna (ziarna nie
nalezace do tej klasy) — 0%. Zawarto$¢ s$rednia otrzymuje si¢ z analizy
granulometrycznej. W przypadku rudy metalu, warto§¢ minimalna to zawarto$¢
metalu w czystych ziarnach skaly ptonnej (zwykle $ladowa — tzw. wartos¢ tla),
maksymalna — w czystych ziarnach mineratu kruszcowego, a $rednia otrzymuje si¢ z
analizy chemicznej reprezentatywnej probki calego materialu. Warto$¢ o' oblicza sig
Ze wzoru:
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2 2
6,2 — (amax am)(am_amin) +(am amin)(amax_am) (2)

Admax — Amin

Warto$ci wystepujace we wzorze (2) zaleza wyltacznie od wlasno$ci materiatu.
Aby otrzyma¢ druga wystgpujaca we wzorze (1) warto$¢ — o — zalezna rowniez od
konfiguracji uktadu ziarn o ré6znych wartosciach cechy a w badanym obszarze, nalezy
przeprowadzi¢ odpowiednie probkowanie materialu w tym obszarze. Rysunek 1.
przedstawia przykltadowe uktady punktow probkowania w obszarach: a -
jednowymiarowym (np. materiat na przenosniku) i b — dwuwymiarowym (np. materiat
na powierzchni sktadowiska ).

x1=6, X, =1 <—f—>x1=6, x2=10
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Rys. 1. Przyktady struktury pola probkowania do badania stopnia segregacji w obszarze:
a — jednowymiarowym, b — dwuwymiarowym; wedhug: Sztaba, 1993
Fig. 1. Examples of the structure of the sampling field of the examination of the segregation degree in:
a — one-dimensional area, b — two-dimensional area; according to Sztaba, 1993

Punkty prébkowania utozone sa w oczkach regularnej siatki wspotrzednych x, y,...
o kroku odpowiednio dx, dy,... (przyktady wspotrzednych punktéw pokazano na rys.1)
i sa identyfikowane przez wartosci tych wspotrzednych. Przy zatozeniu losowego
uktadu ziarn na powierzchni badanych nagromadzen — o duzej Scistosci dla wszelkich
naturalnych, usypywanych przypadkowo materiatow uziarnionych o nieregularnych
lecz izometrycznych kszattach ziarn — probkowanie wedtug regularne;j siatki zapewnia
losowos$¢ pobierania probek. Dodatkowe warunki dotycza techniki pobierania probek,
zapewniajacej ich reprezentatywnos$¢, a takze wzajemng wspotmierno$¢ mas probek

* Efektywne wykonanie niezbednego oprobkowania w obszarze trojwymiarowym — np. w calej
pojemnosci zbiornika — nie jest wykonalne w aktualnych realiach technicznych; teoretycznie sposob
postgpowania jest taki sam jak w obszarach o mniejszej liczbie wymiarow.
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(q(x,y)) pobieranych w poszczegdlnych punktach (g(x,y) = const). Wyniki badania
probek pobranych we wszystkich punktach siatki (w liczbie N — zwykle duzej) —
wartosci wybranej cechy: a(x,y), stuza do obliczenia — w znany sposob — jej wartosci
przecigtnej (an) 1 odchylenia standardowego (o)

N

N
Sawy), Saky),-an)
_ J=l —1/4=!

an="——— 0= ~ 3)

gdziej =1, 2, 3,..., N - numeracja kolejna punktéw probkowania o wspotrzednych (x,y).
Regularny uktad punktow probkowania utatwia takze badanie zjawiska segregacji.
Wynik obliczenia wskaznika S wedlug wzoru (1) nie wystarcza bowiem do
stwierdzenia, czy w badanym obszarze wystepuje tendencja regularnych zmian
wlasnosci materialu, bedaca — poza ogdlng niejednorodnoscia materiatu oceniana
przez warto$¢ wskaznika S — podstawowym atrybutem segregacji. Tendencje tg
ujawnia badanie gradientu wybranej cechy materialu w danym obszarze. Do tego celu
shuzy zespdt danych: warto$ci a owej cechy w poszczegdlnych punkach siatki
probkowania, o wspolrzednych (x,y) — patrz rys.l. Sktadowe wektora gradientu:
rownoleglej do osi x — g.(x,y) i rownolegtej do osi y — g,(x,y), oblicza si¢ z wzorow:

_ a(x+1,y)—a(xy)

atey e -amy)
dx

dy

g.(xy) g, (xy)=

a stad dhugos¢ wektora gradientu (warto$¢ gradientu) — d, — o poczatku w punkcie (x,):

de(59) =gl (x ) + g (xy) (5)
1 jego kierunek (kat nachylenia do osi x) — k, — okreSlajacy rowniez kierunek segregacji:

y xJ
kg (x, y) = arcth
g. (%)
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Rys.2. Rozktad gradientéw zawartosci trzech sktadnikow (A, B, C)
w dwuwymiarowym polu probkowania (fragment); wedtug: Sztaba, 1993
Fig. 2. Distribution of gradients of the content of three factors (A, B, C)
in the two-dimensional field of sampling (a fragment); according to Sztaba, 1993

Rozwazanie szczegotow probkowania i obliczania wartosci omawianych
wielko$ci nie wchodzi w zakres niniejszego opracowania (patrz: Sztaba, 1993).
Podstawowe zastosowania metody oceny segregacji do tytulowej oceny efektywnosci
procesoéw przerdbki, nie wymagaja bowiem potwierdzenia wystgpowania segregacji w
$cistym sensie. Wykorzystuje si¢ jedynie ogdélna oceng jej stopnia, otrzymywang za
pomoca wzoru (1). Wartosci a(x,y) otrzymane z probkowania stuza w takim
przypadku jedynie do obliczania wartosci a,, i s wedtug wzorow (3).

Rysunek 2. przedstawia przyktadowo graficzny obraz fragmentu powierzchni
nagromadzenia pewnego materialu rzeczywistego, dla ktorego dokonywano oceny
stanu segregacji ze wzgledu na trzy rozne sktadniki (w tym przypadku klasy
ziarnowe): A, B, C. Mozna zauwazy¢, ze segregacja ze wzgledu na zréznicowane
sktadniki (cechy, wlasno$ci), nie musi wystepowaé w taki sam sposdb. Jest to dos¢
oczywiste np. w przypadku klas ziarnowych (drobne i grube) i wynika z ogélnych
warunkow wystgpowania segregacji (Sztaba, 1993).

Ocenie moze podlega¢ jednoczesnie dowolna liczba cech — np. zawartosci
sktadnikow — odpowiadajacych pewnym do$¢ ogdélnym warunkom, z reguly
spelnianym przez charakterystyki surowcow pochodzenia mineralnego. W przypadku
kilku cech ocenianych ftacznie, uzycie hierarchizujacych je wspotczynnikéw o
wlasnosciach wag, pozwala na uzyskanie wspomnianej relatywnosci traktowania
roznych cech materialu — np. réznych skladnikéw. Modyfikacja metody daje
mozliwo$¢ dokonywania wzglednej oceny jakosci otrzymywanych produktéw, co
pozwala ocenia¢ tg jako$¢ jako czg$¢ zadania oceny doktadnosci rozdzialu osiagnigtej
w danym procesie.
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Dysponujac warto$ciami o i o ' obliczonymi dla calej grupy wzajemnie
addytywnych cech danego materiatu (np. zawarto$ci wzajemnie wylaczajacych sig
sktadnikow): a; — i = 1, 2, 3,..., n, mozna ocenié taczna wartos¢ wskaznika S: S, dla
catej tej grupy cech. Przypisujac poszczegolnym cechom z badanej grupy wspomniane
juz wagi hierarchizujace — w; — np. $rednie zawartosci i-tych sktadnikéw w materiale,
oblicza sie:

n
2
> wiot
i=1
n
2
WiO i
i=1

n n
2 ,2
Wi O WiO i 0'2
2 _ i=1 2 _ i=l
o'’ =

o=l —, )
1%
2w 2w o
i=1 i=1

Tak okreslona grupowa warto$¢ wskaznika stopnia segregacji — S — proponuje si¢
uzy¢ do oceny efektywnosci procesow rozdzielczych.

PROCES ROZDZIELCZY JAKO SEGREGACJA KONTROLOWANA

Pod pojgciem operacji (proceséw) rozdzielczych rozumie si¢ procedury
technologiczne, ktorych celem jest osiagnigcie rozdzialu nadawy (materiatu
wejsciowego) na co najmniej dwa produkty roézniace si¢ migdzy soba pod wzgledem
wybranej cechy (np. zawarto$ci sktadnikow, wiasnosci fizycznych itp.). W przypadku
roznicowania w produktach zawartosci sktadnikow zwykle zaklada sig, ze
poszczegodlne z nich
— posiadajace wlasnosci uzytkowe — powinny zosta¢ selektywnie skoncentrowane we
wlasciwych dla nich produktach. Takie okreslenie dotyczy najwazniejszych operacji
gléwnych przerobki kopalin®. Operacje te to z reguly: wzbogacanie, gdy ich celem jest
skupienie wybranego sktadnika (sktadnikow) nadawy we wilasciwym dla niego
koncentracie, lub klasyfikacja, gdy analogiczny cel dotyczy klas ziarnowych. Jak juz
wspomniano, wszelkie operacje i procesy rozdzielcze wystgpujace w przerdbce
kopalin 1 w innych gateziach technologii, maja cechy segregacji, tyle tylko, ze w
odréznieniu od niepozadane] segregacji naturalnej — wystgpujacej samorzutnie —
przebiegaja w sposob celowy — wymuszony i kontrolowany. Zastosowanie do oceny
procesoOw rozdzielczych omawianego tu stopnia segregacji wymaga umownego
przyjecia, ze produkty takiego procesu sa wyodrgbnionymi — wzajemnie roztacznymi
— czeSciami obszaru zajgtego przez material. Ewentualna segregacja wystgpujaca
wewnatrz kazdej z takich czesdci nie ma tu zadnego znaczenia, co pozwala uznac je za

" Operacje glowne decyduja o realizacji podstawowego celu procesu przerdbki w odréznieniu od
operacji przygotowawczych, ktére umozliwiaja przeprowadzenie operacji gtdwnych (np. wstgpne lub
migdzyoperacyjne rozdrabnianie materiatu) oraz uzupehiajacych, nadajacych produktom procesu
pozadane, dodatkowe cechy drugorzedne (np. odwadnianie produktow koncowych).
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wewngtrznie jednorodne i1 opisywaé wylacznie wilasciwymi dla nich warto$ciami
przecigtnymi wybranych cech oraz kwantyfikatorami ilo§ciowymi (masami,
wychodami).

Przy takim zatozeniu nalezy tylko wybra¢ podlegajace ocenie cechy materiatu
rozdzielanego (o wartosciach a;) i okresli¢ ich wartosci srednie dla poszczegolnych
k-tych produktow procesu (ay) — k=1, 2, 3, ..., m. Tak jako cechy (sktadniki), jak i jako
produkty mozna przyjmowa¢ badz oddzielnie poszczegdlne skladniki materialu i
produkty procesu, badz ich grupy (jezeli np. ocenia si¢ ztozony proces, w ktorym
powstaje kilka koncentratow — grawitacyjny, flotacyjny itp. — jednego i tego samego
sktadnika, ktore tworza taczny koncentrat koncowy). Nalezy podkresli¢, ze racjonalnej
oceny procesu rozdzielczego mozna dokona¢ jedynie pod warunkiem przyjecia za cechy
materialu poddawane analizie takie jego skladniki, jakie rzeczywiscie podlegaja
rozdziatowi. W przypadku rud metali beda to wigc nie same metale, lecz zawierajace je
mineraty kruszcowe. Obliczenia prowadzi si¢ stosujac wzory (1), (2) i (3) — dla kazdego
sktadnika oddzielnie oraz (7)
— tacznie dla wszystkich produktow, przy czym wystegpujace w nich wielkosci interpretuje
si¢ nastepujaco: a(x,y) = a; — Srednie zawartosci i-tego sktadnika w A-tym produkcie, a,, =
a; — $rednia zawartos¢ i-tego sktadnika w nadawie procesu, w; = w; — wychod k-tego
produktu,S = E;,— wskaznik skutecznosci procesu ze wzgledu na cechg i. W zwiazku z tym
wzory (1), (2), (3) 1 (7) przechodza w postacie (wedtug kolejnosci stosowania)

2 2
or = \/(amax_ai)(ai_amin) +(ai_amin)(amax_ai) O
i

,  EiT— ®)

Amax — Amin ey

Tabela 1. Bilans metali w produktach zaktadu przemystowego
w dwoch okresach czasu wedhug: Stepinski, 1964
Table 1. The balance of metals in the products of an industrial plant
in two periods of time according to Stgpinski, 1964

Zawartocez a;, %
k Produkt Wychod Zn ZnS Pb PbS Fe FeS2 | Ska’a
W,‘,%
i - 1 - | 2 - 3 4

Okres 1
— |Nadawa 100,00 | 17,96 | 26,73 | 4,33 | 4,99 | 13,78 | 29,51 | 38,77
1 |Koncentrat cynku | 25,00 | 58,00 | 88,54 | 1,00 | 1,18 | 3,00 | 6,59 | 3,69
2 |Koncentrat oowiu | 5,00 | 3,00 | 4,50 |71,00 82,58 | 500 | 10,80 | 2,12
3 |Koncentrat jelaza | 20,00 | 500 | 7,31 | 1,00 | 1,13 | 40,00 | 84,19 | 7.37
4 |0dpady 50,00 | 4,00 | 582 | 0,60 | 0,68 | 1000 | 2096 | 72,54

Okres 11
— [Nadawa 100,00 | 1501 | 22,80 | 3.64 | 420 | 17,19 | 36,80 | 36,20
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1 |Koncentrat cynku |20,00 58,00 | 88,54 | 1,00 | 1,18 3,00 6,59 3,69
2 |Koncentrat o*owiu |4,00 3,00 4,50 |71,00 (82,58 5,00 10,80 2,12
3 |Koncentrat jelaza (30,00 5,00 7,31 1,00 | 1,13 | 40,00 | 84,19 7,37
4 |Odpady 46,00 4,00 592 | 0,60 | 0,69 | 10,00 | 21,29 | 72,10

Tabela 2. Wyniki obliczen wskaznikoéw segregacji dla danych z tabeli 1
Table 2. The results of calculations of segregation indexes for the data of Table 1

Okres I Okres 11
a;, % S, % S’,‘, % E,’ a;, % S % S’,’, % E,‘
1| zns 2673 | 3569 | 4426 | 08064 | 22,80 | 32,88 | 41,95 | 0,7838
2 | Pbs 499 | 17,08 | 21,77 | 0,7892 | 420 | 1600 | 2006 | 07976
3| Fes, | 2951 | 2799 | 4561 | 06137 | 36,80 | 31,53 | 4823 | 06537
4 | Skata | 3877 | 33.80 | 4872 | 06938 | 3620 | 33,17 | 48,06 | 06902
E

- 0,7070 0,7046

W przypadku okreslania skuteczno$ci procesu ze wzgledu na cata grupe cech (i),
stosuje si¢ odpowiednio wzor (7). Dodatkowo nalezy zauwazy¢, ze obliczone w
opisany sposob wartosci wskaznika E (S) bezposrednio pozwalaja na oceng zblizenia
osiagnigtego stopnia rozdziatu do rozdziatu idealnego. Nie uwzgledniaja natomiast ani
mozliwosci technologicznych i technicznych, ani zasadno$ci ekonomicznej dazenia do
takiego stanu idealnego. Sa one pewna miara, ktérej odosobnione wartosci moga by¢
mniej przydatne w warunkach przemystowych. Natomiast nie ulegaja watpliwosci ich
walory jako ocen poréwnawczych, przy wyborze najkorzystniejszych warunkéw procesu,
ocenie osiagnig¢tego postgpu w jego prowadzeniu, poréwnywaniu wzbogacalnosci
réznych odmian podobnej kopaliny itp. Jesli natomiast okresli¢ dla danej kopaliny stopien
w {0 SKadnik optymalny ze wzgledu na zblizenie do idealnego, to wowczas i pojedyncze
warto$ci £ oceny procesu moga mie¢ znaczenie w warunkach przemystowych. Odnosi si¢
je wtedy nie do wartosci idealnej £ = 1, lecz do owej optymalnej £ < 1.

Jako przyktad podaje sig¢ obliczenie wskaznika segregacji dla procesow
wzbogacania flotacyjnego rudy cynkowo-otowiowo-zelazowej, z ktorej przed
mieleniem wydzielono grawitacyjnie czg¢$¢ odpadow. Dane wyjsciowe dla dwoch
wybranych okresow pracy zakladu podano w tabeli 1. Przyjeto, ze cala ilosc
wydzielanych metali jest zawarta w ich podstawowych mineratach: cynku w sfalerycie
— 7ZnS, o teoretycznej zawartosci 67,2% Zn, otowiu w galenie — PbS, 86,7% Pb, zelaza
w pirycie (tacznie z markazytem) — FeS,, 46,7% Fe. Te mineraly wydziela si¢ do
odpowiednich koncentratow. Pozostate mineraty (gléwnie dolomit), nie zawierajace
metali i wydzielane do odpadéw, okre$lono lacznie jako ,skate”. Przy drobnym
uziarnieniu nadawy flotacyjnej, wystepuja w znaczacych ilosciach czyste ziarna
poszczegblnych mineratow, catkowicie pozbawione tym samym innych rozdzielanych
sktadnikow. Upowaznia to do przyjecia dla wszystkich wydzielanych sktadnikow
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wartos$ci granicznych, potrzebnych do obliczenia warto$ci 0';: ama.x = 100% oraz ay, =
0%.

Wyniki obliczen — przej$ciowe: o;, ¢'; 1 E; oraz koncowe: £ — dla obydwu okresow
zestawiono w tabeli 2. Mozna oceni¢, ze mimo pewnych — nieznacznych — wahan
w jakosci przerabianej rudy, zaktad pracowat stabilnie. Mozna réwniez ocenié (po-
roOwnanie poszczegolnych wartosci FE;), ze przecigtnie najbardziej skutecznie
rozdzielane sa mineraly cynkonos$ne, najmniej — zelazonos$ne. W razie potrzeby mozna
to spostrzezenie wykorzysta¢ jako uzasadnienie i ukierunkowanie prac nad
doskonaleniem technologii wzbogacania danej rudy.

Uwaga koncowa

Omowiony w niniejszym opracowaniu sposob oceny stopnia segregacji materiatu
uziarnionego moze by¢ uzyty do oceny stopnia (efektywnosci) wszystkich zjawisk —
jak segregacja — i dziatan — jak operacje i procesy rozdzielcze przerobki kopalin i
innych gatezi technologii — w ktorych wystepuje przestrzenne réznicowanie rozktadu
mierzalnych cech danego materiatu.
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Niniejsze opracowanie pod tytutem: Segregation degree as a base of evaluation of technological
efficiency of mineral processing processes and of the quality of its products zostalo przyjete do
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przedstawienia na IV International Conference on Clean Technologies for the Mining Industry, ktore
odbedzie si¢ w Santiago (Chile) w dniach od 3 do 15 maja 1998 r.

Sztaba K. S., Segregation degree as a base of evaluation of technological efficiency of mineral
processing processes and of the quality of its products. Physicochemical Problems of Mineral
Processing, 32, 57-68 (in Polish)

Operations and technological processes of mineral processing require the control of its technological
efficiency. The quality of the products of these processes, determined usually according to their selected
characteristics, has to be controlled. The technological efficiency of operations and processes is a very complex
notion. Most often it is determined on the basis of comparison of the obtained process results with the
theoretically possible or assumed results. Yet a practical execution of such a comparison and interpretation of
its results depend on numerous detailed assumptions. The assumptions of the complex utilization of the
primary raw material justify the assumption of the precision of distribution of the feed material into respective
products to be one of the most important grounds of evaluation of the process efficiency. There are methods
which contribute to evaluating how precisely one selected component was selected out of others. They,
however, do not determine the efficiency of the process jointly, due to the fact of selecting of all interesting
components. The author proposes the evaluation of segregation degree to be applied for such purposes.
Segregation is a spontancous concentration of grains of heterogeneous material in certain parts of the area
occupied by the material and the grains are differentiated by certain features. Segregation is a disadvantageous
phenomenon in case of the material to be processed or sold. It can be assumed that segregation is
a phenomenon contrary to blending. From the formal point of view, all the separation processes occurring in
mineral technologies are identical to segregation but they are evoked in a purposeful and controlled way. This
contributes to the possibility of applying the segregation degree for evaluating their precision. The method is
based upon the analysis of parameters distribution of any measurable material features on the occupied area.
Any number of features can be evaluated at the same time.
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ETHYLXANTHATE ADSORPTION AND KINETICS OF
ADSORPTION ON LEAD MODIFIED GALENA
AND SPHALERITE UNDER FLOTATION CONDITIONS

The effect of lead ions on the galena and sphalerite surface properties, ethylxanthate adsorption and
kinetics of ethylxanthate adsorption in alkaline medium were studied for the possible use of recycled
flotation water. The flotation tests and the zeta-potential measurements were carried out and correlated
with the results of the infrared attenuated total reflection spectrophotometry (ATR-IR) and UV data.
Lead adsorbed on the galena or sphalerite surface as Pb(OH)" and less as Pb*" reduces the collectorless
galena floatability from pH 7 to 9.5, but has a strong activating effect on natural sphalerite floatability (in
pH range 7.6-10.5). After collection of Pb-modified minerals with K-ethylxanthate both forms of lead
ethylxanthate, monolayer Pb—EX (chemically adsorbed (EX)’), and multilayer, physically adsorbed
Pb(EX),, were detected on the mineral surfaces. Sphalerite floated nearly 100% in the examined pH
range, but galena floated better only from pH 8 to 9.5 (85-95%). The main surface reaction in pH range
8-9.5 is probably the ion-exchange reaction M—Pb—OH + (EX)” = M-Pb—-EX +(OH) (M — mineral),
which contributes to the chemical adsorption of (EX)™ as monolayer —Pb—EX, on the surface of either of
the mineral. The reaction between Pb-treated mineral and (EX) ion is the reaction of pseudo-first order
(on Pb-modified galena — rate constant is k= 0.711 min™' ; on Pb-modified sphalerite k= 0.102 min ™).

INTRODUCTION

With the view to avoiding additional impact on the environment and reducing the
fresh water demand the interest has grown in the use of recycled industrial waste water
in mineral processing. Recycled effluent from flotation plants, which contains various
ions, is expected to have significant effects on the surface characteristics, floatability
and selectivity of minerals.

Galena is known to float well with xanthates (Fuerstenau M.C., 1982; Poling and
Leja, 1963; Woods, 1971) but the short-chain xanthate homologues have a low ability
to collect sphalerite (Fuerstenau, D.W. 1982; Mielczarski, 1986). Some investigators
have studied the copper-ion effect on xanthate adsorption on sphalerite (Finkelstein
and Allison, 1976; Termes and Richardson, 1986; Popov and Vucini¢, 1990; Vucinié¢

*Faculty of Mining and Geology, Department of Mineral Processing, 11000 Belgrade, Djugina 7,
Yugoslavia.
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and Popov, 1995a) and galena (Popov and Vucini¢, 1989; Vucini¢ and Popov, 1995a).
Also, the chemical effects of Pb(II) on flotation and surface characteristics of
sphalerite (Popov et al., 1989; Vucini¢ and Popov, 1995b) or synthetic ZnS (Ralston
and Healy, 1980; Ralston et al., 1980) and on galena (Vucini¢, 1992) were reported
earlier, but the mechanisms have not been completely understood.

The purpose of this work was to study the effect of lead dissolved in a solution on
the surfaces of galena and sphalerite, ethylxanthate adsorption and kinetics of ethyl-
xanthate adsorption on minerals in alkaline medium. As Pb(II) may be present in the
pulp during Pb—Zn flotation as a dissolved mineral constituent, added reagent (Pb-
acetate), or in the recycled flotation water, it is very important to know how lead
reacts with mineral surfaces and whether it influences the Zn- or Pb-concentrate
qualities. The changes taking place in the mineral surfaces were identified by infrared
attenuated total reflection spectrophotometry (ATR-IR), and correlated with UV data,
flotation tests and zeta-potential measurements.

EXPERIMENTAL

Natural galena and sphalerite were manually selected and ground in an agate
mortar. The fractions of —147 + 74 um for galena and —208 +104 pum for sphalerite
were used in flotation tests. For ATR-IR and zeta-potential measurements the
grinding time was a few hours to obtain very fine powder. The specific areas of
minerals were determined on a Culter Counter Model D Industrial (galena 4.00 m*/g,
sphalerite 2.97 m%/g). Mineral samples were stored in a vacuum desiccator.

Chemical analysis showed that galena contained Pb 85.6% and S 13.7%. The
characterization of sphalerite is given in Table 1.

Table 1. Chemical analysis of sphalerite

*

wt % ppm

Zn Fe Pb Cu Cd Mn Cr | Ni Sn
53.12 13.01 250 85 1520 | 4670 10 13 10

*Spectrochemical analysis

The pH values were adjusted using HCI and NaOH. Pb-acetate and Pb-nitrate
were added in order to introduce lead ions into the mineral suspensions. NaNO; was
used to adjust ionic strength in zeta-potential measurements. All the reagents were of
p-a. grade. Commercial-grade potassium-ethylxanthate (KEX) was purified by
multiple recrystallization from acetone.
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Flotation tests were conducted in a modified Hallimond tube. One gram of the
mineral in 0.1 dm’ of the solution was conditioned at desired pH for three minutes
after each reagent addition, then floated for three minutes at an air flow rate of 0.01
dm’ per minute.

Zeta-potential measurements were taken on a Riddick Zeta-meter, using
microelectrophoretic technique. A mineral suspension was stirred for 3 min after each
addition of the reagents, and then the electrophoretic mobility was detected.

Reflection infrared spectra were recorded using a Perkin Elmer infrared
spectrophotometer (type 397) with a Perkin Elmer ATR-attachment. The mineral
suspension (0.250 g of the mineral and 0.025 dm” of distilled water with adjusted pH)
was stirred with the selected reagent (Pb-acetate for 15 min., KEX for 15 min.). The
solution of Pb-acetate was always decanted before KEX addition to prevent formation
of precipitate in the bulk of the solution. After decantation of the KEX solution the
sedimented mineral was placed in the germanium reflection element and IR spectra
were recorded. The decanted collector solution was used in the UV analysis of the
ethylxanthate concentration (1gx = 301 nm), by a Specord UV VIS spectrometer (Carl
Zeiss Jena, G.D.R.). The amount of ethylxanthate abstracted was determined from the
difference between initial (cy) and final EX™ concentration (cgx). The surface ethyl-
xanthate coverage, 6, was calculated by taking into account a value of 0.288 nm’ for
the cross-sectional area of xanthate adsorbed on solid (Kakovsky, 1957). Kinetic
studies of ethylxanthate adsorption were conducted on galena and sphalerite Pb-
treated for 15 minutes.

RESULTS AND DISCUSSION

The collectorless floatabilities of galena and sphalerite in alkaline pH range are
shown in figure 1, curve 1 and figure 2, curve 1, respectively. The flotation recovery
of galena was high, about 70-80% (Fig. 1, curve 1). Many authors agree that the level
of the surface oxidation of sulphide minerals determines the level of the surface
hydrophobicity or hydrophilicity. Metal-deficient sulphide surfaces (Buckley and
Woods, 1984a; Buckley and Woods, 1984b; Buckley et al., 1985;) and elemental
sulphur (Gardner and Woods, 1979; Hayes and Ralston, 1988) are proposed as the
hydrophobic surface species responsible for good natural floatability. As elemental
sulphur is unstable in alkaline pH solution (Ralston et al., 1981), the natural hydro-
phobicity of galena may be explained by the formation of a lead-deficient,
hydrophobic sulphur-rich localized environment, Pb; S during the anodic oxidation
reaction at the surface, coupled with cathodic reduction of atmospheric oxygen
(Buckley and Woods, 1984a; Buckley and Woods, 1984b; Buckley et al., 1985; Hayes
and Ralston, 1988) :

PbS + xH,O = Pb,_,S + xPbOH "+ xH " + 2xe (1)
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Fig. 1. Flotation recovery of galena as Fig. 2. Flotation recovery of sphalerite as
a function of pH, in presence of: 1) no reagents; a function of pH, in presence of: 1) no reagents;
2) 3:107° mol-dm™ KEX; 2) 3:107° mol-dm™ KEX;
3) 1.5:107° mol-dm > Pb-acetate; 3) 1.5:107° mol-dm > Pb-acetate;
4) Pb-acetate and KEX 4) Pb-acetate and KEX
30, + xH,0 + 2xe = 2x(OH)" )

However, the tested sphalerite had very poor natural floatability (Fig. 2, curve 1).
Many investigators have noted that the oxidation process at the sphalerite surface is
slow in air or an alkaline solution (Brion, 1980; Buckley et al., 1989). As the
sphalerite used in this study contained about 13% Fe(Il) in the crystal lattice and
according to the mechanism of Buckley and Woods for ZnS (Buckley and Woods,
1984b), we presumed that the first stage of surface oxidation for our sample (Zn,Fe)S
in natural or weakly alkaline solution, coupled with cathodic reduction of atmospheric
oxygen, is the formation of hydrophobic zinc, iron-deficient sites and oxides:

(Zn,Fe)S + (x + y)H,0 = (Zn; ,,Fe; y)S +xZn0O + yFeO + 2(x + y)H "+ 2(x + y)e (3)

12(x + y)O2 + (x + y)H,0 + 2(x + ) = 2(x + y)OH" 4)

Hydrophilic iron-oxygen and zinc-oxygen (or Zn and Fe hydroxides formed at
high pH) are probably stronger bound in the electrical double layer of sphalerite,
which may be the explanation for the obtained results of the low floatability (Fig. 2,
curve 1). Also, hydrolysis of the surface metal-ions from the mineral lattice may result
in the surface sites of —Pb—OH on galena or —Zn—OH and —Fe—OH on sphalerite. It is
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generally known that the hydrolysis of Zn(II) (Finkelstein an Allison, 1976; Ralston
and Healy, 1980) and Fe(Il) (Fuerstenau and Fuerstenau, 1982) in solution takes place
at a lower pH than the hydrolysis of Pb(Il) (Ralston and Healy, 1980; Fuerstenau and
Palmer, 1976) and analogously, a higher surface concentration of —Zn—OH and —Fe—
OH sites could be expected on sphalerite in a weakly alkaline medium than of —Pb—
OH on that of galena. Due to surface centres, —Zn—OH and —Fe—OH contribute more
to the hydrophilicity of sphalerite than —Pb—OH to galena. Also, the formation of
surface sites (-MOH and —S— types) can be explained by hydrating mechanism for
hydrous metal sulphide PbS and ZnS, proposed by Sun (1991). It has been deduced
from the above considerations that at least four different surface centres on galena
(Fig. 3a) and six on sphalerite can be formed (Fig. 3b).

The ethylxanthate anions (EX)™ present in the mineral suspension induced a rise in
the floatability (hydrophobicity) of both minerals (Fig. 1, curve 2 and Fig. 2, curve 2).

Lead ions, added in the mineral suspension, led to smaller flotation recovery of
galena from pH 7 to 9.5 (Fig. 1, curve 3), but sphalerite flotation was activated above
pH 7.6 (Fig. 2, curve 3), compared with their natural floatability (Fig. 1, curve 1 and
Fig. 2, curve 1).
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Fig. 3. Possible structure of the surface in an alkaline medium for:
a) galena; b) sphalerite

When KEX was used as a collector, the Pb-treated sphalerite floated nearly 100%
(Fig. 2, curve 4). Under the same conditions, a better flotation recovery of Pb-treated
galena was observed only in the pH range from 8.0 to 9.5 (85-95%, Fig. 1, curve 4).
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Fig. 4. Zeta-potential of galena as a function of pH Fig. 5. Zeta-potential of sphalerite as a function of

in the presence of: 1) no reagents; pH, in the presence of: 1) no reagents;
2) 5-10* mol-dm > Pb-nitrate; 2) 5-10* mol-dm > Pb-nitrate;
3) Pb-nitrate and 1.5-10* mol-dm™ KEX 3) Pb-nitrate and 1.5-10~* mol-dm™ KEX

According to the distribution diagram for lead (Ralston and Healy, 1980;
Fuerstenau and Palmer, 1976), in alkaline medium (pH = 7-10) the dominant lead
species in the solution are monoxydroxy complex ions Pb(OH)" and less Pb*" ions.
The effect of Pb(II) on minerals can be explained by the chemical adsorption of lead
cations, Pb(OH)" and less Pb*", which was also confirmed by zeta-potential data (Fig.
4, compare curves 1 and 2; Fig. 5, compare curves 1 and 2). Consequently, the
adsorbed lead cations on sphalerite surface relatively reduce the amount of the surface
zinc and iron oxides or hydroxides (reactions 3 and 4, Fig. 3b), so that the surface
becomes relatively less hydrophilic and sphalerite floats better. In the flotation
experiment (Fig. 2, curve 3) one observes an increase of the flotation recovery of Pb-
treated sphalerite, corresponding to pHi., = 7.5 (Fig. 5, curve 2). But Pb(OH)"
adsorbed on galena diminishes its natural floatability as hydrolyzed cations fill up the
lead-deficient sites, Pb; S (Fig. 3a, site 3), giving rise to hydrophilicity of the surface.
The active surface sites for adsorption of lead cations in the Stern layer of the
electrical double layer of minerals are metal-deficient centres, Pb, S and Zn, ,Fe,; S
(reactions 1 and 3, Fig. 3a, site (3), Fig. 3b, site (4)) and the sulphide surface centres
(Fig. 3a, site (2), Fig. 3b, site (3)). At pH 10 or more the floatability of treated
minerals is like the natural galena floatability due to surface nucleation of Pb(OH),
(Ralston and Healy, 1980).
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It follows from the above considerations that in the presence of Pb(II) several
types of surface lead-centres on galena (Fig. 6a, sites 2', 2", 3") and on sphalerite (Fig.
6b, sites 3', 3", 4') can be formed in an alkaline medium.

Adsorbed lead species at mineral surfaces interact with ethylxanthate ions, (EX),
as substantiated by the flotation test results (Fig. 1, curve 4 and Fig. 2, curve 4),
electrokinetic measurements (Fig. 4, curves 3 and Fig. 5, curve 3), ATR-IR records
(Fig. 7) and UV data.

The obtained ATR—IR data confirm very weak ethylxanthate ion adsorption on
unactivated sphalerite in alkaline medium (Fig. 7a, spectrum 1), because Zn- and Fe-
ethylxanthate are soluble compounds (Kakovsky, 1957), and EX™ adsorption on sites
(1) and (2) (Fig. 6b) or ion-exchange reaction OH EX  on site (5) or (6) are not
thermodynamically favorable. However, Pb(Il) causes a marked increase in the
amount of surface adsorbed collector, so that characteristic bands of Pb-ethylxanthate
are observed (Fig. 7a, spectra 2—4). With 3-10 >mol dm™ Pb(II), only the monolayer,
chemically adsorbed —Pb-EX is formed (Fig. 7a, spectrum 2, 1198 cm '), for which
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Fig. 6. Possible structure of the surface phase in the presence of dissolved Pb(II)
in an alkaline medium of: (a) galena; (b) sphalerite

—C—-O—C- stretching vibration below 1200 cm™' is characteristic of a 1:1 coordination
between the surface metal-ion (—Pb— from the mineral crystal lattice) and chemically
adsorbed xanthate radical (Poling and Leja, 1963; Leja et al., 1963; Leppinen and
Mielczarski, 1986; Mielczarski, 1986). The band intensity increased with the
increasing lead ion concentration in the solution phase (Fig. 7a, spectra 3 and 4),
providing an increase in the number of the surface lead sites for interaction with
ethylxanthate. Also, the bands showed two maxima, 1190 and 1210 cm indicating
the presence of monolayer, —-Pb—EX (1190 cm '), and multilayer, physically adsorbed,
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stoichiometric Pb(EX), (band above 1200 cm™') (Poling and Leja, 1963; Leja et al.,
1963; Leppinen and Mielczarski, 1986; Mielczarski, 1986).

On galena untreated by lead, multilayer form of Pb-ethylxanthate is observed as
the main adsorption product (Fig. 7b, spectrum 1). Pb-modified galena ethylxanthate
band showed an increase in the monolayer (EX)™ coverage of galena surface i.e. an
amount of —-Pb—EX (Fig. 7b, spectra 2—4, 1190 cm ") This result confirms the chemical
adsorption of Pb(OH)" and Pb*" and the increased number of lead sites for interaction
with (EX) ions.

a) O b)
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Fig. 7. IR reflection spectra of sphalerite (a) and galena (b) treated with:
1) KEX; 2) 3-107° mol-dm > Pb(II), KEX; 3) 7-10~> mol-dm > Pb(II), KEX; 4) 1-10~* mol dm Pb(II),
KEX; (tp, = 15 min, tgpx = 15 min, cogex = 3-10~* mol-dm™>, pH = 8-9)

According to the obtained results, the surface reactions of mineral-Pb(I1)-(EX)"
interactions for alkaline media probably are:

1. Chemical adsorption of Pb(OH)" and in a lesser degree of Pb*" ions and
formation of M—Pb—OH and M—Pb- sites (M— galena or sphalerite), where Pb(Il) is
incorporated at the mineral lattice surface.

2. Surface nucleation of Pb(OH), on the mineral, M | Pb(OH), ; ( | denotes
surface).

3. a) Ion-exchange reaction between (OH)™ from M—Pb—OH and (EX)".
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M-Pb-OH + (EX) = M-Pb-EX + (OH) ;

b) Chemical adsorption of (EX) on M—Pb- sites (zeta-potential M—Pb—EX is less
positive or more negative than zeta-potential of Pb-modified minerals)

M-Pb— + (EX) = M—Pb-EX;
4. lIon-exchange reaction between (OH)™ from Pb(OH), and (EX):
M | Pb(OH), + 2(EX)” = M | Pb(EX),+ 2(OH);

or reaction between PbOH" (present in Outer Helmholtz plane of the Stern layer of
electrical double layer) and EX™ ions

M |PbOH * + (EX)” = M | PbOH(EX)
M | PbOH(EX) + (EX) = M | Pb(EX),

The dominant surface reaction strongly depends on the pulp pH and on the type of
surface lead sites.
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Fig. 8. Amount of (EX), i.e. the statistical surface coverage of (EX),
0, on galena (1) and sphalerite (2) as a function of Pb(I) concentration
(tpp = 15 min, fxpx = 15 min, cogex = 3-10 mol-dm™>, pH = 8-9)

The statistical ethylxanthate surface coverage on minerals, &, was calculated using
UV data. The value of @ on Pb-modified galena decreases with the rise of Pb(Il)
solution concentration (Fig. 8, curve 1 ® = —0.0742 Incp, + 1.2465). The obtained
result is in a good correlation with ATR-IR data according to the amount of
monocoordinated (EX)™ on Pb-treated galena increases with increasing of Pb(II)
concentration (Fig. 7b, spectra 2—4). However, the statistical surface coverage of (EX)"
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on sphalerite increases when Pb(I) concentration increases up to 1-10 *mol dm™ @=
4.2668 Incpy,
+ 1.1475 (Fig. 8, curve 2).
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Fig. 9. Amount of (EX), i.e. the statistical surface coverage of (EX), 6,
on galena (1) and sphalerite (2) in the function of KEX collection time;
(tpp = 15 min, cpp = 7-107° mol-dm™>, ¢y xex = 3:10~ mol-dm™>, pH = 8-9)

Kinetic studies showed that the interaction between Pb-modified galena and (EX)"
ions is faster than between Pb-modified sphalerite and (EX) . For Pb-treated galena
the KEX concentration in the solution decreases according to exponential equation of
the collection time t, cpx = coe > for t < 3 minutes (Fig. 9, curve 1). The same type
of curve was obtained for Pb-treated sphalerite, cpx = coe_o'mz’, only for ¢ (10 minutes
(Fig. 9, curve 2). The dominant reaction (Pb-treated mineral-ethylxanthate ion) in
flotation conditions is pseudo-first order, probably the ion-exchange reaction M—Pb—
OH + (EX) = M-Pb—EX +(OH) (M — mineral), which contributes to the increase of
the amount of chemically adsorbed, strongly bonded, monolayer —Pb—EX on the
surface of either mineral, needed for good mineral flotatability. Near-equilibrium
(EX)™ adsorption on Pb-modified galena was obtained for 3 minutes, with the rate
constant kK = 0.711 min', and for Pb-modified sphalerite for 10 minutes, with k£ =
0.102 min "' (the solid phase activity is a = 1).

CONCLUSION

The obtained results showed that dissolved lead in an alkaline medium reduced
natural galena floatability from pH 7 to 9.5, but activated sphalerite from pH 7.6 to
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10.5. With K-ethylxanthate Pb-modified sphalerite floated nearly 100% through the
alkaline pH range. Galena floatability was better only from pH 8 to 9.5 (85-95%).

The adsorption of lead cation species (Pb(OH)", Pb*") were confirmed by results
of zeta-potential measurements. The identified surface products on Pb-modified
minerals were —Pb—EX and Pb(EX),. On Pb-treated galena, the amount of —Pb—EX
increases, i.e. the statistical surface coverage @ of (EX) decreases. @ increases on Pb-
modified sphalerite with the rising Pb(II) concentration in the solution. The dominant
reaction between Pb-treated minerals and (EX) on minerals is probably the ion-
exchange reaction M—Pb—OH + (EX) = M-Pb—EX +(OH)™ of pseudo-first order. It is
faster on Pb-modified galena surface (k = 0.711 min ', f < 3 minutes) than on Pb-
modified sphalerite (k = 0.102 min', # (10 minutes). The activation effect of lead on
ethylxanthate adsorption on both minerals leads to the conclusion that recycled water
which contains dissolved lead may be used in the process of selective
galena/sphalerite flotation after galena has been floated, i.e. during the Zn-flotation.
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Badano wptyw jonow otowiu (II) na powierzchniowe wlasciwosci galeny i sfalerytu oraz kinetyke
adsorpcji ksantogenianu etylowego w $rodowisku alkalicznym w celu okreslenia mozliwoséci ponownego
uzycia wod flotacyjnych. Przeprowadzono flotacje i pomiary potencjatu dzeta, ktore skorelowane z
wynikami badan spektroskopowych w podczerwieni (ATR-IR) i ultrafiolecie (UV). Otow
zaadsorbowany na powierzchni galeny i sfalerytu jako Pb(OH)" oraz w mniejszym stopniu jako Pb*2
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redukuje flotowalno$¢ galeny w zakresie pH od 7 do 9,5 oraz ma silnie dziatanie aktywacyjne na
naturalng flotowalno$¢ sfalerytu w zakresie pH od 7,6 dol10,5. Na powierzchniach ziarn mineratow
aktywowanych jonami otowiu i wyflotowanych za pomoca ksantogenianu etylowo-potasowego wykryto
obie formy ksantogenianu olowiu tj. monowarstwg chemiczne zaadsorbowanego ksantogenianu (—Pb—
EX) i wielowarstwg fizycznie zaadsorbowanego (Pb(EX),. Sfaleryt flotowal prawie catkowicie w
badanym zakresie pH, a galena flotowala lepiej tylko przy pH od 8 do 9,5 przy uzysku 85-95%. Gléwne
reakcje zachodzace na powierzchni w zakresie pH 8-9,5 to prawdopodobnie reakcja wymiany M—Pb—OH
+ (EX)” = M-Pb-EX + (OH), gdzie M oznacza mineral, co daje chemicznie zaadsorbowana
monowarstwg —Pb—EX na powierzchni mineratu. Reakcja pomigdzy mineratem, ktory byt modyfikowany
jonami olowiu i jonem (EX)™ jest reakcja pseudo pierwszego rzgdu. Na galenie modyfikowanej jonami
olowiu stata szybkosci wynosi k= 0,711 min~' podczas gdy na modyfikowanym jonami otowiu sfalerycie
ma warto$¢ k = 0,102 min .
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LUGOWANIE RUDY ZY.OTA ZE ZX.OTEGO STOKU
ROZTWORAMI CHLORKOW
W WARUNKACH REDUKCYJNYCH

Celem pracy byto zbadanie podatnos$ci na tugowanie redukcyjne roztworami chlorkowymi rudy ztota ze
Ztotego Stoku (Dolny Slask), w ktorej ztoto w ilosci od 0,5 ppm do 5 ppm osadzone jest w matrycach
pirytowych i arsenopirytowych. Wykazano, ze zastosowanie do tugowania 2,7M roztworu kwasu solnego
o potencjale redukcyjnym —460 mV wzgledem NEK i temperatury 90 °C pozwala wylugowaé 94%
zelaza zawartego w rudzie. W ten sposob uzyskuje si¢ 70% redukcje masy tugowanej rudy. Ztoto i inne
metale szlachetne zawarte w rudzie pozostaja w postaci elementarnej badz wytracaja si¢ wtornie w
postaci metalicznej na nieroztwarzalnych w tych warunkach glinokrzemianach.

WSTEP

Ztoto w zlozu zlotostockim zwiazane jest z takimi mineratami jak 16llingit,
arsenopiryt, piryt, pirotyn a takze z innymi kruszcami skatotworczymi. Ztoto rodzime
wystepuje w postaci submikroskopowych wrostkow lub wigkszych ziaren, ktorych
srednica wynosi od 0,03 do 1 um (Muszer, 1992).

Pod wzgledem zawarto$ci domieszek metali, ztoto rodzime mozna podzieli¢ na
dwa typy. Pierwszy z nich zawiera domieszki Ag i Cu lub tylko Ag w ilosci do 16%
wagowych. Zawarto$¢ miedzi w ztocie rodzimym moze osiagac¢ kilkanascie procent
(zloto miedziowe). Ponadto w ztocie rodzimym stwierdzono bizmut (do 4% wag.)
oraz zelazo (do 2% wag.). Drugi typ, tworzac nieforemne ziarna zlota, nie wykazuje
zawarto$ci powyzszych metali (Muszer, 1992, 1997).

Wedlug kryteriow hydrometalurgicznych ruda ze Ziotego Stoku zwana jest
refractory, co oznacza rude trudno lugowalna bezposrednimi metodami cyjankowymi
(Marsden, House, 1992). Zloto w rudzie zlotostockiej ukryte jest w mineratach
siarczkowych i arsenowych. Wymaga ona zastosowania wstgpnej obrobki powodujacej
uwolnienie ,,ukrytego” ztota. Uwolnienie tego metalu moze nastapi¢ jedynie wowczas,

"Zaklad Hydrometalurgii, Instytut Chemii Nieorganicznej i Metalurgii Pierwiastkéw Rzadkich,
Politechnika Wroctawska, 50-370 Wroctaw.

“Uniwersytet Wroctawski, Instytut Nauk Geologicznych, Zaktad Geologii, Dokumentacji Z16z,
pl. Borna 9, 50-204 Wroctaw.



84 B KoOLDZIE] et al.

gdy zniszczeniu ulegna matryce siarczkowe i arsenkowe tworzace mineraly ztotonosne.
W niniejsze] pracy przedstawiono sposob niszczenia takich matryc w warunkach
hugowania redukcyjnego, z jednoczesnym uwolnieniem i pozostawieniem zlota, a takze
innych metali w postaci elementarnej, wtornie metalicznej lub siarczkowe;.

Chemizm roztwarzania mineraléw siarczkowych w warunkach redukcyjnych

Piryt z uwagi na strukture elektronowa i obecno$é w nim jonow Fe®’ i grupy S
Si‘w roztworach o niskim potencjale oksydacyjno-redukcyjnym ulega redukcji

z utworzeniem siarczku zelaza FeS i siarkowodoru (reakcja (1)) badz jonow Fe*"
i siarkowodoru (reakcja (2)).

FeS, +2H" +2e = FeS+H,S ) (1)

E,s =—0,165-0,00591pH - 0,00296log[H,,S] @ (1a)

E\g9 = 0,103—0,0740pH - 0,0370log [H,S] (1b)

FeS, +4H" +2e = Fe’* + H,S )

E,s =—0,133—0,118pH — 0,029610g[1:e2+ ][1{25]2 (2a)
2+ 2

E,py =—0,092 — 0,148pH — 0,03701og[Fe ][st] (2b)

Zaleznosci (1a), (1b), (2a) i (2b) podaja wartosci potencjalow elektrochemicznych
dla reakcji (1) 1 (2) odpowiednio dla temperatury 25 i 100 °C (Biernat, Robins, 1972).
Analiza tych zalezno$ci wykazuje, ze zarowno podwyzszenie temperatury roztworu
hugujacego, jak i wzrost stezenia kwasu w tym roztworze sprzyja roztwarzaniu pirytu.
Przebieg reakcji roztwarzania pirytu uzalezniony jest od stezenia reduktora w
roztworze tugujacym (Kotodziej, Adamski, 1990). Reduktorem moga by¢ jony
chromu (II), ktore utleniaja si¢ do chromu (III) zgodnie z reakcja (3).

Potencjat elektrochemiczny dla reakcji (3) podaje zaleznos¢ (3a).

Cr =Cr*" +e (3)
o]
[er”]

E, = —0,407 + 0,059 log (32)

Potencjal oksydacyjno- redukujacy roztworu tugujacego zalezy od stosunku
stezen jondow Cr’* do jonéw Cr**. Przykladowo, jezeli potencjat redoks roztworu
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hugujacego wynosi okoto —350 mV vsSHE, to udzial jonéw chromu (II) stanowi 80%
ogolnej zawartosci chromu w roztworze. Reakcje roztwarzania pirytu w obecnosci
jonow Cr (II) przedstawia reakcja (4).

FeS, +4H" +2Cr*" = Fe*" = +2Cr’" +2H,S )

Podobnie do pirytu w warunkach redukcyjnych roztwarzaja si¢ pirotyn i
arsenopiryt. Pirotyn, niestechiometryczny siarczek zelaza o wzorze Fe(, _ S, gdzie x
moze przyjmowac wartosci od 0 do 0,2, roztwarza si¢ zgodnie z reakcja (5)

FeyS,o +20H" + Cr** = 9Fe’" +2Cr*" +10H,S (5)

W wyniku roztwarzania arsenopirytu w kwasnych roztworach Cr (II) obok
siarkowodoru wydziela si¢ arsenowodor (reakcja (6))

FeAsS+5H"' +3Cr*" = Fe*" +3Cr’" + AsH, + H,S (6)

W przypadku chalkopirytu, w ktorym w sieci krystalicznej zelazo, miedz i siarka
moga wystepowaé jako Cu’, Fe'', s§* (Habaschi, 1978), proces lugowania w

warunkach redukcyjnych prowadzi do wydzielenia zaréwno siarkwodoru, jak i miedzi
metalicznej (reakcja (7))

CuFeS, +4H" +2Cr*" = Cu+ Fe* +2Cr’" +2H,S (7)

Podobna reakcja zachodzi w przypadku bornitu.
Ztoto 1 metale szlachetne rozproszone w matrycach siarczkowych, ktore sa
niszczone w wyniku tugowania redukcyjnego pozostaja w postaci elementarne;.

CZESC DOSWIADCZALNA

Surowce i metodyka badan

Probki do badan mineralogiczno-hydrometalurgicznych pobrano z najwigkszej
haldy potozonej na zboczach Goéry Haniak na Polu Zachodnim bylego zloza Ztoty
Stok. Badania przeprowadzono na skruszonych probkach rudy I16llingitowej,
I6llingitowo-arsenopirytowej, pirytowo-magnetytowej i pirotynowo-arsenopirytowe;j,
ktore doktadnie usredniono.

Zawarto$¢ niektorych pierwiastkow i metali szlachetnych w rudzie zlotostockiej
przedstawiono w tabeli 1 za$ potilosciowy sktad rudy w tabeli 2.

Badania petrograficzne i mineralogiczne rudy oraz koncentratu po tugowaniu
chemicznym prowadzono na mikroskopie optycznym Optiphot-2 Pol firmy Nikon
oraz na mikroskopie skaningowym SEM-515 zaopatrzonym w przystawke do
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rentgenowskiego pierwiastkow.

Tabela 1. Zawartos$¢ zelaza, miedzi i cynku oraz metali szlachetnych w rudzie ztotostockiej

Pierwiastek Zawarto$¢
Zelazo 31,73%
Miedz 0,077%
Cynk 0,070%
Ztoto 0,5-5 ppm
Platyna 1,1 ppm
Pallad 0,6 ppm

Tabela 2. Wyniki poétmikroanalizy spektralnej rudy ztotostockiej

Pierwiastek Zawarto$é, % Pierwiastek Zawarto$é, %
Si 107-10° Co 10°
Al 107'-10° Ag -
Fe 10°-10" Zn 1072
Pb - Cd. -

Ge - Ti 107
B - \Y% -

As — Sn —

Mg 10° Mo -

Mn 107 Ca 10"-10°
Cu 107 Ga -
Na 107! Cr —

Lugowanie

Roztwarzanie rudy w roztworze kwasu solnego prowadzono w kolbie szklanej
o0 pojemnosci 0,5 dm® wyposazonej w mieszadto mechaniczne. Szybko$é mieszania w
kazdym doswiadczeniu byla stata i wynosita 300 obrotow na minutg. Ogrzany do
temperatury 90 °C roztwor odtleniano przy uzyciu argonu. Stopien odtlenienia
roztworu okreslano, mierzac potencjal oksydacyjno-redukcyjny. Za wystarczajaco
odtleniony przyjmowano taki roztwor, ktérego potencjat redoks mierzony w uktadzie
elektroda platynowa — nasycona elektroda kalomelowa (NEK) wynosit 350 mV. W tak
odtlenionym roztworze roztwarzano zadana ilo§¢ metalicznego chromu. W miarg
roztwarzania chromu potencjal redoks roztworu obnizat si¢. Po osiagnigciu najnizszej,
stabilnej, wartosci potencjalu redoks roztworu pobierano probke celem oznaczenia w
nim poczatkowej zawarto$ci chromu i zelaza. Odpowiednie wartosci potencjalow
redoks roztworéw tugujacych podano w tabeli 3. Do tak przygotowanego roztworu
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wprowadzano 1,0 g badanej rudy. Lugowanie rudy prowadzono 45 minut. W trakcie
procesu tugowania pobierano probki roztworu i oznaczano w nich zawarto$¢ zelaza
metoda absorpcji atomowej. Pozostalo$¢ po tugowaniu odsaczano od roztworu
macierzystego, przemywano i suszono. Tak przygotowana pozostatos¢, wzbogaconga w
metale szlachetne, a gtownie zloto poddawano badaniom petrograficznym i
mineralogicznym.

Wplyw temperatury i czasu lugowania na rozpuszczanie Zelaza zawartego w rudzie

Badania nad wplywem temperatury i czasu tugowania na rozpuszczanie zelaza
zawartego w rudzie zlotostockiej prowadzono w roztworach kwasu solnego
zawierajacych odpowiednio 0,68 mol/dm® i 1,15 mol/dm’ HCl. Zawarto$¢ chromu i
potencjal redukujacy tych roztwordéw podano w tabeli 3 (roztwory 1, 2,314, 5, 6).

Tabela 3. Warunki lugowania rudy ztotostockiej

Nr Stezenie o Sumaryczne stg¢zenie Potencjal redoks
roztworu | HCI, mol/dm® Temperatura, °C jonoéw chromu, mol/dm® | roztworu lugujacego, mV

1 70 0,28

2 0,68 80 0,18 610

3 90 0,31

4 70 0,24

5 1,15 80 0,35 =570

6 90 0,40

7 2,75 90 0,27 —460

Lugowanie prowadzono w temperaturach 70, 80 i 90 °C. Rezultaty doswiadczen
przedstawiono na rysunkach 1 i 2. W obu przypadkach wzrost temperatury powoduje
zwigkszenie stopnia wylugowania zelaza z rudy. I tak, w roztworze, w ktorym st¢zenie
kwasu solnego wynosito 0,68 mol/dm’, stopien wylugowania Zelaza po 5 minutach
lugowania wynosi 0,40, 0,43 i 0,52 odpowiednio dla temperatur 70, 80 1 90 °C.
Przedtuzenie czasu tugowania do 45 minut zwigksza stopien wytlugowania do 0,65,
0,75 10,89. W roztworze, w ktorym stezenie kwasu solnego jest wyzsze i wynosi
1,15 mol/dm® stopnie wylugowania po 10 minutach trwania procesu wynosity
odpowiednio 0,38, 0,60 i 0,76. Uzyskane rezultaty wskazuja, ze oprocz temperatury na
proces tugowania rudy zlotostockiej istotny wptyw ma rowniez stezenie kwasu solnego.

Wplyw stezenia kwasu solnego na proces rozpuszczania zelaza zawartego w rudzie

Badania wptywu stezenia kwasu solnego na proces wylugowania zelaza z rudy
prowadzono w roztworach zawierajacych 0,68, 1,15 1 2,75 mol/dm® HCI. Stezenie
jondw chromu oraz potencjal redukujacy roztworow podano w tabeli nr 3 (roztwory 3,
6 i 7). Lugowanie prowadzono w temperaturze 90 °C. Uzyskane rezultaty
przedstawiono na rysunku 3. Najkorzystniej lugowanie przebiega w roztworze, w
ktorym stezenie kwasu wynosi 2,75 mol/dm’. Po 5 minutach stopien wylugowania
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zelaza osiaga wartos¢ 0,97. W roztworze, w ktorym stezenie kwasu wynosito 1,15
mol/dm”® dopiero po 30 minutach procesu wylugowano 94% zelaza.

stopiefi wylugowania zelaza

0 5 10 15 20 25 30 35 40 45
czas, min

Rys. 1. Wplyw temperatury na stopien wylugowania zelaza z rudy ztotostockiej
w kwasie solnym o stgzeniu 0,68 mol/dm?

stopien wylugowania zalaza
O O OO OO o o o

0 5 10 15 20 25 30 35 40 45
czas, min
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Rys. 2. Wplyw temperatury na stopien wytugowania zelaza z rudy ztotostockiej
w kwasie solnym o stezeniu 1,15 mol/dm’

1
s 0.9 -
N
8 08
S
@ 0.7 -
& 06 -
3 05 | —o— 0.68mol/dm3 HCl
m .
3
> 047 —0—1.15 mol/dm3
£ 03 - HCI
2 g2 | ——2.75 mol/dm3
o -
g HCl
0.1 -
0 11
0 5 10 15 20 25 30 35 40 45
czas, min

Rys. 3. Wplyw stgzenia kwasu solnego na stopien wylugowania zelaza
z rudy zlotostockiej w temperaturze 90 °C

Przeprowadzone do§wiadczenia nad wplywem temperatury, st¢zenia kwasu solnego i
czasu na proces usuwania zelaza z rudy zlotostockiej wykazaly, ze optymalnymi
parametrami lugowania sa: temperatura 90 °C i stgzenie kwasu solnego w roztworze
tugujacym 2,7 mol/dm’, niski potencjat redukcyjny i czas tugowania krotszy niz 30 minut
(tabela 3).

Wplyw wlasciwosci redukeyjnych roztworu na proces lugowania zelaza z rudy

W celu potwierdzenia skutecznosci tugowania rudy w roztworach chlorkowych
o wlasciwosciach redukcyjnych przeprowadzono roztwarzanie rudy w odtlenionym
roztworze, ktorego potenjat redoks wynosit 350 mV w skali NEK. Roztwor tugujacy
zawierat 1,2 mol/dm’® HCI, 0,40mol/dm’ Cr (III). Temperatura procesu wynosila 90 °C
za$ czas tugowania 30 minut. W wyzej opisanych warunkach stopien wytugowania zelaza
z rudy wyniost jedynie 0,14. Natomiast w warunkach tugowania redukcyjnego
prowadzonego w temperaturze 90 °C po 30 minutach 94% zelaza przechodzi do
roztworu.
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BADANIA PETROGRAFICZNE I MINERALOGICZNE POZOSTALOSCI STALE]J
PO LUGOWANIU REDUKCYJIJNYM RUDY ZLOTOSTOCKIEJ

Rudg ztotostocka tugowano w roztworze o temperaturze 90 °C, w ktdorym stezenie
kwasu solnego wynosito 2,7 mol/dm’, a sumaryczne stezenie jonéw Cr (II) i Cr (III) — 0,3
mol/dm’. Potencjat redukcyjny roztworu wynosit —460 mV wzgledem NEK.

Pozostato$¢ po tugowaniu po jej doktadnym odmyciu od roztworu macierzystego i
wysuszeniu poddano badaniom na mikroskopie optycznym i skaningowym. W badanych
probkach stwierdzono obecno$¢ faz metalicznych krystalicznego zlota, stopu zlota z
miedzia oraz fazy wtornie wytraconych Sb,S; 1 NiAsS. Obie fazy metaliczne, krystaliczne
zloto 1 stop zlota z miedzia tworza cienkie druciki o grubosci kilku mikrometréw i
dhugosci kilkudziesigciu mikrometrow oraz nieforemne, poskrecane wiorki. Zawartose
miedzi w stopie osiaga kilkanascie procent. Stwierdzono takze wystgpowanie zlota w
postaci drobnych ziarenek o $rednicy do kilkunastu mikrometrow. Sktad pierwiastkowy
zlota wystepujacego w pozostalosci po tugowaniu nieznacznie roézni si¢ od zlota
rodzimego z rud zlotostockich. Ztoto jest czyste lub zawiera domieszkg srebra. Zawartos¢
srebra w zlocie nie przekracza 2,8% wagowych.

PODSUMOWANIE

Ztoto i inne metale rozproszone w mineratach siarczkowych i arsenowych zawartych
w rudzie zlotostockiej w wyniku lugowania redukcyjnego pozostaly w postaci
elementarnej (zloto rodzime) jak tez wytracity si¢ wtornie w postaci metalicznej (ztoto,
stop miedziowy) badz siarczkowej (Sb,S;, NiAsS). Zastosowanie lugowania
redukcyjnego pozwolito na zniszczenie matryc siarczkowych. W wyniku procesu 94%
zelaza przechodzi do roztworu tugujacego a siarka w postaci siarkowodoru opuszcza
srodowisko reakcji. W ten sposob uzyskuje si¢ 70% procentowa redukcje masy lugowanej
rudy. Faze stala po tugowaniu stanowia glinokrzemiany, na ktérych pozostaja metale
szlachetne, a glownie uwolnione z mineraldow zloto. Obecno$¢ ztota potwierdzono
obserwacjami mikroskopowymi i mikroanaliza rentgenowska. Zaproponowana metoda
lugowania redukcyjnego rud zlotostockich to skuteczny sposob uzyskiwania
koncentratow metali szlachetnych na drodze chemicznej. Uzyskany koncentrat metali
szlachetnych podda¢ mozna przerdbce dowolng metoda chemiczna celem odzysku metali
szlachetnych.
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Ko’odziej B., Muszer A., Adamski Z., Leaching process of gold ores from Zloty Stok in chloride solutions
under reducing conditions. Physicochemical Problems of Mineral Processing, 32, 83-90 (in Polish)

The aim of the present work was to examine leaching of gold ore from Z?oty Stok under reducing
conditions by means of chloride solution. The gold ore contains approximately 0.5-5 ppm of pure gold. The
gold is fixed in pyrites or arsenopyrites matrices. It was found that in the case of 2.7 M of hydrochloric acid as
a leaching agent under reducing conditions (—460 mV vs. SCE) at 90 °C) one can leach out 94% of iron
present in the ore. Under such conditions gold and other noble metals precipitated in a metallic form on
nonsoluble aluminosilicates.
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THE METHOD OF DETERMINATION OF SIZES,
RISE VELOCITIES AND COMPOSITION OF AGGREGATES
FLOATING TO FROTH LAYER

The method of analysis of bubble-solids aggregates flow inside a flotation cell, beneath froth layer, is
presented. Size, shape, rise velocity and number of the aggregates were determined using a device called
the Luba tube. The experiments were carried out at 25°C in a 5.2 m diameter separation vessel used in
a 100 tones per hour field pilot plant for oilsands processing. It was found that bitumen was transported to
the froth layer in the form of irregular particles attached to air bubbles. A wide range of the bitumen

—air aggregate sizes (from 0.13 mm to 2.84 mm) was observed with an average Feret diameter, i.e. an
equivalent circular diameter of 0.68+0.35 mm. Under steady state conditions the average aggregate rise
velocity was 6.8+1.8 cm/s with velocities varying from 3.0 to 12.6 cm/s. Mass of bitumen contained in
a bitumen-—air aggregate was determined on the basis of the experimental values of the aggregate size and
rise velocity and the relationships describing velocity of unloaded contaminated (Model A) and clean
(Model B) bubbles. It was found that mass of bitumen contained in a bubble-bitumen aggregate was of an
order from 10 to 10* g depending on the aggregate dimension and the model used. The evaluated
equivalent diameters of bitumen particle and air bubble making-up a bitumen—air aggregate were of
a similar magnitude within ca. 0.2-1.2 mm range.

INTRODUCTION

The ultimate aim of a flotation process is to obtain high recovery of the valuable
component accompanied by high selectivity of the separation. Valuable component of
an ore is transported to the froth layer in the form of bubble-particle aggregates, where
bubbles act as a carrier for the particles. Thus, flotation recovery for a given feed
depends on the number of aggregates reporting to the froth layer, amount of the
valuable component contained in the aggregates and on their rise velocity. Monitoring
the aggregates flow to a froth layer in different areas of a flotation cell can be helpful
for evaluation of a flotation cell performance and can provide useful information about

“Institute of Catalysis and Surface Chemistry Polish Academy of Sciences, ul. Niezapominajek 1,
Cracow.
**Syncrude Research Centre, Edmonton, Canada.
“"University of Alberta, Dept. Chemical & Material Engineering, Edmonton, Canada.
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the processes occurring below the froth layer. A method of visualization of the
bitumen—air aggregates flow inside a separation vessel has been elaborated and used
for some years at Syncrude Edmonton Research Centre, Canada. Details of the
apparatus and the method of analysis used in studies of mechanism of the bitumen
transport in low temperature extraction process of bitumen from oilsands has been
described recently (Malysa et al., 1998 a).

In this paper a method of determination of sizes, rise velocities, and composition
of air-solids aggregates floating to froth layer inside a flotation cell is described.
Principle, possibilities, and limitations of the method are discussed on an example of
the data obtained in a study of bubble-bitumen aggregates flow inside a separation
vessel. The method can be used as well to study of the aggregate flow in any flotation
cell and in evaluation of its performance. Moreover, amounts of solids and air
contained in aggregates floating inside a flotation cell can be calculated on a basis of
differences in rise velocities of the aggregates and unloaded air bubbles. In the
analysis (Malysa et al., 1998b) a relationship describing rise velocity of unloaded air
bubbles of identical dimensions as an aggregate is used as a “reference state” to
calculate the mass of solids contained in an aggregate. The method of analysis is
illustrated by results obtained in the evaluation of mass of bitumen contained in
bitumen-bubble aggregates floating inside a separation vessel for low energy bitumen
extraction process, i.e. for the extraction process performed at the temperature of 25°
C.

EXPERIMENTAL

Apparatus

The principle of the method is rather well-known and often used in calibration of a
volumetric gas flow rate. When a cylinder filled with water is turned upside-down and
the immersed in water bottom end is opened, then the water column in the cylinder
can be well above the level of water in the wider container (up to a height which
balances the atmospheric pressure). Bubbles and/or flotation aggregates entering via
an opened end of the cylinder rise and gather at the top under the sealed end of the
cylinder (see Fig.1). Using this principle, a device called the Luba tube has been
designed and used to study bitumen flotation in a primary separation vessel (a
flotation cell) at low energy extraction process (Matysa et al., 1998a). The principle of
operation and schematic construction of the Luba tube used in the experiments are
shown in Fig.1. It consisted of an aluminum circular tube of 5 cm inner diameter, a top
rectangular aluminum box with three glass windows of dimensions 6x11 c¢m, and
closing/opening mechanism. The rectangular top part of the tube can be unscrewed for
cleaning the glass windows. Washers with different opening diameters can be attached
to the bottom of the tube (Fig.1) to control the number of aggregates entering the tube.
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A 2 cm diameter washer opening was used in the reported tests. The bottom of the
tube can be opened or closed by a remote handle which controlled a cover seal over
the bottom opening. Sony CCD-V101 video Hi8 Handycam, with additional lenses to
increase magnification, was used to record the flow of the aggregates inside the Luba
tube. A backward illumination was applied.
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Fig. 1. A principle of operation and a schematic drawing of the Luba tube apparatus
Rys. 1. Zasada dziatania i schematyczny rysunek aparatu Luby

The experiments were carried out in a 5.2 m diameter flotation cell (Primary
Separation Vessel-PSV) used in processing of oilsand ore containing 8.8% bitumen
and 85% solids. The locked Luba tube was immersed 70 cm into the PSV, i.e. its
bottom opening was located 70 cm below the top of the froth layer. After opening the
bottom entrance the flotation aggregates entered the tube and their flow was recorded
via glass windows of the rectangular top part of the tube. Measurements were carried



94 K. MALYSA et al.

out at 3 radial locations of the PSV; 0.9 m (location 1), 1.6 m (location 2), and 2.3 m
(location 3) from the PSV centre.

Method of analysis

The flux of the aggregates to the froth layer was determined by counting the
number of aggregates on every 25th frame of the recordings. Time span of 25 frames
was arbitrary chosen to be long enough to prevent multiple counting of any of the
aggregates. Frame grabber installed under Windows 3.11 was used to grab and digitize
the chosen frames of the recordings. SigmaScan Pro automated image analysis
software (SigmaScanPro, 1995) was used to determine the shape, size and rise
velocity of the aggregates. To determine the afore-mentioned parameters, sequences of
few frames were grabbed and digitized for various observation times. Identical
procedure was always applied in image analysis of the grabbed frames to determine
area, Feret diameter, and shape factor of the aggregates. Feret diameter (dr), or the
equivalent circular diameter (Russ, 1995) is the diameter of a fictious circular object
that has the same area as the irregular object being measured. Shape factor (SF) was
used as a quantitative description of non-sphericity of the aggregates. A perfect circle
has a shape factor of unity, and a line has a shape factor approaching zero.

S

Fig. 2. An example of frame illustrating changes in aggregate positions
within time interval of Az = 1/30s.
Rys. 2. Przyktadowa klatka video pokazujaca zmiany
pozycji agregatow w czasie At =1/30 s
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To determine an aggregate rise velocity, frame “i + 1” was added to frame “i”
after processing every frame using the SigmaScan Pro automated image analysis
software. As a result of this addition two subsequent positions of an aggregate within
a time interval of Az = 1/30 s were obtained on frame “i”, and the distance between
two positions of every aggregate was measured. Figure 2 shows an example of such

frame “7” and the distance measured between subsequent positions of every aggregate
present on frame “i + 1”. The velocity U of an aggregate was calculated as:

\/(xz —x1)2 + (J’2 _J’1)2

At

U= (1)

where (x», ;) and (x;, y;) are coordinates of an aggregate on frame “i + 1” and “7”,
respectively, and At is the time interval between the frames.
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Fig. 3. Cumulative numbers of aggregates counted as a function of observation time
for three different radial locations at the separation vessel
Rys. 3. Sumaryczna liczba zliczanych agregatoéw w funkcji czasu obserwacji
dla trzech réznych radialnych pozycji w komorze flotacyjnej

RESULTS AND DISCUSSION

Flux of the aggregates to froth

Figure 3 presents the cumulative number of the aggregates floating to the froth
layer as a function of the observation time for three different radial locations in the
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PSV. Here, the observation time is the time elapsed from the moment when the first
bubble was recorded. It is seen that the cumulative number of the aggregates floating
to the froth layer was strongly depended on the radial location in the PSV. The highest
counted number of the aggregates reporting to the froth layer was found at location 1,
i.e. 0.9 m from the center of the PSV, and the lowest value was observed at location 3, i.e.
at a point 2.3 m from the PSV center and only 0.3 m from the PSV wall. For example for
the observation time ¢ = 120 s the ratio of the number of aggregates at the location 1 to
that at the location 2 was 1.7, while for the locations 1 and 3 that ratio was 4.1.

Fig. 4. Bitumen-—air aggregates at location 1 and time of observation 40.4 s
Rys. 4. Agregaty bitumin—banka powietrza w lokalizacji 1 i po czasie obserwacji 40,4 s

The results shown in Fig. 3 indicate that the performance of the tested separation
vessel was not the best one possible because recovery differed significantly in various
areas of the vessel. The majority of bitumen reported to the froth layer was in the
vicinity of location 1. This uneven performance of the separation vessel was most
probably caused by an uneven feed distribution over the vessel area (the feed was
supplied to the central area of the PSV). An independent froth production rate
measurements (Matysa et al., 1998a), hereafter called macroscopic measurements,
showed that the ratio of froth production rate at location 1 relative to location 2 was
1.9, and location 1 relative to location 3 was 4.1. Thus, these results are in good
agreement with the Luba tube measurements and confirm the dependence of the froth
production on radial location in the vessel.

Shape and size of the aggregates

Shape and size of the bitumen—air aggregates found inside the separation vessel
are shown in Fig. 4 presenting a frame grabbed from the video recording at location 1
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for time of observation ¢ = 40.4 s. An image of a rod of 1.58 mm diameter was inserted
into the frame shown in Fig. 4 to show the absolute dimensions of the aggregates. Two
important features can be observed immediately: i) the overwhelming majority of the
aggregates had irregular, non-spherical shapes, and ii) a wide range of aggregate size
is present.
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Fig. 5. Histogram of aggregate Feret diameters under steady state flow conditions
Rys. 5. Histogram $rednic Fereta agregatow przy przeplywie w stanie stacjonarnym
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Fig. 6. Aggregate shape factor as a function of the Feret diameter
Rys. 6. Parametr ksztaltu agregatow w funkcji ich srednicy Fereta

Figure 5 shows the distribution of the aggregate size floating to froth layer in
location 1. The histogram presents values of the Feret diameter measured for
aggregates on various frames within observation period of 1540 s. A wide range of
the aggregate size from 0.13 to 2.84 mm was found but the majority of the aggregates
had Feret diameters from 0.4 to 0.8 mm (see Fig. 5). The average value of the Feret
diameter was found to be 0.68+£0.35 mm.

20 T T T T T T T T T T
18%

16

[emis)

14
12

10

Aggregate average velocity
[o+]

0 20 40 60 80 100
Time [s]

Fig. 7. Aggregate average velocity as a function of the observation time
Fig. 7. Srednia predkos¢ agregatow w funkcji czasu obserwacji

Figure 6 shows the shape factor values versus the aggregate dimensions and
illustrates high fluctuations in the aggregates shape. The aggregate shape factor, as
shown in Fig. 6, varied from 0.1 to 0.9, i.e. fluctuated practically over the whole range
of the shape factor values (shape factor can vary from 0 to 1), particularly, for the case
of the smallest aggregates (Feret diameter of an order 0.2—0.5 mm). On the other hand
a tendency for larger aggregates to have more irregular shape can be observed. The
average value of the aggregate shape factor was 0.4740.18, indicating a very high
degree of non-sphericity.

Rise velocity of the aggregates

The average aggregate rise velocity was obtained by measuring rise velocity for
every aggregate present on frames “i” and “7 + 17, or “/” and “i+2” and then their
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mean value was calculated. Figure 7 presents the aggregate average rise velocity as a
function of the observation time for location 1 in the separation vessel. It is seen from
Fig. 7 that initially, the average aggregate rise velocity decreases rapidly with
observation time. It reaches a plateau value of about 7 cm/s, for the observation time
period of 15-40 s, and at longer observation times it decreases further down to 1.7
cm/s. The origin of the time axis of Fig. 7 is related to the “sampling” procedure used
in the experiments.

The distance from the tube opening to the point of observation was ca. 165 cm.
Thus, the aggregates needed some time to reach the point of observation after the tube
was opened and the time lapse depended on the aggregate velocity. As a result of the
wide spectrum of aggregate velocities, and long distance from the tube entrance to the
point of observation, separation of aggregates, according to their individual velocities,
took place. The fastest aggregates reached the area of observation first. With
prolonged observation time, the slower aggregates reached the point of observation as
well. This lead to the emergence of a steady state flow period. When the tube was
closed the source of the aggregate flow ceased and the observed aggregate average
velocity started to decrease due to the lack of the whole spectrum of aggregate
velocities. Here again the fastest aggregates, contained inside the tube, were the first to
pass through the observation area and with prolonged time of observation there were
only slower and slower aggregates to be recorded. Therefore, the observed aggregate
average velocity started to decrease after closing the Luba tube.
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Fig. 8. Aggregate average velocity as a function of the average Feret diameter
Rys. 8. Srednia predkos¢ agregatéw w funkcji wartosci $redniej Srednicy Fereta
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As described above, the time of observation was denoted as the time elapsed from
the moment the first bubble was recorded to pass through the observation field. It was
found that the velocity of the “fastest aggregate” was 18.3 cm/s (see Fig.7). It means
that the real moment of the tube opening was earlier by 9 s (165 cm/18.3 cm s ™). It is
also worth to point out that the planned period of the Luba tube to be opened was 30 s
and fairly constant aggregate average velocity (a plateau on the velocity vs. time
dependence in Fig. 7) was found for the observation time from 15 to 40 s, i.e. for the
time period of 25 s. Taking into account that the Luba tube opening mechanism was
operated manually the agreement is remarkably good.

Figure 8 presents a correlation between the aggregate average velocity and Feret
diameter. Values of the average Feret diameter were determined in a similar manner as
for the aggregate average velocity, i.e. on a given frame, the Feret diameter of every
aggregate present was measured and then the mean value was calculated. Figure 8
shows that the experimental data of aggregate velocity are linearly correlated with the
Feret diameter. The larger aggregates had higher velocity, thus leading to an increased
bitumen transport to the froth layer. A higher rise velocity means that the aggregate
contained more air. This is in agreement with the observation that the largest
aggregates consisted of a few air bubbles interconnected by a bitumen entity.
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Fig. 9. Histogram of the aggregate velocities under steady state flow conditions
Rys. 9. Histogram predkosci agregatow przy przeptywie w stanie stacjonarnym

Figure 9 presents a velocity histogram of the velocities of individual aggregates under
the steady state flow conditions. A wide range of the aggregate velocities from 3 to 12.6
cm/s was measured. However, the majority of aggregates floated with a velocity ranging
from about 5 to 9 cm/s. The average aggregate rise velocity under steady state flow
conditions was found to be 6.8 + 1.8 cm/s, and this value can be considered as one of the
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most characteristic parameter describing bitumen—air aggregate flow in the separation
vessel.

Mass of solids in the aggregates

Any bubble—solids aggregate floating to the froth layer consists of an air bubble
and attached grain or a few grains. Gas bubble is a carrier transporting the attached
material which generally has higher density than a continuous phase. Thus, the
aggregate apparent density g should be larger than air density p,; and smaller than
density of the continuous medium. The total mass of any aggregate M,y is a sum of
the mass of air M,;; and the mass of solids M contained in the aggregate, i.e:

Maggr = Mair + Msd (2)

Solids attached to an air bubble can show all variety of shapes. Similarly air
bubbles can be deformed to different degree depending on their dimensions and
amount of solids attached to them. The only simple way of description their shape is to
use their equivalent spherical diameter, i.e. the diameter of a fictitious spherical object
which would have the same volume as the irregular object being considered. Using
this notion a mass of the aggregate can be expressed as:

T e Pager
_ 28 2g (3)

aggr ~ 6

where d,4 is the aggregate equivalent spherical diameter. Similarly

3
Mair — ndairpair (4)
6
and
TP, da3 r _da31r
My = o . ) 5)

where py is the solids density and d; is the equivalent spherical diameter of air
contained in the aggregate. Using Eqgs. (2)—(5) the bubble diameter d,;; can be expressed
as:

1/3
Psd — paggrj

dair = da T (
5 Psd ~ Pair

(6)

and the mass of solids M, as:
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Psda ~ Pa
Msd = psdd:ggr (1 - ﬁ} (7

T
6 Psd ~ Pair

Solids density is normally easily available and thus, the aggregate diameter and its
apparent density are the only additional data needed to calculate from Eq. (7) the mass
of solids contained in an aggregate. Taking into account that normally 0., << psq

T
Msd = gd;ggrpaggr (8)

It is worth to point out here that M in Eq. (8) is independent of the solids density.
Thus, in the case when solids density is not available then this approximate
relationship can be used to evaluate the mass of solids in an aggregate.

The apparent density of an aggregate can be found by calculation density
difference which caused lowering velocity of unloaded air bubble to the measured
velocity of a bubble—solids aggregate of identical dimension. Relationship describing
velocity of unloaded air bubble is the “reference state” needed to determine the mass
of solids contained in the aggregate. Thus, values of the quantities determined will
depend on a choice of the “reference state”.

According to Yoon and Luttrell (1989) the range of Reynolds numbers
encountered for the size of bubbles typically employed during flotation fall into a
range of 0.2 to 100. There is no available a general relationship describing bubble
velocity for all flow conditions encountered in a flotation cell. Thus, empirical
relationships describing i) motion of unloaded contaminated bubbles (Clift et al.,
1978), and ii) unloaded clean bubbles, i.e. without any surface active contaminants
adsorbed (Masliyah et al., 1996), were used as a “reference state” to evaluate mass of
bitumen contained in the aggregates These two relationships were also used to cover a
wider range of the aggregate size and to illustrate how a choice of the “reference
state’’ can affect the evaluated mass of solids and air in an aggregate.

Assuming gravity acceleration g = 981 cm/s”, viscosity x = 0.01 g/cm-s, surface
tension o= 60 mN/m, and density p = 1 g/cm’ of continuous medium, the velocity U
of unloaded contaminated bubbles (Clift et al., 1978), can be expressed as a function
of bubble diameter and the density difference, Ap, between dispersed and continuous
phases:

U=49.29 Ap"** d*" - 0.298 / Ap™'*d )

where the bubble diameter d is expressed in cm, and U in cm/s. Equation (9) is valid
for bubble diameters d:

0.052<d<0.28 cm (10)

and will be hereafter referred to as Model A.
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For the case of non-contaminated freely rising air bubble, its velocity can be
expressed as (Masliyah et al., 1994):

Re 1/2
U =9.04 Ap™d" (—) (11
P 1+0.077 Re™® )

where Re is the Reynolds number. Equation (11) is valid for Re < 130 and will be used
as a second “reference state” and called further as Model B.

The aggregate apparent density was calculated from values of the apparent density
difference Ap between the aggregate and the continuous phase. The apparent density
difference Ap, which caused lowering velocity of unloaded air bubble to the measured
velocity of the bitumen—air aggregate, was found by solving Eq. (9) (Model A) and
Eq. (11) (Model B) in respect to Ap. Next, the mass of bitumen was calculated (Eq.7)
using values of the aggregate apparent density obtained on a basis of the both models.
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Fig. 10. Comparison of the mass of bitumen in an aggregate calculated on the basis of relationships
describing velocity of unloaded contaminated (Model A) and clean (Model B) air bubbles.
Points show the mass of bitumen obtained from the measured individual data points, while lines
show the values obtained on the basis of the regression line fitted to the measured velocity data
Rys. 10. Poréwnanie mas bituminu w agregatach obliczonych na podstawie zalezno$ci opisujacych
predkosci baniek w zanieczyszczonej surfaktantem (Model A) i czystej wodzie (Model B). Punkty
pokazuja masg bituminu obliczona na podstawie pojedynczych mierzonych wartosci, natomiast linie pokazuja
warto$ci uzyskane na podstawie linii regresji dopasowanych do zmierzonych wartosci predkosci agregatow

Figure 10 presents the mass of bitumen contained in the bubble-bitumen aggregate
as a function of the aggregate average Feret diameter obtained from Models A and B,
i.e. for the cases when relationships describing motion of unloaded contaminated and
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clean air bubbles were used, respectively, as a “reference state”. Points of Figure 10
show the mass of bitumen calculated from the measured velocity values, while the full
line shows the aggregate apparent density calculated on the basis of the regression line
fitted to the measured velocity values of the aggregates. It is seen in Fig. 10 how
important is the choice of a “reference state”. Absolute values of the mass of bitumen
calculated from Model A are lower than those calculated on the basis of Model B
because velocity of unloaded air bubbles rising in pure water is higher than in the
presence of a surface active contamination (Levich, 1962). However, the both models
lead to obtaining a similar order of magnitude of the mass of bitumen contained in an
aggregate and the both models show that the mass of bitumen contained in an
aggregate increases with increasing aggregate diameter.
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Fig. 11. Dependence of the mass of bitumen per unit volume of air (Myiumen/Vair)

on the equivalent diameter of air bubble associated with an aggregate — Model A
Rys. 11. Zalezno$¢ masy bituminu na jednostke objgtosci powietrza zawartego w agregacie
(Myitumen/ Vair) 0d rOWnowaznej $rednicy banki tworzacej agregat bitumin—banka — Model A

In flotation some surface active contamination are always expected to be present.
Therefore, Model A seems to be a more appropriate choice as a “reference state” for
evaluation of the mass of solids in floating aggregates. However, Model A cannot be
applied for small aggregates. As far as we are aware, there is no available relationship
describing motion of unloaded contaminated bubbles as d — 0. In this situation,
applying for small aggregates the relationship describing velocity of unloaded non-
contaminated bubble (Model B) seems to be the only reasonable solution. This is also
consistent with data presented by Clift et al. (1978) that velocities of bubbles in
contaminated and pure water start to be similar at diameters smaller than 0.6 mm.
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Collisions, attachment and detachment of grains to bubbles in a separation vessel
is a stochastic process. Therefore, bubbles can be loaded to different extend with
solids. This can be noticed in Fig. 10 where significant fluctuations in the mass of
bitumen determined directly from the measured individual aggregate velocity values
can be observed. Using regression line values of the aggregate velocity vs. its
dimension leads, as could be expected, to a smooth dependence of the mass of
bitumen contained in the aggregate on its average Feret diameter. This is shown by a
full lines in Fig.10.

Every aggregate consists of bitumen and air, where the air bubble acts as a carrier.
A ratio of mass of bitumen per unit volume of air contained in an aggregate can be
a useful information regarding the bubble diameter that is most effective in bitumen
transport to the froth layer, i.e. carrying the largest amount of bitumen per unit air
volume. Equivalent diameter of an air bubble associated with a bitumen—air aggregate
can be obtained using Eq. 4. Figure 11 shows a dependence of the mass of bitumen per
unit volume of air (Mpigumen/Vair - calculated on the basis of Model A) on the equivalent
diameter of air bubble associated with an aggregate. Here again points show the
(Mbitumen/ Vair) values obtained directly from the measured individual velocity values,
while the line was obtained using the aggregate velocity values from the regression
line. The (Myiumen/Vair) values fluctuated from zero to almost 0.8 with the mean of
0.20+0.19 g of bitumen being carried by 1 cm’ of air contained in an aggregate. Data
obtained on the basis of the regression line fitted to the measured aggregate velocity
values indicate that there seems to be an optimum size range of air bubbles (from ca.
0.65 to 1.1 mm) for which a highest mass of bitumen was transported by a unit volume
of air.
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Fig. 12. Equivalent diameter of a bitumen particle as a function of
an equivalent diameter of air bubble associated with an aggregate — Model A
Rys. 12. Réwnowazna $rednica czastki bituminu w funkcji rownowaznej
srednicy banki tworzacych agregat (bitumin—banka) — Model A

Finally, an equivalent diameter of bitumen material contained in the aggregate can
also be calculated on a basis of the mass of bitumen and its density. Figure 12 presents
comparison of equivalent diameters of bitumen particle and air bubble making-up a
bitumen—air aggregate. It is seen in Fig. 12 that the equivalent diameter of bitumen
contained in an aggregate is smaller but of a similar order of magnitude as the bubble
diameter. This is a most striking difference in comparison to metal ores flotation
where grain dimensions (Trahar, 1981) are normally many times smaller than the
bubble size (Yoon and Lutrell, 1989). However, it should be remembered that bitumen
density (1018 kg/m?) is only slightly higher than water, while density of metal ores is
always much higher. Flotation limit for coarse particles (Ralston, 1992) is inversely
proportional to the density difference between the particle and water. Due to bitumen
low density, larger bitumen particles can be carried out by air bubbles.

CONCLUSIONS

The visualization technique described in this presentation can be easily applied for
study of bubble—grain aggregate flow in various mineral flotation cells. Size, shape,
rise velocity and number of the aggregates floating to the froth layer at a given
location of the separation vessel can be determined using the Luba tube and
performing the data analysis presented above. Measurements of the aggregate flux in
various areas of a separation vessel can provide information regarding possibility of
improving the performance of a flotation cell.

It was found in studies of bubble—bitumen aggregates transport in low energy
extraction process of oilsands that the bitumen was transported to the froth layer in a
form of irregular entities attached to air bubbles. A wide range of the bitumen—air
aggregate sizes (from 0.13 mm to 2.84 mm) was observed with an average Feret
diameter, i.e. an equivalent circular diameter of 0.68+0.35 mm. Under steady state
flow conditions the average aggregate rise velocity was 6.8+1.8 cm/s with velocities
ranging from 3.0 to 12.6 cm/s for individual bubble-bitumen aggregates. The flux of
the bitumen—air aggregates was different in various areas of the separation vessel
which indicates that performance of the vessel was not the best possible.

A method for the evaluation of mass of solids contained in an air—solids aggregate
rising inside a separation vessel to the froth layer was presented. It was shown that the
aggregate rise velocity and its dimension were the only experimental data needed to
determine the composition of the bitumen—air aggregate. Relationship describing rise
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velocity of unloaded air bubble of identical dimensions was used as a “reference
state”.
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Przedstawiono metod¢ pomiaru i analizy rozmiardéw, ksztattu oraz predkosci wznoszenia i skladu
agregatow flotacyjnych banka—ziarna wyptywajacych wewnatrz komory flotacyjnej do warstwy piany.
Strumien agregatow banka—ziarno ptynacych wewnatrz komory flotacyjnej byt monitorowany przy
pomocy urzadzenia nazwanego Luba tube. Zasada dziatania aparatu Luby polega na wyprowadzeniu
powyzej warstwy piany strumienia agregatdow plynacych do tej warstwy piany. Kiedy cylinder
napetniony woda jest szczelnie przykryty, obrécony i zanurzony do szerszego pojemnika z woda, wtedy
takze po usunigciu tego szczelnego przykrycia stup wody w cylindrze moze by¢ znacznie powyzej
poziomu cieczy w szerokim pojemniku. Jezeli pod ten otwarty koniec cylindra naptyng banki lub
agregaty flotacyjne to bgda one wyplywa¢ do goéry wewnatrz cylindra i ich przeptyw moze by¢
obserwowany i rejestrowany powyzej brzegdw szerokiego pojemnika (komory flotacyjnej) wypetnionego
ciecza (pulpa). Wykonano badania agregatdéw banka—bitumin wypltywajacych do warstwy piany
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wewnatrz komory flotacyjnej o $rednicy 5,2 m uzywanej w pilotowej instalacji (100 ton/godz.) do
opracowania niskoenergetycznego procesu przerobki piaskow roponosnych. Wyznaczono rozmiary,
ksztalt oraz predko$ci wznoszenia 1 zawartoSci czg$ci statych w agregatach banka—bitumin
wyplywajacych do warstwy piany oraz strumienie agregatow w réznych punktach komory flotacyjne;.
Stwierdzono, Ze bitumin byl transportowany do warstwy piany w postaci nieregularnych czastek
przyczepionych do baniek. Rozmiary agregatéw banka—bitumin byly w zakresie od 0,13 do 2,84 mm,
przy czym warto$¢ srednia $rednicy Fereta, tj. rOwnowaznej $rednicy kotowej, wynosita 0,68+0,35 mm.
W warunkach stanu stacjonarnego $rednia predko$¢ wznoszenia agregatow banka—bitumin wynosila
6,8+1,8 cm/s, przy czym obserwowano predkosci agregatow od 3,0 do 12,6 cm/s. Obliczono masy
bituminu zawartego w agregatach banka-bitumin w oparciu o wyznaczone rozmiary i prgdkosci ich
wyptywania oraz uzywajac literaturowe zalezno$ci opisujace predkosci baniek w zanieczyszczonej
surfaktantem (Model A) i czystej wodzie (Model B). Masa bituminu zawarta w badanych agregatach byta
rzedu od 10 do 10* g w zaleznosci od rozmiaréw agregatu. Wyznaczone rownowazne $rednice czastek
bituminu i baniek gazowych tworzacych agregaty byly podobnej wielkosci w zakresie 0,2-1,2 mm.
Strumien agregatow ptynacych do warstwy piany byt rézny w réznych punktach komory flotacyjne;.
Najwigcej agregatow wyptywato do warstwy piany w poblizu $rodka (lokalizacja 1 —r

=0,9 m), a najmniej w poblizu $cian (lokalizacja 3 — r = 2,3 m) komory flotacyjnej. Stosunek liczby
agregatow plynacych do warstwy piany w lokalizacjach 1 i 3 wynosit 4,1 : 1. A zatem nie cala
powierzchnia badanej komory flotacyjnej byta wykorzystana réwnie efektywnie, co najprawdopodobniej
byto zwiazane z nierownomiernym roztozeniem nadawy w komorze.
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Janusz J. LEKKI®

TERMODYNAMICZNY OPIS I FLOTOMETRYCZNA OCENA
ZWIAZKOW POWIERZCHNIOWYCH KSANTOGENIANU

Przedstawiono termodynamiczny opis zwiazkow powierzchniowych ksantogenianu. W oparciu o ten opis
przeanalizowano dostgpne dane literaturowe flotowalnosci mineraléw siarczkowych w funkcji potencjatu.
Pokazano korelacyjng zalezno$¢ pomigdzy stopniem pokrycia kolektorem ich powierzchni a uziarnieniem i
gestoscia flotowanych ziaren wykazujac celowo$¢ uwzgledniania tego parametru dla precyzyjnego opisu
wplywu zwiazkéw powierzchniowych ksantogenianu oraz ksantogenianéw metali lub dwuksantogenu na
flotacje.

WPROWADZENIE

Rezultatem elektrochemicznych badan procesu sorpcji ksantogenianu na rteci
(Pomianowski, 1967), galenie (Woods, 1971) oraz chalkozynie (Kowal, Pomianowski,
1973) bylo wykazanie, ze proces zwiazywania ksantogenianu do produktu
powierzchniowego zachodzi przy potencjatach nizszych od potencjalow
rownowagowych  tworzenia  faz  ksantogenianéw  odpowiednich  metali.
Przeprowadzenie flotacji mineralu w funkcji potencjalu redox (Ep) (Guy, Trahar,
1984) potwierdzito poglad Pomianowskiego o decydujacym znaczeniu zwiazkow
powierzchniowych we flotacji. Praca ta cytowana we wszystkich opracowaniach
przegladowych oraz monografiach zapoczatkowata podobne badania na innych
mineratach siarczkowych.

Dla wyjasnienia otrzymanych krzywych: uzysk—potencjal analizowano
termodynamike uktadéw prowadzacych do powstania fazy ksantogenianu Pb (II) lub
Cu (I) wreakcjach elektrochemicznych prowadzacych do powstania stabilnych

(SO3 ") produktow utleniania siarki siarczkowej lub metastabilnych (S lub S,03).
Najpetniej termodynamike tych uktadow opisuja diagramy Eh—pH z bilansem masy,
pozwalajacym obliczy¢ procentowa zawarto$¢ fazy ksantogenianu metalu (Pallson,
Forsberg, 1988). Zestawienie takich obliczen z wynikami flotacji pokazalo dobre

*Katedra Przerobki Kopalin i Utylizacji Odpadow, Politechnika Slaska, ul. Akademicka 2,
44-101 Gliwice.



110 J.J. LEKKI

dopasowanie gornego limitu flotacji czyli depresji przy wysokich potencjatach. Dla
wyjasnienia dolnego limitu flotacji czyli szybkiego wzrostu flotacji przy niskich
potencjatach przyjmowano korelowanie krzywej uzysku z woltamperogramem na
ktoérym pojawia si¢ tzw. przedpik §wiadczacy o zachodzeniu reakcji powierzchniowe;j
— sorpcji rodnika. Sytuacje ilustruje rys. 1, na ktorym zebrano woltamperogramy z
pracy Nowaka (1990), Chmielewskiego i Lekkiego (1989) oraz Lekkiego i
Chmielewskiego (1990).

PRAD, pAcm'2

Potencjat, V (SHE)

Rys. 1. Krzywe anodowe na chalkozynie (Nowak, 1990),
galenie (Chmielewski, Lekki, 1989), pirycie (Lekki, Chmielewski, 1990)
oraz chalkopirycie (Chmielewski, Lekki, 1993)

w roztworze ksantogenianu 1-10~° kmol/m®
(Cu,S — pH = 8, pozosta®e siarczki pH = 9,2)

Na rysunku tym jest widoczne, ze reakcje objetosciowe prowadzace do
utworzenia faz ksantogenianéow metali tj. CuX na chalkozynie i PbX, na galenie
(proste pionowe na rys. 1) poprzedzaja reakcje powierzchniowe: A, Aji1A,na
chalkozynie oraz A na galenie. Elektrochemiczne procesy zwiazywania ksantogenianu
na chalkozynie i galenie jako jedno i dwuelektronowe moga zachodzi¢. Krzywe
woltamperometryczne na elektrodach chalkozynowej i galenowej pokazuja, ze
procesy te sa odwracalne. Na krzywych anodowych obserwuje si¢ przedpiki
adsorpcyjne za$ na krzywych katodowych piki §wiadczace o desorpcji utworzonych
zwiazkow  powierzchniowych. Diagramy Eh-pH nie ujmuja zwiazkow
powierzchniowych ksantogenianu. Dlatego w pracach bilansujacych rezultaty badan
elektrochemicznych w tym podsumowaniach Guy'a i Trahara (1985) oraz Woodsa i
Richardsona (1986) zestawiane sa dane flotacyjne i woltamperogramy otrzymane przy
stezeniach ksantogenianu roézniacych si¢ o trzy rzedy wielkosci.

Na elektrodach sporzadzonych z mineratéw siarczkowych zawierajacych w swym
sktadzie zelazo zachodzi jedynie elektrochemiczny proces utleniania jonoéw
ksantogenianu do dwuksantogenu (prosta przerywana na rys. 1 pokazuje rownowage
tej reakcji dla stezenia ksantogenianu 1-10~ kmol/m?).
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Wyjasnienie flotowalno$ci mineratow siarczkowych wymaga termodynamicznego
opisu zwiazkow powierzchniowych ksantogenianu. Jezeli dysponuje si¢ jedynie
wynikami  badan  woltamperometrycznych mozna latwiejsze zwiazywanie
ksantogenianu do produktu powierzchniowego charakteryzowaé przesunigciem
przedpiku woltamperometrycznego wzgledem piku reakcji objetosciowej — model faz
adsorpcyjnych Hepelow i Pomianowskiego (1973). Model ten jest uproszczonym
zapisem rownowagi pomigdzy powierzchnig a roztworem. Zwiazek powierzchniowy
traktowany jest jak faza pokrywajaca powierzchni¢ w nieznanym stopniu. W oparciu o
ten model przedstawiono reakcje powierzchniowe na chalkozynie i galenie w postaci
rownan uwzgledniajacych st¢zenie ksantogenianu (Lekki, 1992).

Pomianowski (1967 i (Leja, 1973) pokazali wieloetapowos$¢ tworzenia zwiazku
powierzchniowego. W pierwszym etapie zachodzi sorpcja jonu ksantogenianowego
bez przeniesienia tadunku, w drugim przeniesienie tadunku. Trzeci etap to reakcja
sorbowanego rodnika z jonem ksantogenianu prowadzaca do powstania fazy
ksantogenianu metalu.

Jezeli przyja¢ za Woodsem (1971), ze zwiazek powierzchniowy jest rodnikiem,
wtedy chemisorpcja ksantogenianu na chalkozynie (Woods i in., 1990) i galenie
(Buckley 1 Woods, 1994) moze by¢ opisana izoterma Frunkina adaptowana przez
Schultze’go (1980) dla przeniesienia tadunku w procesie chemisorpcji.

O/(1 - @) exp (26) = K [X ] exp(y EF/RT) (1)

Dla chalkozynu (Wodds i in., 1990) oraz Buckley i Woods (1994) otrzymali
warto$ci g, K oraz y podane w tabeli 1.

Tabela 1. Wyznaczone w pracach (Woods i in., 1990), (Buckley, Woods, 1994)
wartoceci g, K oraz y dla chalkozynu i galeny

Minerat g K 14 Zrodto
Cu,S 4 8,4-10° 1,6 | Woods i in., 1990
PbS 5 2,2:10* 1,4 | Buckley, Woods, 1994
PbS(a) 8 5,8-10° 1,4 | Buckley, Woods, 1994

Podany w tabeli 1 termodynamiczny opis dotyczy dwoch pierwszych etapow
chemisorpcji.

Jesli natomiast przyjmie si¢ za Nowakiem (1993), ze produktem jest kompleks
powierzchniowy, ktdrego sorpcje opisuje izoterma Frumkina, wtedy opis ten dotyczy
koncowego produktu na powierzchni i dobrze wyjasnia dotychczas zebrane fakty
eksperymentalne dla galeny (Lekki, 1997). Niezaleznie od mechanizmu tworzenia
takiego zwiazku zaktada si¢ sorpcje form rozpuszczalnych: CuX(aq), PbX,(aq) oraz
Fe(OH),X(aq) na powierzchni z utworzeniem kompleksow powierzchniowych:
CuX-CuS (na chalkozynie), PbX,-2PbS (na galenie), Fe(OH),X-FeS, (na pirycie i
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markazycie), Fe(OH),X-CuFeS, (na chalkopirycie) oraz Fe(OH),X-CusFeS, (na
bornicie). Zatozenie takie pozwala opisa¢ rOwnowage izoterma adsorpcji.

Przyjmujac opis zwiazku powierzchniowego ksantogenianu jako kompleksu
powierzchniowego (Lekki, 1997) oraz zalozenia takie jak przy konstrukcji diagramow
rownowag metastabilnych (Lekki, 1990), otrzymuje si¢ ogdlna zaleznos¢:

O/(1 — O) exp(-2a0) = KQ exp(nErF/RT) 2)

opisujaca stopien pokrycia kompleksem powierzchniowym powierzchni mineratu
w funkcji potencjatu i stezenia reagentow.

Korzystajac z danych pomiarowych Leppinena i Rastasa (1986) oraz Leppinena
i Mielczarskiego (1996) w pracy Lekkiego (1997) wyznaczono stale proponowanej
izotermy dla galeny. Gephard i in. (1985) podali wyznaczona eksperymentalnie
zaleznos$¢ stopnia pokrycia chalkozynu i pirytu ksantogenianem etylowym w funkcji
potencjatu. Przyjmujac, iz pelne pokrycie powierzchni chalkozynu ksantogenianem
etylowym odpowiada potencjalowi rownowagowemu wydzielenia fazy CuX natomiast
pokrycie juz 1/3 powierzchni pirytu odpowiada potencjatlowi roéwnowagowemu
wydzielenia fazy Fe(OH),X, obliczono state w roéwnaniu (2). Z pracy Nowaka (1990)
wynika, ze dla siarczkow miedzi rozniacych si¢ sktadem stechiometrycznym
przesunigcie piku adsorpcyjnego wzgledem potencjatu reakcji objgtosciowej jest stale.
Prowadzi to do wniosku, ze warto$¢ potencjalu Er w rownaniu (2) zalezy jedynie od
warto$ci potencjalu standartowego analogicznej reakcji objgtosciowej tego mineralu
z ksantogenianem co pozwala oszacowac stale K w rownaniu (2) dla markazytu,
chalkopirytu 1 bornitu oraz kowelinu. Stale izotermy wyznaczone z danych
pomiarowych dla Cu,S, PbS i FeS, oraz oszacowane dla markazytu, chalkopirytu i
bornitu oraz kowelinu podano w tabeli 2.

Tabela 2. Wyznaczone oraz oszacowane wartoceci ¢ oraz K izotermy w rownaniu (2)
wraz z wartoceciami n i Q

Produkt
Minerat K.omplelfs utlenienia . Nr a K n 0
powierzchniowy siarki izotermy

Cu,S CuX-CuS CuS” 1 0,6 | 8,610" | 1 |[X]
PbS PbX,-2PbS S 2 45| 2,1:110° | 2 |[[XT
PbS Pb(OH)X-2PbS S 3 4,51 5,0-10° | 2 |[[XH]
CuS CuX,2CuS S 4 45| 7,510° | 2 |[[XT
CusFeS; | Fe(OH),X-CusFeS; | CusS, 5 -6,5 5.8 3 | [XHT?
CuFeS, |Fe(OH),X-CuFeS, |CuS, 6 -6,5| 2,510 | 3 |[XT'HT?
FeS,(m) | Fe(OH),X-FeSy(m) | S 7 -6,5| 510°% | 3 |[[XT'HT?
FeS, (p) |Fe(OH),X-FeSy(p) |S 8 -6,5| 510°% | 3 |[X7'HT?

*Wchodzi w sktad kompleksu powierzchniowego.
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Obecnie przyjeto, ze reakcjami elektrochemicznymi ksantogenianu sa procesy
chemisorbcji prowadzace do powstania zwiazkéw powierzchniowych z ktorych
tworza si¢ fazy ksantogenianu otowiu (II) i ksantogenianu miedzi (I) odpowiednio na
galenie 1 chalkozynie oraz utlenianie jonéw ksantogenianu do dwuksantogenu na
mineralach siarczkowych zawierajacych w swym skladzie zelazo. Flotacje mineratow
siarczkowych w funkcji potencjatu wyjasnia si¢ obecnoscia tych produktow.

Przyjecie tworzenia kompleksow powierzchniowych ksantogenianu nie wymaga
zmiany tych pogladow jako, ze postulowane trojelektronowe reakcje ksantogenianu na
mineralach siarczkowych zawierajacych zelazo nie moga zachodzi¢ — sa jedynie
zapisem sumarycznej reakcji jako elektrochemicznej. Wyjasniaja obserwowana
niewielka sorpcj¢ ksantogenianu. Nie wyjasniaja flotacji. W niniejszej pracy
pokazano, ze w warunkach dominacji fazy Fe(OH),X powierzchnia mineralow
siarczkowych jest hydrofilna. Istnieja tez przestanki do przyjecia hipotezy
hydrofilnosci kompleksow powierzchniowych o budowie: Fe(OH),X -minerat
siarczkowy zawierajacy zelazo. Rozktad fazy Fe(OH),X oraz desorpcja komplekséw
uwalnia powierzchnig na ktorej moga tworzy¢ si¢ hydrofobowe pokrycia. Taki model
dobrze wyjasnia flotacje siarczkowych mineralow zawierajacych zelazo.

CEL PRACY

Celem niniejszej pracy jest flotometryczna ocena zwiazkow powierzchniowych
ksantogenianu na mineratach siarczkowych i tym samym wykazanie koniecznosci
uwzgledniania dotychczas pomijanych w interpretacji flotacji czynnikow tj.
uziarnienia i ggstosci mineratu. Dla osiagnigcia tego celu nalezato:

e Pokaza¢, ze flotacja mineratow siarczkowych zawierajacych w swym sktadzie
zelazo jest limitowana obecno$cia na powierzchni hydrofilnej fazy Fe(OH),X Iub
hydrofilnego zwiazku powierzchniowego w przeciwienstwie do hydrofobowych faz
oraz zwiazkoéw powierzchniowych ksantogenianu na galenie i chalkozynie.

e Wyznaczy¢ stopien pokrycia powierzchni ksantogenianem @ (galeny i
chalkozynu oraz wyznaczy¢ powierzchni¢ odstaniang przez hydrofilne zwiazki
powierzchniowe @ = 1-6, (pirytu, markazytu, chalkopirytu oraz bornitu).

Dopiero dopasowanie izoterm adsorpcji zwiazkéw  powierzchniowych
ksantogenianu do wynikow flotacji galeny i chalkozynu lub izoterm desorpcji dla
pirytu, markazytu, chalkopirytu i bornitu w funkcji potencjatu umozliwia wyznaczenie
50% uzyskow poszczegoélnych mineratéw w funkcji stopnia pokrycia ich powierzchni
ksantogenianem w zaleznosci od gestosci i uziarnienia.
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DIHYDROKSYKSANTOGENIAN ZELAZA W UKEADACH FLOTACYJNYCH

W ukladzie Fe-X-H,0O pojawiaja si¢ trzy fazy zawierajace w swoim sktadzie
ksantogenian, sa to: FeX;, Fe(OH)X, oraz Fe(OH),X. Poniewaz faza Fe(OH)X,
dominuje jedynie w zakresie okoto 0,3 pH w konstrukcji diagramow zostala pominigta
(Lekki, 1993). W alkalicznych roztworach, w ktérych prowadzi si¢ proces flotacji
zakres dominacji fazy dihydroksyksantogenianu zelaza (III) jest ograniczony przez
reakcje rozktadu tej fazy:

Fe(OH),X + H,0 = Fe(OH); + 0,5X, + H' + e; £ = 0,682 3)

oraz
Fe(OH),X + H,0 = Fe(OH); + X + H"; pH=12,7 + log[X ] 4)
Elektrochemiczne reakcje zwiazywania ksantogenianu do

dihydroksyksantogenianu zelaza (III) na bornicie, chalkopirycie, markazycie oraz
pirycie jako trojelektronowe nie moga zachodzi¢. Ich zapis jako reakcji
elektrochemicznych jest jedynie formalny jest jednak niezbedny dla pokazania na
diagramach Eh-pH. Cytowane na rys. 1 krzywe woltamperometryczne pirytu i
chalkopirytu wykazuja, ze ponizej objetosciowej reakcji X/X, nie obserwuje si¢
wzrostu pradu ponad prad utleniania tych mineratéw. Natomiast gwaltowny wzrost
pradu zachodzi po przekroczeniu potencjatu réwnowagowego reakcji (3). (Prosta
pionowa na rys. 1 pokazuje potencjal rownowagowy tej reakcji dla pH = 9,2.)
Zaproponowano hipotez¢ wedtug ktorej (Lekki, Chmielewski, 1990), (Chmielewski,
Lekki, 1993) Fe(OH),X powstaje w jedno-

elektronowej reakcji roztworowej:

FeOH' + X + H,0 = Fe(OH),X + H +¢; E°=-0,018 mV (5)

Gwaltowny wzrost pradu odpowiada reakcji rozktadu (3).

Spektralne (IR ATR) i dzetametryczne badania wodnych zawiesin etylowego
ksantogenianu zelaza (III) pozwolily wykaza¢, ze Fe(OH),X istnieje jedynie na
granicy faz FeX; lub X, (Lekki, 1997) lub na powierzchni pirytu (Fuerstenau, Mishra,
1980) i mozna go identyfikowac¢ jedynie dzetametrycznie.

Na rysunku 2 zestawiono identyfikowane przez Leppinena i in. (1989) produkty
sorpcji na powierzchni pirytu i chalkopirytu (rys. 2a) oraz wyniki pomiaréw kata
zwilzania na pirycie (Gardner, Woods, 1997) i chalkopirycie (Lekki, 1997) (rys. 2b).

Faza Fe(OH),X jest hydrofilna o czym $wiadczy wzrost katow zwilzania od
potencjatu réwnowagowego reakcji (3) (rys. 2b) na pirycie (z pracy Gardnera i
Woodsa (1977) w roztworze ksantogenianu o stezeniu 6,25-10° kmol/m’ oraz
pomiary na chalkopirycie w roztworze ksantogenianu 1-10~° kmol/m’® poniewaz
potencjatl rownowagowy tej reakcji nie zalezy od stgzenia. Prosta pionowa na rys. 2
pokazuje potencjal rownowagowy tej reakcji dla pH = 9,2. Z rys. 2b wida¢, ze
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mineraly uzyskuja hydrofobowos¢ dopiero przy potencjatach wyzszych od
rownowagowego reakcji (3).

Na rys. 3 zestawiono wyniki flotacji w funkcji stgzenia chlorku zelaza (II) ze
stezeniem rownowagowym Fe obliczonym dla reakcji rozktadu Fe(OH),X. Rysunek
jest doskonata ilustracja wptywu hydrofilnego Fe(OH),X na flotacj¢. Pokazuje on, ze
dopiero rozktad tej substancji dostarcza dwuksantogenu i flotacja staje si¢ mozliwa.

Rozktad Fe(OH),X w roztworach ksantogenianu odpowiada rownowadze reakcji
(4). Pomiary potencjatu dzeta pirytu w roztworach ksantogenianu etylowego w funkcji
pH (Fuerstenau, Mishra, 1980) wskazuja, ze zmiany te sa zblizone do obserwowanych
na FeX; (Lekki, 1989). Mozna je wigc przypisa¢ obecnosci Fe(OH),X na powierzchni.
Zmiany potencjatu dzeta w funkcji pH $wiadczace o chemisorpcji ksantogenianu
Fuerstenau i Mishra (1980) otrzymali w catym zakresie pomiarowym tj. do pH = 10,5
podczas kiedy obliczone dla reakcji (4) pH rownowagowe wynosi od 8,7 do 9,7 dla
stosowanych przez nich stezen ksantogenianu. Stanowi to przestanke do przyjecia
hipotezy Nowaka (1993) sorpcji obojetnej molekuty Fe(OH),X(aq) na powierzchni
pirytu. Za taka interpretacja przemawiaja tez dane pomiarowe Mielczarskiego (1986,
1987), ktory stwierdzit w pierwszych etapach sorpcji ksantogenianu na pirycie i
markazycie wigzanie ksantogenianu z atomami zZelaza bezposrednio na powierzchni
siarczku. Mielczarski (1986) polaczenia takie obserwowal przy pH wyzszych od
réwnowagowych reakcji (4). I tak na markazycie w roztworze ksantogenianu 5-10°
kmol/m’® o pH 10,1-10,2 po 30 min sorpcji pokrycie ksantogenianem wynosito 15%.
W tym zakresie st¢zen i pH zadna faza zawierajaca w swym skladzie ksantogenian nie
wystepuje.
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Rys. 2. Produkty identyfikowane na powierzchni Rys. 3. Uzysk pirytu w funkgji stezenia chlorku Zelaza
pirytu i chalkopirytu (z prac Leppinen i in., 1989, (II) w roztworze ksantogenianu etylowego o stgzeniu
Gardner, Woods, 1977) w roztworze ksantogenianu 2:107* kmol/m’ i pH = 5,3 (dane: M.C. Fuerstenau,
1-107 kmol/m®; pH=9,2 (a) oraz zaleznos¢ kata M.C. Kuhn, D.A. Elgillani, 1968). Prosta pionowa
zwilzania od potencjatu dla pirytu 0zNnaczono
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oraz dla chalkopirytu (badania wtasne) (b) réwnowage reakcji Fe(OH),X + 2H" = Fe** +0,5X,
+2H,0, 2pH = 7,6 — log[Fe*'] dla podanych warunkow

Procesy zwiazywania ksantogenianu do kompleksu powierzchniowego na
bornicie, chalkopirycie, markazycie oraz pirycie jako trojelektronowe nie moga
zachodzi¢. Ich zapis jako reakcji elektrochemicznych jedynie formalny. Cytowane na
rys. 1 krzywe woltamperometryczne wykazuja, ze ponizej objgtosciowej reakcji X /X,
nie obserwuje si¢ wzrostu pradu ponad prad utleniania tych mineratdow. Natomiast
zachodzi wtedy niewielka sorpcja ksantogenianu (krzywe; absorbancja—potencjat w
pracach: Richardson, Walker (1985) oraz Gebhard i in. (1985). W niniejszej pracy
przyjeto wige, ze rozktad hydrofilnych zwiazki powierzchniowych ksantogenianu
zelaza odstania powierzchnig ktéra jest hydrofobowa Iub powstaja na niej
hydrofobowe produkty sorpcji ksantogenianu. W zakresie dominacji jonow
ksantogenianu proces rozktadu zwiazkow powierzchniowych opisuje izoterma

O/(1 - O) exp(-2a06) = KQ exp(—nEr F/RT) (6)

gdzie state wynosza n =3, @=[X ][H'T", a =—6,5
W tabeli 3 podano produkty rozktadu oraz state K.

Tabela 3. Produkty rozk*adu komplekséw powierzchniowych
oraz ich sta*e K w rdwnaniu (6)

Kompleks Produkty K Nr
powierzchniowy rozktadu izotermy
Fe(OH),X-FeSy(p) | Fe(OH);, X, S 1.71-10% 9
Fe(OH),X-FeSy(m) | Fe(OH);, X, S 1,40-10% 10
Fe(OH),X-CuFeS, | Fe(OH)s, X, CuS, S 3,45-10% 11
Fe(OH),X-CusFeS; | Fe(OH);, X ,Cu,S, CuS | 1,20-10% 12

W zakresach dominacji dwuksantogenu oraz ksantogenianu miedzi (I) state
izotermy (6) wynosza: n =4, @=[H'T", a =-6,5
W tabeli 4 podano produkty rozktadu oraz state K.

Tabela 4. Produkty rozk®adu kompleksow powierzchniowych

oraz ich sta’e K w réwnaniu (6)

Kompleks Produkty % Nr
powierzchniowy rozktadu izotermy
Fe(OH),X FeSy(p) | Fe(OH)s, X, S 5,18-10% 13
Fe(OH),X FeS,(m) | Fe(OH);, Xy, S 2,28-10°! 14
Fe(OH),X CuFeS, |Fe(OH)s;, X,, CuS, S 2,30-10% 15
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Fe(OH),X CusFeS, | Fe(OH), X,,CuX, CuS | 1,30-1039| 16

FLOTOMETRYCZNA OCENA
ZWIAZKOW POWIERZCHNIOWYCH KSANTOGENIANU

Dopasowanie izotermy adsorpcji do zaleznos$ci uzysku w funkcji potencjalu
pozwala ujawni¢ dotychczas nie uwzglgdniane parametry to jest wielko$¢ flotowanych
ziarn oraz ich gegstos$¢. Rezultaty dopasowania izoterm do krzywych uzysk—potencjat
zebrano w tabeli 5.

Tabela 5. Wyznaczony z krzywych uzysk—potencja® stopiefl pokrycia powierzchni minera*ow
siarczkowych ksantogenianem etylowym niezbédny dla otrzymania 50% uzyskéw
oraz odpowiadaj'cy im wska¥Ynik flotometryczny Ls.

Dane literaturowe Wyznaczone @, oraz Ls,
Minerat | Klasa ziarn, D . e 6.=1-0 Nr
Literatura . Lso
mm mm 1zotermy

FeS, 0,043-0,1 0,072 | Fuerstenau, Mishra, 0,75 0,25 13 0,029
p=>5 0,3-0,42 0,36 | 1980 0,45 0,55 13 0,144

0,59-0,84 0,72 | Gebhardt i in., 1985 0,1 0,9 13 0,286

Richardson i in., 1985

CuFeS, 0,59-0,84 [ 0,715 | Richardson i in., 1985 0,1 0,9 11 0,229
p=42
CusFeS, 0,59-0,84 [ 0,715 | Richardson i in., 1985 0,15 0,95 16 0,286
p,=15,00
Cu,S 0,147-0,104 | 0,126 | Basilio i in., 1985 0,25 1 0,059
p=>57 0,3-0,42 0,36 | Gebhardt i in., 1985 0,70 1 0,169

0,59-0,84 [ 0,715 | Richardsoniin., 1985 [ >1,0 1 0,336
PbS 0,035 | Guy, Tharar 1984 0,05 2 0,023
p=1.55

W tabeli tej podano klas¢ ziarnowa flotowanego mineratu oraz $redni wymiar
ziaren. Wyznaczony stopien pokrycia powierzchni ksantogenianem - 6,
odpowiadajacy pigcdziesigcioprocentowym uzyskom. Dla galeny i chalkozynu jest to
stopien pokrycia powierzchni zwiazkiem powierzchniowym ksantogenianu za$ dla:
pirytu, chalkopirytu i bornitu jest to powierzchnia zajgta przez produkty rozktadu
hydrofilnych zwiazkéw powierzchniowych ksantogenianu tj. dwuksantogen dla
pirytu, markazytu 1 chalkopirytu (izotermy 13, 14), kowelin lub zwiazek
powierzchniowy ksantogenianu (izoterma 4) powstajacy na wydzielonym kowelinie w
reakcji rozktadu kompleksu powierzchniowego chalkopirytu (izoterma 11). Zwiazki
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powierzchniowe ksantogenianu oraz ksantogenian miedzi (I) na chalkozynie i
kowelinie, ktore sa produktami rozktadu kompleksu powierzchniowego bornitu
(izoterma 16).

Flotometria pozwala ilosciowo oceni¢ flotacjg. Opiera si¢ na empirycznej
zalezno$ci flotowalnosci grubych ziarn od ich gestosci w aparacie Hallimonda
(Drzymata, Lekki, 1980, 1989, 1989b).

Dp’ =L, (7)

Roéwnanie to jest spelnione rowniez w innych zmodyfikowanych flotownikach, w
tym flotownikach ze spiekiem porcelanowym (Drzymata i in., 1992). Poniewaz w
omawianych w niniejszej pracy eksperymentach flotowalnosci w funkcji potencjatu
stosowano takie flotowniki (za wyjatkiem flotacji PbS), za$ czas flotacji dobrano do
ilosci materialu, réwnanie flotometryczne mozna bylo zastosowa¢ do obliczenia
wskaznika L dla 50% wyniesienia.

Dp’=Ls, ®)

Obliczone wartos$ci Lsyp podano w ostatnim wierszu tabeli 5. Na rysunku 4
pokazano wskazniki flotometryczne Lsyp w funkcji stopnia pokrycia powierzchni
mineratow siarczkowych (z tablicy 5). Rysunek uzupeiniono o rezultaty flotacji
nieutlenionego chalkozynu z pracy Barzyk i in. (1981), w ktorej flotowano klasg
ziarnowa 60—75 pm.

Dla poréwnania na rysunku zaznaczono wskazniki flotometryczne odpowiadajace:
wyniesieniu mechanicznemu, maksymalne;j flotacji bezkolektorowej siarczkow i siarki
(Lekki, 1997), flotacji ksantogenianowej (Lekki, 1994) oraz flotacji dwuksantogenem
(Lekki, Drzymata, 1991).

Z rysunku jest widoczna korelacja pomigdzy wskaznikiem flotometrycznym
a stopniem pokrycia powierzchni siarczkow ksantogenianem. Przyjmujac liniowa
zalezno$¢ pomigdzy tymi parametrami, mozna na poziomie istotnosci 0,001 zalezno$é
ta opisa¢ rOwnaniem;

Lsy=-0,0368 +0,34160 9

o wspotczynniku korelacji » = 0,973.
Otrzymana korelacyjna zalezno$¢ pomigdzy wskaznikiem flotometrycznym
a stopniem pokrycia powierzchni siarczkow ksantogenianem wymaga wyjasnienia.

PROBA INTERPRETACIJI OTRZYMANE]J KORELACYJNEJ
ZALEZNOSCI WSKAZNIKA FLOTOMETRYCZNEGO OD STOPNIA
POKRYCIA POWIERZCHNI SIARCZKOW KSANTOGENIANEM

Dla rozwazanego w niniejszej pracy ukladu mineraly siarczkowe—roztwor
ksantogenianu etylowego maksymalne katy zwilzania zostaly wyznaczone przez



Zwiqzki powierzchniowe ksantogenianu 119

Warka i1Coxa (1934). Otrzymali oni maksymalny kat zwilzania rowny 60°+2
niezaleznie od mineratu siarczkowego, jego pochodzenia czy przygotowania
powierzchni do pomiaru. W pracy Lekkiego (1997) pokazano, ze roéwnanie
Philippoffa i in. (1952) prowadzi do zaleznosci:

1 —cosf, = O (1 —cosfnax) (10)

wiazacej kat zwilzania £ od stopnia pokrycia hydrofilnej powierzchni zbieraczem o
hydrofobowosci fax. Dla fhax 50° oraz 60° obliczono f,, dla rozwazanych mineralow
siarczkowych. Nastepnie z rownania Drzymaty (1994):

051D, 8 (1 = cos 3, )

| .
_(g TCDmaxppg -

I 3 2 By 1 3B,
—D gl —+cost& ——cos” =%~ 11
2 maxpwg[3 > 73 5 (11)

~0,251D} . (1 —cos g3, ) (% - Rpng =0

gdzie: Dp.x — $rednica ziarna, f; — kat odrywu, R — promien pe¢cherzyka, g —
przyspieszenie ziemskie, p, — ggsto$¢ ziarna, p, — gestos¢ wody, O — napigcie
powierzchniowe na granicy faz woda—pegcherzyk obliczono $rednice pojedynczych
ziaren D, ktére moga flotowac¢. Poniewaz pomigdzy Srednicami ziaren pojedynczych
a wskaznikiem flotometrycznym we flotacji ksantogenianem oraz dwuksantogenem
zbioru ziaren istnieje eksperymentalna zalezno$¢ (Lekki, 1997)

L, T T T T ]
-2
GCmM ™ FLQTACIA DWUKSANTOGENEM max X3 o.is
[PbS, CujS FeSp, CuFeSy | _’ ’
011"— @
(;l
FLOTACJA KSANTOGENIANOWA olou
(FESZ,CUFESZ) ‘
03+
0,2+
FLOTACJA BEZ-
KOLEKTOROWA d
~ e
__SIARCZKOW 1_S° Smmmzm D 0.13
01~ X
“ 8'.,//_,
o o' WYNIESIENIE MECHANICZNE
@ 0,022
0 |« 1 | 1 }

0,2 0,4 06 08 1,0
O

Rys. 4. Poréwnanie wskaznika flotometrycznego Lso w funkcji pokrycia
powierzchni mineratéw siarczkowych ksantogenianem
z dotychczasowymi wynikami flotacji bezkolektorowej, ksantogenianowej
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i dwuksantogenowej tych mineratéw (linig przerywana oznaczono flotacjg
bezkolektorowa siarczkoéw w funkcji pokrycia siarka z pracy Lekkiego1997

Lsomax = 6,944 p’(D; — 0,03)° (12)

mozna obliczy¢ wskazniki flotometryczne w funkcji pokrycia powierzchni
ksantogenianem dla zbioru ziaren. W rezultacie otrzymuje si¢ zaleznosci ktore w
postaci prostych oznaczonych jako; 50° oraz 60° pokazano na rys. 4. Jak widac na rys.
4 dane pomiarowe mieszcza si¢ w zakresach Ls, obliczonych dla maksymalnych
katéw zwilzania 50° oraz 60° a wigc w zakresach ktore odpowiadaja maksymalnym
katom zwilzania jakie otrzymuje si¢ prowadzac pomiary w roztworach buforowych
(pH = 9,2) w funkcji potencjatu.

PROBA OSZACOWANIA ODDZIALYWANIA POWIERZCHNI MINERALOW
SIARCZKOWYCH Z ROZTWOREM WODNYM
W ZALEZNOSCI OD STOPNIA POKRYCIA KSANTOGENIANEM

Przyjmujac, ze powierzchnia mineratow siarczkowych catkowicie pokryta
ksantogenianem oddzialuje z roztworem wodnym jedynie sitami dyspersyjnymi, w
rownaniu Fowkesa (1964):

ywcosﬂ:_yw+2(7/ds7/dw)l/2+N—He (13)

gdzie: %, = % — [le, ¥, — swobodna energia powierzchniowa ciata statego z filmem
wody, Ile — obnizka swobodnej energii powierzchniowej ciata statego %
spowodowana filmem wody, 5, — swobodna energia migdzyfazowa ciato state—woda,
%, — napigcie powierzchniowe wody, §— kat zwilzania nalezy przyja¢ N =0 oraz [le =
0.

Z kolei dla catkowitego pokrycia powierzchni ksantogenianem nalezy do
rownania (10) podstawi¢ S = 60° otrzymujac zalezno$¢ kata zwilzania od stopnia
pokrycia powierzchni mineratow siarczkowych ksantogenianem etylowym:;

cosfp=1-0,560 (14)

Przyjmujac ze pokryty ksantogenianem minerat oddziatuje z woda jedynie sitami
dyspersji i po wprowadzeniu dla wody wartosci 7. oraz #* otrzymuje si¢ zaleznos¢;

71=60,78 (2 - 0,50) (15)

pokazujaca, ze ze wzrostem stopnia pokrycia hydrofilnej powierzchni mineratow
siarczkowych ros$nie hydrofobowos$¢ powierzchni wywotana sitami dyspersji. Dla @ = 0
otrzymuje sie warto$¢ %’ = 243,12 erg/em’ powyzej ktorej, wedhug Laskowskiego
i Kitchenera (1969), ciata state sa hydrofobowe. Catkowite pokrycie powierzchni @ = 1
daje dla ksantogenianu etylowego 5’ = 136,76 erg/em’. Wartoé¢ ta wydaje si¢ realna,



Zwiqzki powierzchniowe ksantogenianu 121

biorac pod uwage regularny wzrost mierzonego kata zwilzania ze wzrostem dlugosci
fancucha weglowodorowego do 100° dla ksantogenianu posiadajacego 14 wegli. Dla
takiego kata zwilzania z rownania (10) otrzymuje si¢ %’ = 41,5 erg/em’ czyli wartosé
zblizong do parafin statych (Greenhill, McDonald, 1953).

WNIOSKI

e Fazy ksantogenianow metali: CuX oraz PbX, na powierzchni mineratow
siarczkowych sa hydrofobowe natomiast faza Fe(OH),X jest hydrofilna. Utworzenie
ksantogenianow metali jest poprzedzone utworzeniem zwiazkow powierzchniowych
ksantogenianu. Niezaleznie od mechanizmu tworzenia takich zwiazkéw mozna
przyja¢ sorpcje form rozpuszczalnych CuX(aq), PbX,(aq) oraz Fe(OH),X(aq) na
powierzchni z utworzeniem kompleksow powierzchniowych: CuX-CuS (na
chalkozynie), PbX,-2PbS (na galenie), Fe(OH),X-FeS, (na pirycie i markazycie),
Fe(OH),X-CuFeS, (na chalkopirycie) oraz Fe(OH),X-CusFeS; (na bornicie).
Zalozenie takie pozwala opisa¢ rownowage izoterma adsorpcji @/(1 — ©) exp(—2a ) =
KQ exp(nErp F/RT):

e Dopasowanie izoterm adsorpcji komplekséOw powierzchniowych na galenie
i chalkozynie do krzywych uzysk—potencjal pozwala wyznaczy¢ stopien pokrycia
ksantogenianem ich powierzchni niezbgdny dla otrzymania 50% uzyskow.

e Dopasowanie izoterm desorpcji kompleksow powierzchniowych na pirycie,
markazycie, chalkopirycie oraz bornicie do krzywych uzysk—potencjal pozwala
wyznaczy¢ stopien pokrycia powierzchni dwuksantogenem na pirycie, markazycie
i chalkopirycie oraz CuX na bornicie niezbgdny dla otrzymania 50% uzyskoéw (jako
powierzchni niezajgtej przez hydrofilny kompleks).

e Migdzy stopniem  pokrycia  powierzchni  mineralbw  siarczkowych
ksantogenianem a rozmiarami ziaren i ich ggstoscia istnieje zaleznos$¢ flotometryczna:
Dsop’
=Ls0=0,0368 + 0,3416.

e Dla doktadnego opisu roli zwiazkéw powierzchniowych we flotacji istnieje
koniecznos$¢ uwzglednienia rozmiaru flotowanych ziaren oraz ich gestosci.

e Wzrost  stopnia  pokrycia  powierzchni  mineratow  siarczkowych
ksantogenianem wywotuje wzrost oddziatywan dyspersyjnych zgodnie z
zalezno$cia: %
= 60,78 (2 - 0,50)".

Pracé zosta’a sfinansowana przez KBN, Grant Nr 9T 12A 031 09.
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Fizykochemiczne Problemy Mineralurgii, 32 (1998), 125-133

Beata CWALINA”, Stanistaw LEDAKOWICZ™, Heike FISCHER™™

WPLYW REGULACJI pH UKLEADU LUGUJACEGO
NA PRZEBIEG CHEMICZNEJ I BAKTERYJNEJ EKSTRAKCJI
NIKLU Z PENTLANDYTU

Badano przebieg chemicznej i biologicznej ekstrakcji niklu z pentlandytu (Ni,Fe)sSg i wykazano istotny
wplyw regulacji odczynu pH roztworu hugujacego na efektywnos¢ tych proceséw. Regulacja pH byta
korzystna w przypadku proceséw chemicznych (prowadzonych w warunkach sterylnych), kiedy nie
zachodza biochemiczne procesy utleniania siarki (uwalnianej z mineratéw siarczkowych) do kwasu
siarkowego, zuzywanego w chemicznych procesach roztwarzania siarczkow metali. Korekta pH nie jest
wskazana dla procesoOw przebiegajacych w obecnosci bakterii Thiobacillus ferrooxidans, ktérych
aktywno$¢ metaboliczna prowadzi do zakwaszania srodowiska tugowania.

WPROWADZENIE

Metodg bakteryjnego lugowania stosuje si¢ w wielu krajach do pozyskiwania
metali z niskoprocentowych rud i odpadow metalono$nych. Proces biotugowania
metali polega na ich ekstrakcji z nierozpuszczalnych zwiazkow, np. siarczkow lub
tlenkéw, w rezultacie przeksztatcania mineratow (gléwnie na drodze utleniania) z
udziatem bakterii w formy rozpuszczalne, np. siarczany (Karavaiko i in., 1972).
Mikro-
organizmami najcze¢sciej wykorzystywanymi w omawianym procesie sa kwasolubne,
autotroficzne bakterie siarkowe nalezace do gatunku Thiobacillus ferrooxidans.
Bakterie te czerpia energig potrzebna do wzrostu i rozmnazania z procesOw utleniania
jonu zelazawego i/lub nieorganicznych zwiazkéw siarki, w tym mineralow
siarczkowych. Wykazuja wyjatkowa tolerancje na wysokie st¢zenia jonéw metali w
srodowisku oraz na znaczne jego zakwaszenie (Groudev, 1979; Karavaiko, 1985;
Cwalina i Dzierzewicz, 1989; 1991). Istotna rolg¢ w przebiegu biotugowania
odgrywaja dwa mechanizmy: bezposredni, polegajacy na biochemicznym utlenianiu
siarki ze struktury mineratu siarczkowego z udzialem systemu enzymatycznego

"Katedra Biochemii i Biofizyki SAM, Narcyzow 1, 41-200 Sosnowiec.
“Katedra Inzynierii Bioprocesowej, Politechnika £.6dzka, Wolczyfiska 175, £.6dz.
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bakterii 7. ferrooxidans oraz posredni, polegajacy na chemicznym utlenianiu
mineratéw siarczkowych przez jony zelazowe wprowadzone do roztworu tugujacego
lub obecne w nim wskutek wczesniejszego wylugowania z mineratlow zawierajacych
zelazo, wystepujacych czgsto w naturalnych surowcach metalono$nych (Karavaiko i
in., 1972; Groudev, 1979; Cwalina i in., 1988; Cwalina i Farbiszewska, 1989).

Pentlandyt (Ni,Fe)oSg nalezy do gléwnych mineralow niklu. Powstaje wsrod skat
ultrazasadowych i zasadowych we wczesnym okresie krystalizacji magmy. Zblizone
promienie jondw niklu i Zelaza powoduja, ze na tym etapie krystalizacyjnym tworza
si¢ mineraly niklu i1 zelaza, w ktorych zawarto$¢ niklu jest zmienna. W pentlandycie
waha si¢ ona w granicach 10-42%, a stosunek zawarto$ci Ni:Fe najczg$ciej wynosi
1:1 (Chodyniecka i Zawislak, 1987). Domieszka czgsto wystepujaca w pentlandycie
jest kobalt, ktorego zawartos¢ moze dochodzi¢ do 25%. Z tego wzgledu minerat ten
moze by¢ traktowany takze jako zrédto kobaltu. Stosunek Ni:Co w pentlandycie
najcze¢sciej osiaga wartosci od 50:1 do 50:2 (Torma, 1988). Podczas biotugowania
pentlandytu w $srodowisku kwasnym, w obecnosci bakterii 7. ferrooxidans, nastgpuje
roztwarzanie mineratu zgodnie z reakcja (Torma, 1972):

(Ni,Fe)sSs + 17,6250, + 3,25H,S0, — 4,5NiSO, + 2,25Fe,(SO04); + 3,25H,0 (1)

Celem pracy bylta ocena wptywu regulacji pH roztworu tugujacego na przebieg
chemicznej i bakteryjnej ekstrakcji niklu z pentlandytu.

MATERIALY I METODYKA BADAN

W Dbadaniach wykorzystano naturalny pentlandyt wydobyty w Suddbury
(Kanada), zawierajacy 5,21% Ni, 51,10% Fe 1 0,25% Co. Stosujac metode
dyfrakcyjnej analizy rentgenowskiej stwierdzono, ze minerat zawiera takze nie w petni
stechiometryczny pirotyn Fe;Sg (Fischer, 1997). Badania bioekstrakcji niklu z
pentlandytu prowadzono w czasie 59 dni, w kolbach Erlenmeyera (poj. 500 cm’)
umieszczonych w termostatowanej (32°C), rotacyjnej wstrzasarce laboratoryjne;j.
Probki mineratu o rozdrobnieniu 63—200 pum wprowadzano do ukladow tugujacych
wilosci 1 g/100 cm’ roztworu, uzyskujac gesto$é pulpy 1% wag./obj. Jako roztwor
tlugujacy stosowano wode destylowana albo roztwor 9K (9g Fe*'/dm’), a takze
zmodyfikowany roztwér MOK, pozbawiony jonow zelaza. Roztwdér 9K, czyli
pozywka Silvermana i Lundgrena (1959), zawierat w 1dm® 3 g (NH,),SO4; 0,5 g
KH,POg; 0,5 g MgSO,, TH,0; 0,5 g H,SO4; 0,1 g KCI; 0,02 g Ca(NOs),, 4H,0; 44,2 g
FCSO4V 7H20

Procesy tugowania chemicznego prowadzono w uktadach sterylnych, do ktérych
dodawano 5 cm® 2% tymolu jako substancji bakteriostatycznej. Eugowanie bakteryjne
prowadzono w uktadach szczepionych bakteriami Thiobacillus ferrooxidans, szczep
DSM 583 (Braunschweig, Niemcy), do uzyskania ich koncentracji rzedu 10 komérek
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w 1 em’ roztworu. Tak w wariantach sterylnych, jak i bakteryjnych, doswiadczenia
realizowano z codzienna regulacja odczynu pH roztworu tugujacego do wartosci 2,5
lub bez regulacji pH.

Calkowite stezenia jonow niklu i zelaza w roztworach tugujacych oznaczano
metoda absorpcyjnej spektrometrii atomowej z zastosowaniem spektrofotometru AAS
UNICAM 939, a odczyn pH roztworéw badano za pomoca pehametru MV 88
(PRACITRONIC, Dresden).

WYNIKI I ICH OMOWIENIE

Procesy chemicznego lugowania niklu z pentlandytu prowadzono w wodzie
destylowanej lub w roztworze 9K, w warunkach codziennie korygowanego odczynu
pH (do wartosci 2,5) Iub bez jego regulacji. Lugowanie bakteryjne prowadzono z
udziatem bakterii T. ferrooxidans w zmodyfikowanym, bezzelazowym roztworze
MOK, takze w warunkach regulowanego lub nieregulowanego pH roztworu. Uzyskane
wyniki przedstawiono na rys. 1 i 2 w postaci dynamiki zmian st¢zenia niklu w kazdym
z badanych roztworow podczas trwania tugowania w warunkach regulowanego pH
(rys. 1) i bez regulacji pH (rys. 2). Na rys. 3 zilustrowano dynamike zmian pH w
uktadach tugujacych prowadzonych bez regulacji pH roztworu. Dane dotyczace
efektywnosci ekstrakceji niklu i zelaza po 59 dniach trwania procesow chemicznego
i bakteryjnego tugowania pentlandytu zamieszczono w tabeli 1, natomiast na rys. 4
przedstawiono efekt wzrostu wydajnosci ekstrakeji niklu z pentlandytu pod wptywem
dziatania bakterii 7. ferrooxidans.

Przebieg krzywych na rys. 1 wykazuje, ze w sterylnym ukladzie zawierajacym
zakwaszona (pH 2,5) wodg¢ destylowana nastgpowat sukcesywny, prawie liniowy
wzrost stgzenia jonow niklu, podczas gdy w sterylnym roztworze 9K o takim samym
odczynie pH nie obserwowano efektu wylugowania niklu az do 30 dnia trwania
procesu. Po tym czasie st¢zenie niklu w roztworze tugujacym szybko rosto dochodzac
do ok. 110 mg/l w 59 dniu tugowania.

Wyjasnieniem efektow obserwowanych w ukladach zawierajacych zakwaszona
wode destylowana lub pltyn 9K jako roztwor tugujacy moze by¢ rézny przebieg
reakcji zachodzacych w obu uktadach. W zakwaszonej wodzie moze przebiegac
proces tugowania chemicznego zgodnie z reakcja (Ehrlich i Fox, 1967):

2MeS + 02 + 2H2804 e 2MCSO4 + 2H20 +2S (2)

Systematyczne dostarczanie kwasu siarkowego do tego ukladu tugujacego
podczas korekty jego pH sprzyja procesowi uwalniania niklu i Zelaza z siarczkow (rys.
1; tabela).

W przypadku lugowania pentlandytu w roztworze 9K zawierajacym Fe*"
(9 g/dm®) nie obserwowano ekstrakcji niklu w poczatkowej fazie procesu, bo w tych
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warunkach kwas siarkowy mogt by¢ zuzywany w pierwszej kolejnosci na chemiczne
utlenianie jonu zelazawego (Fe*") do zelazowego (Fe’") zgodnie z reakcja (Letowski,

1975):

4FeSO4 + 02 + 2stO4 e d 2F62(SO4)3 + 2H20

)

a dopiero pdzniej powstajacy jon zelazowy mogt dziata¢ na mineral siarczkowy jako
efektywny utleniacz, powodujac jego roztwarzanie zgodnie z reakcja:

MeS + Fey(SO,); — MeSO, + FeSO, + S (4)
Tabela. Efektywnos$¢ chemicznego i bakteryjnego tugowania metali z pentlandytu
Table. Effectivity of chemical and bacterial leaching of metals from pentlandite
[%] metalu wylugowanego w czasie (dni)
Roztwor Regulacja . . . .
. Ni (15 Ni(30 Ni (45 Ni (59 Fe (59
hugujacy oH 1(15) (30 1(45) 1(59) e (59)
H,O (steryl.) + 5,6 10,2 12,5 14,3 11.5
- 3,6 4.4 5,8 6,4 5,1
9K (steryl.) + 5,7 5,8 15,1 21.1 9,1
- 4,2 4,6 5,9 10,3 5,7
MOK+T.f. + 19,1 22,9 24,6 26,9 7,4
- 21.1 36,1 46,1 52,9 6,4

+ codzienna regulacja odczynu do pH 2,5; — bez regulacji odczynu pH; (steryl.) — sterylny; T.f. — bakterie 7. Ferrooxidans.
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Rys. 1. Stezenie niklu w roztworach (9K — sterylny roztwor zawierajacy Fe?*, 9g/dm?;

W — sterylna woda destylowana; 7. ferrooxidans — roztwor szczepiony bakteriami,
bez jonéw Fe?*) podczas lugowania pentlandytu w warunkach regulowanego pH
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Fig. 1. Concentration of nickel in pH-adjusted solutions (9K — sterile solution containing Fe?",
9 g/dm®; W — sterile distilled water; 7. ferrooxidans — solution
inoculated with bacteria, without Fe*" ions) during the leaching of pentlandite

Szybkos¢ reakcji (3) jest generalnie niewielka i ro$nie istotnie ze wzrostem
stezenia Fe’” w roztworze (Pluskota i Zmudzifiski, 1969; Pesic i in., 1989). Taki efekt
mogl si¢ przyczyni¢ do obserwowanego na rys. 1 wzrostu stgzenia niklu,
wylugowanego z pentlandytu po 30 dniach trwania procesu.

W ukiadzie szczepionym bakteriami 7. ferrooxidans obserwowano jeszcze szybszy
przebieg ekstrakcji niklu z pentlandytu (rys. 1), gdyz w tych warunkach mogty zachodzi¢
wszystkie wymienione reakcje — od (1) do (4). Ponadto bakterie mogly przeprowadzaé
biochemiczne utlenianie jonu Fe*' i przez to wielokrotnie zwigkszaé szybkos¢ reakcji (3)
(Karavaiko, 1985; Pesic i in., 1989), a takze mogly utlenia¢ siarke elementarna powstajaca
w reakcjach (2) i (4), powodujac zwigkszenie puli kwasu siarkowego powstajacego w
tych warunkach zgodnie z reakcja (Lundgren 1 Silver, 1980; Karavaiko, 1985):

bakterie

S°+1,50,+ H,0O — H,SO, (5)

Roztwarzanie pentlandytu zgodnie z reakcja (1) oraz pirotynu zgodnie z reakcjami
(2) i (4), przy rownoczesnym przebiegu reakcji (3), prowadzilo do wzrostu st¢zenia
jonow zelazowych Fe** w roztworze. W przyjetych warunkach badan skutkowato to
wytracaniem si¢ wodorotlenkéw i hydroksysiarczanéw zelaza, w tym zlozonych
jarozytéw (Fischer, 1997). Mogly one powstawa¢ zgodnie z reakcja (Silberstein,
1984)

Fez(SO4)3 + Hzo —> Fe(OH)3,FC(OH)SO4,H[FC(SO4)2,7FG(OH)3] + stO4 (6)

(w ilosciach nierownowaznych) i maskowac powierzchni¢ tugowanego siarczku, a przez
to powodowac¢ zmniejszenie szybkosci bioekstrakcji niklu (rys. 1). Z tego wzgledu w
obecnosci bakterii 7. ferrooxidans nikiel ulegat wylugowaniu z najwigksza szybkoscia w
czasie pierwszych 15 dni trwania procesu, a nastepnie szybkos¢ procesu malata. W 59
dniu stezenie niklu w roztworze tugujacym MIK szczepionym bakteriami 7. ferrooxidans
wynosito ok. 140 mg/l i byto ok. dwukrotnie wigksze od st¢zenia tego metalu w ukladzie
ze sterylna, zakwaszona woda i niespetna poltorakrotnie wigksze od stezenia w sterylnym
roztworze 9K.

Odmienny przebieg ekstrakcji niklu z pentlandytu obserwowano w procesach
hugowania prowadzonych bez regulacji odczynu pH (rys. 2), przy czym poczatkowa
warto$¢ tego parametru procesu wynosita pH 2,5, Po 59 dniach trwania procesu
stwierdzano jedynie nieznaczne wylugowanie niklu zarowno w S$rodowisku sterylnej
wody destylowanej, jak i w sterylnym roztworze 9K. Biotugowanie niklu w obecnos$ci
bakterii 7. ferrooxidans przebiegalo intensywnie od poczatku procesu do 47 dnia jego
trwania. Ilo$¢ niklu uwolnionego z pentlandytu po 59 dniach trwania procesu w uktadzie
szczepionym bakteriami 7. ferroxidans byta przeszto pigciokrotnie wigksza od ilosci niklu
wylugowanego w uktadach bez bakterii (rys. 2). Wedlug danych literaturowych
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(Karavaiko, 1985), bioekstrakcja niklu z mineralow siarczkowych (pentlandyt, mileryt) w
obecnosci bakterii T. ferrooxidans moze by¢ 2—17 razy bardziej efektywna niz procesy
hugowania chemicznego.

Wyniki badania pH roztworéw tugujacych w uktadach bez regulacji odczynu pH
wykazaly, ze w sterylnej wodzie oraz w sterylnym roztworze 9K w czasie pierwszych

300 L . W *T ferrooxidans

t/d

Rys. 2. Stezenie niklu w roztworach (9K — sterylny roztwor zawierajacy Fe?*, 9 g/dm’;
W — sterylna woda destylowana; 7. ferrooxidans — roztwor szczepiony bakteriami,
bez jondéw Fe®") podczas tugowania pentlandytu bez regulaciji pH
Fig. 2. Concentration of nickel in solutions (9K — sterile solution containing Fe**, 9 g/dm?;
W — sterile distilled water; 7. ferrooxidans — solution inoculated with bacteria,
without Fe?" ions) during the leaching of pentlandite without pH-adjustment
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Rys. 3. Zmiany pH roztworéw (9K — sterylny roztwor zawierajacy Fe*, 9 g/dm?;
W — sterylna woda destylowana; 7. ferrooxidans — roztwor szczepiony bakteriami,
bez jonéw Fe?*) podezas tugowania pentlandytu bez regulacji pH
Fig. 3. Changes of pH in solutions (9K — sterile solution containing Fe**, 9 g/dm?;
W — sterile distilled water; T. ferrooxidans — solution inoculated with bacteria,
without Fe*" ions) during the leaching of pentlandite without pH-adjustment
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Rys. 4. Wzrost efektywnosci ekstrakcji niklu z pentlandytu, zwiazany z aktywnoscia bakterii 7.
ferrooxidans w uktadach lugujacych prowadzonych z korekta pH (--0--) i bez korekty pH (--+--)
Fig. 4. Increase in efficiency of nickel extraction from pentlandite, connected with activity of bacteria 7.
ferrooxidans in leaching systems with pH-adjustment (--o--) and without pH-adjustment (--+--)

2-3 dni nastgpowal wzrost pH od wartosci 2,5 do 4,5-5 (rys. 3). W kolejnych 2-3
dniach stwierdzano nieznaczne zmniejszenie pH, a potem odczyn nie ulegal juz
zmianom az do konca procesu prowadzonego w uktadzie z woda destylowang oraz do
40 dnia tugowania w sterylnym roztworze 9K, w ktorym pdzniej nastgpowat
sukcesywny spadek pH do pH ~2,7 w 59 dniu trwania procesu. W ukladzie
szczepionym bakteriami 7. ferrooxidans obserwowano wahania pH w zakresie od 2,1
do 3,2. Stwierdzone zmiany odczynu pH w uktadach tugujacych prowadzonych bez
regulacji kwasowos$ci roztworu (rys. 3) moga stanowi¢ przyczynek do wyjasnienia
przebiegu ekstrakcji wtych warunkach niklu z pentlandytu (rys. 2) — przy
uwzglednieniu reakcji opisanych réwnaniami od (1) do (6). Wzrost pH w pierwszych
trzech dniach lugowania chemicznego (w wodzie i roztworze 9K) byl zwiazany z
obecnoscia w tugowanym materiale domieszek o charakterze alkalicznym. W ztozu
Suddbury okruszcowane sa bowiem roznorodne skaly zasadowe (Chodyniecka i
Zawislak, 1987). Ich neutralizacja w tugowanym materiale pochodzacym z tego ztoza
powodowata zuzycie duzej ilosci jonéw H™ w poczatkowej fazie procesu. W
warunkach niedoboru kwasu nie byto mozliwe efektywne, chemiczne roztwarzanie
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pentlandytu w srodowisku kwasnym (reakcje 1 i 2). Znalazlo to odbicie w przebiegu
krzywych W i1 9K na rys. 2. W sterylnym roztworze 9K istniaty jednak warunki
umozliwiajace powolny przebieg reakcji 3. Bedacy jej produktem siarczan zelazowy
mogl ulega¢ hydrolizie zgodnie z reakcja 6. Powstajacy w tej reakcji kwas siarkowy
mogt powodowac spadek pH obserowany po 40 dniach trwania procesu (rys. 3), gdyz
W tym czasie w analizowanym ukladzie lugujacym nie wystgpowaly czynniki
powodujace zuzywanie jonébw H' — nie przebiegaty reakcje (1) i (2) i brak byto
substancji o charakterze alkalicznym. Zakres wahan wartoéci odczynu pH w uktadzie
szczepionym bakteriami 7. ferrooxidans potwierdza, ze taki uktad moze by¢ systemem
samobuforujacym si¢ w warunkach umozliwiajacych przebieg reakcji (1)—(6)
(Karavaiko, 1985).

Wyniki przedstawione w tabeli pokazuja, ze efektywno$¢ chemicznego tugowania
niklu i zelaza z pentlandytu byta wigksza w procesach prowadzonych z korekta
odczynu pH, natomiast lugowanie biologiczne przebiegato z wigksza wydajnoscia
w uktadach, w ktorych nie regulowano kwasowosci roztworu.

Bezposredni wplyw bakterii na ekstrakcj¢ niklu z pentlandytu oceniano na
podstawie roznic migdzy efektywnos$cia procesu tugowania biologiczno-chemicznego
(w uktadzie M9K + T. ferrooxidans) i chemicznego (w roztworze 9K), prowadzonych
w warunkach regulowanego i nieregulowanego odczynu pH (rys. 4). W ukladach
z regulowana kwasowos$cig obserwowano korzystne dziatanie bakterii do 30 dnia
trwania procesu, a nastgpnie stwierdzano malejacy udzial bakterii w koncowym
efekcie wylugowania niklu. Udzial bakterii w uwalnianiu jonoéw niklu z pentlandytu
byt istotny w catym przebiegu procesu przebiegajacego bez korekty pH. Efekty te
moga byC¢ wyjasnione przebiegiem procesOw uprzednio juz omowionych,
uwzgledniajacych reakcje od (1) do (5). W szczegdlnosci, zmniejszanie si¢ réznicy
migdzy wydajnoscia bakteryjnej i chemicznej ekstrakcji niklu z pentlandytu po 30
dniu jego lugowania w warunkach regulowanego pH (rys. 4) bylo spowodowane
wzrostem (w tym samym czasie) efektywnos$ci procesu lugowania chemicznego w
roztworze 9K (rys. 1).

WNIOSKI

1. Wykazano istotny wptyw korekty odczynu pH roztworu tugujacego na
efektywnos$¢ chemicznej i biologicznej ekstrakcji niklu z pentlandytu (Ni,Fe)oSs.

2. Efektywnos$¢ chemicznego tugowania niklu byta ok. 2 razy wigksza w
procesach prowadzonych z korekta odczynu pH (do pH 2,5) niz w procesach
prowadzonych bez regulacji tego parametru.

3. Lugowanie biologiczne w obecnosci bakterii Thiobacillus ferrooxidans
przebiegato z dwukrotnie wigksza wydajnoscia w uktadach, w ktérych nie regulowano
kwasowosci roztworu.

4. Stwierdzono, ze regulacja pH moze by¢ korzystna dla procesow chemicznych
prowadzonych w warunkach sterylnych, gdyz wtedy nie =zachodza procesy
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biochemicznego utleniania siarki (uwalnianej z mineratow siarczkowych) do kwasu
siarkowego, ktory jest zuzywany w chemicznych procesach roztwarzania siarczkow
metali.

5. Korekta odczynu pH nie jest wskazana dla procesow tugowania prowadzonych
w obecnosci bakterii 7. ferrooxidans, ktéorych aktywno$¢ metaboliczna wywotuje
efekt zakwaszania srodowiska tugowania.
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Cwalina B., Ledakowicz S., Fischer H., Effect of pH-adjustment in leaching solution on chemical and
bacterial extraction of nickel from pentlandite. Physicochemical Problems of Mineral Processing, 32,
125-133 (in Polish)

The influence of pH-adjustment in leaching solution on chemical and biological extraction of nickel
from pentlandite (Ni,Fe)ySg has been investigated. It was demonstrated that regulation of pH may be
favourable for chemical processes carried out in sterile conditions, when biochemical processes of
sulphur oxidation to sulphuric acid do not take place. Adjustment of pH in the leaching systems is not
recommended in processes carried out in the presence of bacteria Thiobacillus ferrooxidans because
bacterial metabolic activity contributes to acidification of leaching environment.
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ENRICHMENT OF ABU-TARTUR PHOSPHATE ORE WASTES

In this work, the amenability of upgrading the reject generated from beneficiating Abu-Tartur phosphate
ore by magnetic separation was investigated by two methods: leaching with acetic acid solutions and froth
flotation. The reject is characterized by its ferriferous dolomite impurities. To optimize the leaching process,
the effects of grain size, acetic acid concentration, acid/solid ratio and the reaction time on loss on ignition
percent were investigated. The results of this series of experiments gave unsatisfactory results. Separation of
phosphate minerals from the associated impurities has been successfully achieved by flotation. The
studied parameters such as particle size distributions, conditioning time, mode of collector addition and
depressant type were investigated to reach optimum conditions. The experimental results show that, it is
possible to obtain phosphate concentrate assaying 30% P,0s and 0.75% MgO with P,Os recovery of
about 75% from a feed assaying 23% P,0s and 3.77% MgO.

INTRODUCTION

For many years the mining industry has considerable interest in reprocessing the
wastes of mineral processing plants. The most satisfactory way of dealing with wastes
is to make positive use of them, such as reprocessing in order to recover additional
values.

Abu-Tartur phosphate (Egypt) beneficiation process discards large amount of
phosphate tailings as magnetic wastes and slimes. These wastes represent about 20%
of the run-of-mine ore. Out of this, the magnetic waste assays about 23% P,Os and
comprises about 10% of the mined P,Os value (Abu-Tartur, 1990). Therefore,
recovery of phosphate values from those tailings would provide additional substantial
amount of phosphate values annually. These tailings consisted mainly of ankerite,
dolomite and pyrite in addition to phosphate minerals. The dolomitic impurities cannot
be reduced by conventional techniques to produce concentrates containing less than
1%MgO.
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University, Suez, Egypt.

“Mining and Metallurgy Engineering Department, Faculty of Mining Engineering, Assiut
University, Egypt.



136 A.A.S. SEIFELNASSR, A.A. AHMED

Several efforts to eliminate the dolomtic impurities from phosphate ores have been
reported. These efforts are concerned with the application of calcination, flotation,
acid washing, and magnetic separation. Although calcination is one of the better
known processes (Zafar et al., 1995; Kaljuvee et al., 1995) it suffers from several
serious drawbacks, among which are the high energy needed as well as the low
reactivity of the end product (Bibawy, Yousef, 1983; Elgillani, Abouzied, 1993). In
order to avoid the physico-chemical changes in the nature of the phosphate minerals as
well as the problems encountered in using this product, flotation of carbonates from
calcareous phosphate ores may be more beneficial. Also, acid washing process can be
applied successfully in this respect.

Extensive research work on flotation behavior of carbonates from phosphate
minerals has been conducted under various experimental conditions (Elgillani,
Abouzeid, 1993; Moudgil, Chanchani, 1985; Houot et al., 1985; Anazia, Hanna, 1988;
Acarkan et al., 1992; Rao et al., 1985; Houot). Some other attempts concerning the
flotation of carbonates from phosphate ores, using anionic, cationic and amphoteric
collectors in both acid and basic environments have been also reported (Moudgil,
Chanchani, 1985; Houot et al.. 1985). Theoretical contribution (Elgillani, Abouzeid,
1993) based on thermodynamic analysis of phosphate—carbonate—water system
showed that it is possible to float carbonates from phosphates in acidic media (pH =
5.8) using an oleate collector in the presence of phosphate and calcium precipitating
and complexing ions. The theoretical concept was confirmed experimentally using
pure minerals. Also different Egyptian calcitic-dolomitic phosphate ores were
successfully upgraded by flotation in acidic media (Mostafa et al., 1980; Orphy et al.,
1969; Orphy et al., 1968; Abouzeid et al., 1992; Abdel, 1994; Taha et al., 1977;
Abdel-Hamid, 1989; Ramadan et al., 1995; Boulous et al., 1994; El-Shafei, Abu-
Gharib, 1977; Mostafa et al., 1980).

Some low grade calcareous phosphate ores around the world were treated by
acid washing with dilute acetic acid solutions (Abu-Eishah et al., 1991; Abu-Eishah
et al., 1991; Ahmed, 1996). The technique of acid washing for the reduction of
carbonates content of phosphate ores was proposed by some authors (Sadeddin,
Abu-Eishah, 1990). This technique is based on using dilute acetic acid solutions as
a leaching agent for the calcium carbonates without affecting the phosphate mineral
itself. Abu-Eishah et al. (1991) reported the reasons of why acetic acid is preferable
than other acids. From these reasons, acetic acid is a weak organic acid whose salts
are highly soluble in water and are easily separated from the benefeciated solid
phosphate product by filtration. Also the dilute acid will be less destructive if some
of the produced acetate solution is added to the reaction solution or recycled to the
process. They also explained the routes for the recovery of acetic acid from acetate
solutions.

In this work, both acid washing and flotation approaches were applied to upgrade
the phosphate wastes (the magnetic stream) produced from the high gradient magnetic
separator (HGMS) at Abu-Tartur mine to obtain acceptable phosphate product.
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EXPERIMENTAL

Materials

Test sample. A representative sample was collected from the magnetic fraction of
the high gradient magnetic separator (pilot plant) at Abu-Tartur mine. The received
sample has a particle size of 82% — 200 um. The chemical analysis of the received
sample is shown in Table I. The X-ray diffraction (XRD) analysis of the sample
showed that mineralogical constituents of the waste sample are mainly appatite,
ankerite, quartz and pyrite.

Leaching reagents. Glacial acetic acid was used for acid washing tests.

Flotation reagents. Oleic acid and MIBC were used as collector and frother
respectively, sulphuric acid, phosphoric acid and mixture of them (1:1) were chosen as
pH regulators and depressants for phosphate minerals.

Table 1. Chemical analysis of the head sample

Component % Component %
P,05 232 Na,O 0.88
CaO 42.69 K,0 0.09
MgO 3.77 L.OI 16.24
AlLO; 0.64 LR. 2.71
Fe 05 1.35

Procedure

The dissolution tests were carried out in a glass reactor of 1000 cm® capacity. The
pulp was stirred with a variable speed mechanical stirrer fitted with a stainless steel
impeller. At the beginning of each run a known weight of the phosphate sample was
added to known weight and concentration of diluted acetic acid solutions in a
continuous stirred reactor vessel. The reaction has been conducted for a specified time
at room temperature. After the completion of each leaching run the content of the
reaction vessel was then filtered and washed with water to remove any soluble matter.
The solid leached residues were dried and analyzed for its loss on ignition (L.O.I)
percent as a quick assessment for the amount of carbonates in the sample.

The flotation experiments were carried out as follows: 100 grams of the
undeslimed sample were added to 1000 cm® of tap water in a Denver sub-aeration
flotation machine of 1 litter capacity. pH of the slurry was adjusted at pH value of (5.8
during conditioning and flotation by adding the phosphate depressant and pH
controlling reagents. It is worth to mention here that the pulp pH remains nearly
constant during flotation tests. This may be due to the fact that ankerite is an inert type
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of carbonate. The collector dosage (oleic acid) was added in stages after conditioning
the pulp for two minutes and the pulp was further conditioned for anther two minutes
in absence of air flow. One minute before flotation two drops MIBC were added as a
frother. Then air flow was opened and the flotation continued until barren froth was
observed (2—3 minutes). Both the carbonate float and unfloated phosphate concentrate
were filtered, washed, dried, weighed and analysed. It is worth to mention here that
the loss on ignition (LOI) was used as a fast and convenient assaying parameter to
assess the carbonate content in both carbonate float and phosphate concentrate.

RESULTS AND DISCUSSION

Acid washing

The experiments were carried out batchwise to investigate the influence of
different parameters such as particle size, concentration of acid solutions, liquid/solid
ratio and leaching time on the dissolution of carbonates from the dolomitic phosphate
ore.

The effect of particle size on leaching process was investigated using three

representative samples of the feed ground to 82% — 200 pum, 100% — 200 pm and
100%
— 160um. The results showed that fine grinding to — 160um decrease the loss on
ignition only by about 2%. The samples of 82% — 200um was found to be sufficient
for all subsequent experiments. The increase of the acetic acid upto 14%, had
negligible effect on the rate of leaching. This may be attributed to the fact that the ore
is dolomitic whose reactivity with acetic acid solutions is poor. Moreover, the effects
of both liquid/solid ratio and the reaction time on the leaching process were studied
and found to have insignificant effects on the dissolution rate of carbonates from the
phosphate waste sample.

In conclusion, the treatment of the given phosphate waste sample by acetic acid
leaching is not technologically feasible. Therefore, an alternative approach, flotation,
is suggested and investigated in order to upgrade the magnetic wastes. The results of
these investigations are described in the following section.

Flotation results

It is worth mentioning that the test sample contains a very low percentage of clays
(Table 1). Therefore, the feed samples were subjected to the flotation tests without
desliming.

For most of the tests reported herein, various parameters were fixed unless
otherwise stated. The mixture of phosphoric acid and sulphuric acid (1:1), for
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example, was used as pH regulator and depressing agent for phosphate minerals. The
particle size of the sample was 92% passing 200 microns sieve, impeller speed was
1200 rpm and conditioning time was 2 minutes.

Effect of particle size

Size distribution of the material being floated is important in determining
flotation performance. The preliminary flotation tests conducted with the as-received
sample (82% — 200) um) gave very poor flotation results. Therefore, the waste
phosphate sample was further ground to different size distributions (Table 2) in order
to achieve better liberation of phosphates from the associated gangue materials. The
results of these experiments are presented in Figures 1 and 2. Figure 1 shows that the
carbonate recovery was enhanced markedly by reducing the particle size of the feed
material. Figure 2 depicts the relationship between the loss on ignition and the feed
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Fig. 1. Effect of particle size distribution on carbonate recovery

particle size in terms of percent of —200 um size fraction which is taken as a measure
of carbonate content of the floated material. It is clear that the selectivity of carbonate
flotation is highly improved when the grinding was just enough to liberate the
phosphates from other minerals which was reached at 92% 200 pm. Further
grinding led to abrupt decrease in the selectivity of carbonate flotation and, hence,

decreased the grade and recovery of the phosphate concentrate as a result of bulk
flotation beyond the optimum liberation size.
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Table 2. Particle size distribution of different grinding times

Size fraction, Weight, %
pm As-received 5 min 10 min 20 min
+200 17.97 7.64 4.40 1.10
-200 + 100 41.36 34.50 20.72 5.16
—100 + 63 28.47 23.82 12.02 6.32
—63 +32 3.48 16.24 12.18 13.46
-32 8.72 17.80 50.68 73.96
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Fig. 2. Effect of particle size on loss on ignition of floated
carbonates from the phosphate wastes
(at 2.5 kg/t collector dosage)

From the above discussion, the size distribution of the sample 92% — 200 pm
could be taken as an optimum grinding for flotation of the given material. Hence, all
subsequent experiments were carried out with the material of that specific particle size
distribution.

Effect of conditioning time

Studies to date have revealed that conditioning time plays a very important role in
flotation. Tests conducted (at a collector dosage of 2.5 kg/t) to determine the influence
of conditioning time on flotation behaviour of carbonates from phosphates yielded
somewhat surprising results. It was found that the flotation recovery of carbonates
remained relatively constant for all conditioning times tested. Also, the conditioning
time appears to have no effect on the selectivity of carbonate flotation. Since the
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phosphate mineral is depressed by sulphuric acid—phosphoric acid mixture, it could be
hypothesized that the collector (oleic acid) adsorbs immediately on the carbonate
surfaces in a very short time and stays on the surface, as long as conditioning is on,
without change. This may be attributed to the higher affinity of oleate collector to be
adsorbed onto carbonate surfaces.

Effect of the mode of collector addition

Two sets of experiments were carried out at different modes of collector addition
to the feed slurry to determine their effects on the flotation behaviour of carbonate
gangue material. In the first set, the oleic acid (collector) was added to the feed slurry
all at once (batch). While in the second set, the dosage of oleic acid was added in
stages to the feed pulp. After each addition of collector amount and conditioning, the
air valve was opened and the flotation continued until barren froth was observed.
Then, another amount of collector was added, conditioned and floated until barren
froth was obtained, and so on. In both sets of experiments, the required collector
dosage was kept constant. The results of these experiments are given in Figures 3, 4
and Table 3. It can be seen from Figure 3 that beyond about 1.5 kg/ton of oleic acid
addition, the flotation recovery of carbonate material was significantly enhanced
through the addition of oleic acid in stages. For instance flotation recovery of only
23% was obtained when an oleic acid dosage of 2.5 kg/ton was added all at once as
compared with 36% resulted from the same oleic acid dosage of 2.5 kg/ton added in
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Fig. 3. Effect of mode of collector addition on the carbonate recovery
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stages to feed pulp. The selectivity of carbonate flotation was also improved as shown
in Fig. 4, when the collector dosage added to the feed slurry in stages. The superiority,
in terms of carbonate flotation, of adding the collector dosage in stages could be
interpreted as follows: The highly reactive surfaces of carbonate particles adsorb
rapidly the collector (oleic acid) molecules. Moreover, there could be less share of
collector between the highly reactive surfaces. Also, there will be less chance of
reaction between collector ions and heavy metal ions (e.g., Ca’" and Mg”") in the
system which leads to the formation of heavy metal-oleate complexes. The
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Fig. 4. Effect of mode of collector addition on the loss of ignition
of floated carbonates from the phosphate wastes

phenomenon of forming heavy metal-oleate complexes, which will precipitate

afterwards, may be more enhanced in the case of adding a large amount of collector to the
feed slurry at once (batch).

Table 3 : Effect of the mode of collector addition on the flotation process

Collector Batch addition Stage wise addition
dosage, kg/t
Floats Non floats Floats Non floats
Yield, % | L.O.1% | Yield, % | L.O.1% | Yield, % | L.0.1% | Yield, % [ L.O.1%
0.5 8.06 21.31 91.94 16.10 8.06 21.31 91.94 16.10
1.5 19.7 24.10 80.30 14.64 20.03 27.49 79.97 13.75
2.5 23.3 33.13 76.70 11.45 36.07 33.30 63.93 7.01
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3.5 | 2402 | 3211 | 7598 | 1156 | 3750 | 3239 | 6250 [ 6.97

Effect of depressant type

To determine the effect of depressant type, a series of tests was performed. The
results are presented in Figure 5, 6 and Table 4. It is obvious that the flotation
performance of carbonate (in terms of grade) followed the order: H;PO4 > mixture
(1:1) of H;PO4 and H,SO,4 > H,SO,4 up to the reasonable collector dosage (2.5 kg/t).
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Fig. 5. Effect of depressant type on the carbonate recovery
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Fig. 6. Effect of depressant type on the L.O.1. of the floated carbonates
from the phosphate wastes
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Similar results (Abouzeid et al., 1992; Abdel, 1994; Taha et al., 1977, Abdel-
Hamid, 1989; Ramadan et al., 1995) concerning other calcareous and/or dolomitic
phosphate ores were obtained. It is suggested that the aqueous CaHPO, is most
probably the species responsible for apatite depression. Using H,SO4 as a depressant
will result in precipitating or complexing part of the free dissolved calciumion. This
will reduce the concentrations of aqueous CaHPO, and depression of phosphate in the
presence of H;PO,4 will be better than their depression action in the presence of H,SO4
(Elgillani, Abouzeid, 1993). In practice, mixed solutions of H3PO,/H,SO, could be
used during conditioning and flotation in order to reduce the cost of using the
expensive H;PO4 alone.

Collector

dosage, kg/t  Table 4. Effect of depressant type on the flotation process

Floats Non floats
Yield, % LOI, % Yield, % L.O.I,%
Depressant type: sulphuric acid
8.17 20.18 91.83 16.17
17.89 29.74 82.11 13.62
26.39 31.77 73.61 11.75
29.08 31.62 70.92 10.3
31.6 31.68 68.4 9.48
31.8 31.65 68.2 9.43
Depressant type: phosphoric acid
0.5 7.38 22.45 92.26 16.03
1.0 19.01 3273 80.99 12.69
1.5 23.42 33.33 76.58 11.35
2.0 33.6 34.0 66.4 7.64
2.5 37.05 32.05 62.95 7.35
3.0 46.55 28.77 53.45 5.8
Depressant type:mixture of sulphuric and phosphoric acids (1:1)
0.5 8.06 21.31 91.94 16.1
1.0
1.5 20.03 27.49 79.97 13.74
2.0
2.5 36.07 32.32 63.93 7.57
3.0 37.5 32.40 73.81 6.96

In our case of using H;PO, alone a phosphate concentrate assaying 30.1% P,0Os (at
P,0Os recovery of 75.3%) and 0.75% MgO was obtained from a feed material assaying
23% P,0s and 3.77% MgO. The phosphate concentrate results from using H,SO, as
depressant, assayed 25.5% P,0s with P,Os recovery of 77%. When 1:1mixture of
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H;PO4and H,SO, was used the resulted phosphate concentrate assayed 27% P,0s with
P,0Os recovery of 75%. XRD analyses of the phosphate product and the tailings
produced from flotation tests conducted using H3;PO, as an apatite depressant showed
that ankerite is almost removed from the feed material. This is a further confirmation
of the chemical analysis of test products.

In summary, the test sample was ground to attain different size distributions. The
optimum grind size was that of 92% — 200 microns. Oleic acid was used as a collector
at various dosage levels and the optimum dose was about 2.5 kg/t. Several acidic
depressants were tested to enhance the flotation response of carbonates from the
phosphate values. All of the depressants improved the yield significantly, but the
influence on the grade was different. On the basis of the above flotation conditions, it was
possible to obtain a final phosphate concentrate with grade of 30.1% P,Os and 0.75%
MgO and recovery of 75.3% P,Os from undeslimed feed assaying 23% P,Os and 3.77%
MgO.

CONCLUSIONS

The main features revealed in this study can be summarized as follows:

The amenability of reprocessing the phosphate wastes of Abu-Tartur mine generated
from the magnetic separation process is very low when the wastes are leached with acetic
acid solutions due to the poor reactivity of ferriferous dolomite with acetic acid.

Selective flotation of carbonate gangue material (mainly ankerite) from Abu-
Tartur phosphate wastes (magnetic fraction from HGMS) using oleic acid as a
collector has been successfully attempted by depressing the phosphates with
phosphoric acid, sulphuric acid or a mixture of phosphoric and sulphuric acids.

For efficient use of flotation process to upgrade the phosphate waste, grinding to
about 92% — 200 pum is required for adequate liberation of phosphates from its
associated gangue minerals.

It was found that the mode of collector addition to slurry has an important effect on
the performance of carbonate flotation. When compared with adding the collector dosage
all at once, stage wise addition of the collector dosage gave superior flotation results.

Conditioning time has no influence on carbonate flotation. The optimum conditions
under which an acceptable phosphate concentrate was obtained are : 92% — 200 um
particle size, two minutes conditioning time, 2.5 kg/ton collector dosage at pH value of
5.8. It was possible to obtain a phosphate concentrate of grade of 30% P,Os and 0.75%
MgO with recovery of 75% P,0Os from the feed containing 23% P,Os and 3.77% MgO.
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Badano mozliwo$¢ wtornego wzbogacania odpadéw powstatych z separacji magnetycznej
fosforytow ze zloza Abu-Tatur przez zastosowanie tugowania kwasem octowym i na drodze flotacji.
Odpad charaketryzuje si¢ tym, ze zawiera zwiazki zelaza oraz dolomit. Dla zoptymalizowania procesu
tugowania badano wplyw takich parametréow jak wielko$¢ ziarn, stgzenie kwasu octowego, stosunek
ilo$ci kwasu do zawarto$ci czgsci statych oraz czas tugowania. Miarg przebiegu procesu byta wielkosc¢
strat prazenia. Przeprowadzone badania tugowania nie daly zadawalajacych wynikéw. Dobre wyniki
uzyskano przy separacji fosforytdow od towarzyszacych zanieczyszczen na drodze flotacji. Dla
zoptymalizowania warunkéw prowadzenia procesu przebadano wptyw nastepujacych parametrow: sktad
ziarnowy, czas mieszania, sposob dozowania odczynnikéw oraz rodzaj stosowanych depresoréw. Wyniki
badan wskazuja, ze znadawy o zawartosci 23% P,Os i1 3,77% MgO istnieje mozliwos$¢ otrzymania
koncentratu fosforytowego zawierajacego 30% P,Os przy zawartosci MgO 0,75% i uzysku 75% P,0s.
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THERMOGRAVIMETRIC BEHAVIOUR
OF SOME TURKISH LIGNITES OF DIFFERENT SIZES

In this study, thermogravimetric behaviour of Soma and Tuncbilek lignites of Turkey, and the effect
of different particle sizes on thermal properties of these lignites were investigated. Samples were firstly
crushed by jaw crusher under close control and four different size fractions were obtained. By using
approximately 10 mg samples, non-isothermal thermogravimetry (TG/DTG) experiments were carried
out in a temperature range of ambient to 900 °C in air atmosphere. Linear heating rate of 10 °C/min and
air flow rate of 5 ml/min were chosen as operating parameters. Peak and burn-out temperatures were
slightly decreased as the particle size decreased. Kinetic parameters of the samples were obtained from
differential thermogravimetric data by using an Arrhenius type reaction model. TG/DTG thermograms of
both samples showed two reaction regions at two different temperature ranges; first region was found to
be due to the combustion of carbon part of the samples, and the second region was due to the
decomposition of the mineral matter in the samples. Lower activation energies were found for Soma
samples than Tuncbilek samples. Particle size had almost no effect on the activation energies in the major
combustion region of the both samples. Thermogravimetry was found to be very suitable for combustion
characterization of coal samples.

INTRODUCTION

Turkey has approximately 0.2% of the world total lignite reserves and the uses of
lignites are mainly for power generation by thermo-power plants, household heating,
and other industrial branches. In our country, electricity is produced by thermo and
hydro-power plants, and 52% of the total production is obtained by thermo-power
plants. Around 52% of the thermo-power plants of Turkey is lignite dependent for
power generation (Koktiirk and Narin, 1994; Esin, 1994). Therefore, it is very
important to have a knowledge of combustion characteristics of such fossil fuels.

Thermogravimetric analysis (TG), differential thermogravimetric analysis (DTG) and
the differential scanning calorimetry (DSC) are the methods widely used in characterizing
fossil fuels undergoing combustion or pyrolysis (Kok and Okandan, 1992; Vasandani and
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Shah, 1994; Cumming and Mclaughlin, 1982; Warne, 1990; Shah et al., 1994; Cumming,
1989). Thermogravimetry, by definition, can be used to measure any reaction involving
mass change.

Coal is the most important of all the fossil fuels for steam generation. In the design of
industrial coal-fired boiler furnaces, it is of importance to have an assessment of the
reactivity of the intended fuel, because coal is a physically heterogeneous and chemically
complex mixture of organic and inorganic species which undergoes appreciable physico-
chemical changes when heat-treated. If it is proposed to change the fuel supply for an
existing installation, it is advantageous to have a test which allows the burning
characteristics of alternative fuels to be compared with the original in terms of reaction
burning rate. Ignition and combustion of coal by mechanical stokers, fluidized beds, or
gasifiers is accompanied by weight loss, thermal decomposition, diffusion, and heat
transfer. These, in turn, are influenced by the nature of the coal, particle size, density, and
porosity, all of which affect the thermal processes occurring in the coal (Podder et al.,
1995; Shah et al., 1994).

Cumming (1994) has developed a method for describing the reactivity or
combustibility of solid fuels, such as lignite, bituminous coals and petroleum coke, in
terms of aweighted mean apparent activation energy, derived from simultaneous
TG/DTG readings on 20 mg sample heated at a constant rate in a flowing air atmosphere.
He proposed that mean activation energy is the established method which involves
recording overall temperatures on the burning profile curve.

Gold (1980) demonstrated the occurrence of exothermic reactions associated with the
production of volatile matter in or near the plastic region of coals studied. He concluded
that the temperature and the magnitude of the exothermic peak was strongly affected by
the heating rate, sample mass, and particle size. Morgan and Robertson (1986) pointed out
that coal burning profiles obtained from thermogravimetric analysis depend on coal
properties and particle size. Jayaweera et al. (1989) studied the effect of particle size on
the percentage weight loss of a low quality bituminous coal during combustion in air by
thermal analysis. It was found that the method of sieving used to prepare the samples of
different particle size have a significant effect on the results. Shah et al. (1994) studied
combustion of different size coal samples. The results revealed that the effect of reduction
in particle size of coal was advantageous insofar as a reduction in particle size caused a
decrease in the ignition temperature.

The objective of this study is to determine the thermogravimetric behaviour of Soma
and Tuncbilek lignites, and to determine the effect of different particle sizes on the
thermal properties of these lignites.
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MATERIALS AND METHODS

Samples

In this study, Soma and Tuncbilek lignites which are fed to the power plants were
used. Both of the samples were crushed by using jaw crusher under close control, and
four different size fractions of the samples were obtained. The size fractions were
chosen depending on the feed sizes of the thermo-power plants of Soma and
Tuncbilek region. The results of dry screen analyses of the samples were given in
Table 1. Proximate analyses of the samples determined by TG/DTG experiments were
given in Table 2.

Equipment

In order to determine the combustion and kinetic properties of the samples, non-
isothermal thermogravimetry experiments were carried out by Polymer Lab. PL-TGA
1500 thermal analyser unit.

Operating procedure

Table 1. Dry screen analyses of Soma and Tuncbilek samples

Size fraction, |Weight, Cumulative weight, Cumulative weight,
Sample o 0 : 0 i
mm % % screen oversize % screen undersize
-30+18 22.05 22.05 77.95
—-18+10 23.51 45.56 54.44
Soma -10+0.5 45.07 90.63 9.37
-0.5 9.37 100.00 -
total 100.00
-30+18 30.55 30.55 69.45
—18+10 32.79 63.34 36.66
Tuncbilek —10+0.5 31.55 94.89 5.11
-0.5 5.11 100.00 —
total 100.00

Table 2. Proximate analyses of Soma and Tuncbilek samples by thermogravimetry

Sample Moisture, Volatile matter Ash

% + fixed carbon, % %
Soma feed 4.54 56.11 39.35
Soma —30+18 mm 5.72 50.82 43.46
Soma —18+10 mm 6.40 51.99 41.61
Soma —10+0.5 mm 6.64 52.78 40.58
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Soma —0.5 mm 6.99 51.58 41.43
Tuncbilek feed 2.60 46.31 51.09
Tuncbilek —30+18 mm 2.48 44.73 52.79
Tuncbilek —18+10 mm 2.30 43.80 53.90
Tuncbilek —10+0.5 mm 2.69 47.26 50.05
Tuncbilek —0.5 mm 2.40 41.28 56.32

The TG/DTG experiments were performed by using approximately 10 mg samples
at a linear heating rate of 10 °C/min over a temperature range of ambient to 900 °C
with an air flow rate of 5 ml/min. Prior to the experiments TG/DTG unit was
calibrated for temperature readings using indium as melting standard.

RESULTS AND DISCUSSION

Thermogravimetric properties

Theoretically, combustion of fuel can be initiated whenever oxygen comes in
contact with fuel. However, the temperature and composition of the fuel and oxygen
supply dictate the nature of the reaction. In the temperature region of 200 and 350 °C
all coals start to loose small amounts of pyrolysis water from decomposing phenolic
structures, and oxides of carbon from carboxylic and carbonyl groups. At around
350 °C primary carbonization starts initially with the release of carbon dioxide and
hydrogen. With increasing temperature, methane and other lower aliphatics are
evolved together with hydrogen, carbon monoxide and alkyl aromatics.
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Fig. 1. TG curves of different size fractions of Soma lignite sample

Effect of particle size on the burning profiles of the samples used is given in Figs.
1, 2. The thermograms of all the size ranges show slight differences in peak and burn-
out temperatures and residue amount depending on the mineral matter and
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Fig. 2. TG curves of different size fractions of Tuncbilek lignite sample

fixed carbon content. Peak temperature is the temperature at which the rate of weight
loss is at maximum. Peak temperatures of all size fractions of the two samples decreased
slightly as the particle size decreased. The temperature at which the maximum combustion
rate occurs is taken as a measure of combustibility. Lower temperature indicates more
easily burned samples. The increased surface area of the samples due to decrease in size,
allowed more rapid start of ignition. Burn-out temperatures indicating the end of the
sample oxidation were also affected by the change in particle size. With the decrease in
particle size, burn-out temperatures of the samples decreased slightly (Table 3).

Table 3. Thermogravimetric properties of Soma and Tuncbilek samples

o Burn-out Residue
Sample Peak temperature, °C temperature, °C %
Soma feed 495.09 776.47 39.35
Soma —30+18 mm 458.27 769.51 43.46
Soma —18+10 mm 489.07 796.96 41.61
Soma —10+0.5 mm 468.21 738.58 40.58
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Soma —0.5 mm 407.84 762.11 41.43
Tuncbilek feed 477.03 605.86 51.09
Tuncbilek —-30+18 mm 570.78 607.69 52.79
Tuncbilek —18+10 mm 484.66 604.41 53.90
Tuncbilek —10+0.5 mm 520.63 591.27 50.05
Tuncbilek —0.5 mm 463.83 596.06 56.32

Kinetic analysis

Modeling of reaction kinetics for a combustion process is extremely complicated,
because several components are simultaneously oxidized. In this study,
thermogravimetric data were analyzed according to an Arrhenius-type kinetic model

dwldt = A,exp(—E/RT)w"

where dw/dt is the rate of weight change of the reacting material, A, the Arrhenius

constant, E the activation energy, T the temperature, and n the reaction order (Kok and
Okandan, 1992; Kok, 1993).

For analyzing the TG/DTG data, the model assumes that the rate of weight loss of
the total sample is dependent only on the rate constant, the weight of the sample
remaining and the temperature with assumed unity reaction order (Kok, 1993). So, the
equation of Arrhenius-type kinetic model takes the following form;

(1/w)(dw/dt) = A,exp(—E/RT)
When log(1/w)(dw/dt) is plotted against 1/7, the straight line obtained will have
a slope equal to E/2.303R and from the intercept the Arrhenius constant A4, can be

estimated (Kok and Okandan, 1992). Table 4 lists the reaction parameters calculated
by using this kinetic model.

Table 4. Kinetic parameters of Soma and Tuncbilek samples by thermogravimetry

Sample Reaction region | Activation energy, klJ/mole | Arrhenius constant, 1/min

Soma feed 1 25.434 1.552

2 152.376 2.193-10°
Soma —30+18 mm 1 26.047 1.828

2 184.872 1.406-10%
Soma —18+10 mm 1 26.563 1.874

2 203.149 7.03-10%
Soma —10+0.5 mm 1 26.146 2.296

2 189.943 3.148:10°
Soma —0.5 mm 1 28.477 3.221

2 193.618 2.600-10°
Tuncbilek feed 1 35.616 9.057

2 85.661 7.962:10°
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Tuncbilek —30+18 mm 1 35.807 8.570
2 92.934 1.854-10*
Tuncbilek —18+10 mm 1 36.726 9.661
2 143.266 2.02-107
Tuncbilek —10+0.5 mm 1 31.979 4.988
2 _ _
Tuncbilek —0.5 mm 1 41.778 26.242
2 32.343 1.854

It was observed from the TG/DTG thermograms that both Soma and Tuncbilek
samples have two reaction regions at two different temperature ranges. The first one of
these regions starts approximately at 200 °C and ends at 500 °C, and the second region
starts at 650 °C and ends at 750 °C. The first region represents the primary combustion
region of the coal samples. Pyrolysis takes place in this region as well. The second
region corresponds the decomposition of the mineral matter in the samples, because
the decomposition temperatures of minerals in coals such as calcite, kaolinite are in
the range of 650-850 °C (O'Gorman and Walker, 1973). It was also observed from the
thermograms that the most of the weight losses occurred in the first regions, indicating
combustion of carbonaceous parts of samples.

It was found that due to the decomposition mineral matter, both of the samples
required higher activation energies in the secondary reaction regions. In general, Soma
samples have lower activation energies than the Tuncbilek samples in the primary
reaction region, but in the second region Soma samples have higher activation
energies than Tuncbilek samples. The change in the particle sizes of the Soma and
Tuncbilek samples had almost no effect in the activation energies of the primary
reaction regions. Only —0.5 mm fraction of Tuncbilek sample gave higher activation
energy than the feed sample. This is probably due to higher ash content of this
fraction. On the other hand, depending on the mineral matter contents, different size
fractions of the Soma sample showed slight changes in activation energies, whereas
the size fractions of Tuncbilek sample required different activation energies in the
secondary reaction regions.

CONCLUSIONS

Peak and burn-out temperatures of the samples studied were slightly affected by
the change in particle size; as the particle size decreased peak temperatures and burn-
out temperatures of the samples were decreased slightly.

TG/DTG thermograms of both samples showed two reaction regions at two
different temperature ranges; first region which is in the range of 200-500 °C was
found to be due to the combustion of carbon part of the samples, and the second
region which was between 650-750 °C indicated that the decomposition of the
mineral matter in the samples took place.
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Lower activation energies were found for Soma samples than Tuncbilek samples
by kinetic analyses of TG/DTG data. Particle size had almost no effect on the
activation energies in the major combustion region of the both samples.
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W pracy badano wegle brunatne pochodzace z miejscowosci Soma i Tuncbilek w Turcji. Probki wegli
poddano kruszeniu w celu przygotowania czterech réznych klas ziarnowych. Przeprowadzono
nieizotermiczne pomiary termograwimetryczne (TG/DTG) w zakresie temperatur od 20 do 900 °C w
obecnos$ci powietrza stosujac liniowa szybko$¢ ogrzewania wynoszaca 10 °/min przy przepltywie
powietrza wynoszacego 5 ml/min. Stwierdzono, ze piki przemian i temperatura spalania nieznacznie
malaly z wielko$cia ziaren. Obliczono kinetyczne parametry procesu w oparciu o uzyskane dane
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termograwimetryczne uzywajac do tego celu zaleznosci Arrheniusa. Termograwimetrogramy (TG/DTG)
pokazaty, ze oba wggle posiadaja dwa rézne zakresy reakcji zachodzace przy réznych temperaturach.
Pierwszy zakres jest wynikiem spalania substancji wegglowej probki podczas gdy drugi zakres jest
powodowany rozkladem substancji mineralnej wegla. Nizsze energie aktywacji uzyskano dla wegla
pochodzacego z Soma niz dla wegla z Tuncbilek. Stwierdzono takze, ze wielko$¢ ziarn nie miata prawie
wplywu na energie aktywacji spalania obu probek. Wyniki badan potwierdzily, ze termograwimetria jest
bardzo uzyteczna do termicznej charakterystyki probek weglowych.
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POROWNANIE METODY BIOSANACJI GLEBY
Z. OLEJU NAPEDOWEGO Z INNYMI METODAMI

Przedstawiono procesy sanacji gleby z wprowadzonego do niej oleju napgdowego, ktory stanowit 0,8%
masy gleby. Pordwnano procesy sanacji skazonej gleby z oleju prowadzone w uktadach:
napowietrzanych, napowietrzanych z dodatkiem substancji bedacych pozywka dla mikroflory i
napowietrzanych z dodatkiem substancji bgdacych pozywka dla mikroflory i dodatkiem mikroflory
autochtonicznej wczesniej wyizolowanej z tej gleby. W procesie z mikroflora autochtoniczng uzyskano w
ciagu 30 dni degradacje 91,3% wprowadzonego oleju napgdowego. W identycznie prowadzonym
procesie bez wprowadzonej mikroflory autochtonicznej, w tym samym czasie, degradacji uleglo 65%
oleju napgedowego, a w uktadzie tylko napowietrzanym — 59%. Rownoczesnie stwierdzono ubytek 25%
masy wprowadzonego oleju w ukladzie nie napowietrzanym, w ktorym nastgpowalo samoistne
parowanie weglowodorow.

WPROWADZENIE

Weglowodory  alifatyczne 1 aromatyczne, zawarte w  substancjach
ropopochodnych, dostajace si¢ do gruntu i do wod gruntowych, to ksenobiotyki
stwarzajace w ostatnich latach coraz wigksze zagrozenie s$rodowiska. W Polsce,
zwlaszcza po wyjezdzie wojsk radzieckich, problem ten stal si¢ waznym problemem
ekologicznym. Przede wszystkim skazone pozostaty tereny bytych lotnisk po Armii
Radzieckiej (Spychata, 1994). Skazenie $rodowiska substancjami ropopochodnymi
wystepuje jednak nie tylko na terenach bytych lotnisk, skazone sa takze okolice stacji
1 przepompowni paliw oraz okolice, przez ktore przebiegaja rurociagi z ropa naftowa,
ktore ulegaja samoistnym i wymuszonym awariom (Farbiszewska, 1997).

“Uniwersytet Opolski, Instytut Biologii i Ochrony Srodowiska, 45-036 Opole.
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Réwnoczesnie z uznaniem skazenia substancjami ropopochodnymi za problem
ekologiczny, pojawito si¢ szereg sposobow jego rozwiazania. Stosowano wypalanie
zanieczyszczen w specjalnych instalacjach oraz metodg ekstrakcji rozpuszczalnikowej
(Lebkowska, 1993). Proponowano wykorzysta¢é ogrzewanie mikrofalowe do
oczyszczania skazonej gleby (Kawala, 1996). W Holandii stosowana byla metoda
desorpcji  (Veltkamp, 1991). Ostatnio najwigksza popularno$¢ zdobyly metody
biooczyszczania in situ, potaczone ze sczerpywaniem paliwa (Farbiszewska, 1997).
Stosowane metody biooczyszczania in situ rdznig si¢ przede wszystkim rodzajem
stosowanej mikroflory. Stosowana bywa zar6wno mikroflora autochtoniczna,
wyizolowana z oczyszczanego gruntu i zaadaptowana do duzych stgzen substancji
skazajacej (Farbiszewska, 1993), jak i mikroflora zawarta w gotowych preparatach
bakteryjnych (Malicka, 1994). Do biooczyszczania in situ zaliczane sa rowniez
metody, w ktorych do skazonego gruntu wprowadza si¢ wyltacznie powietrze, a
czasami powietrze z rozpuszczonymi w wodzie solami mineralnymi, stanowiacymi
pozywke dla mikroorganizmow zawartych w glebie (Siuta, 1993).

Celem naszej pracy bylo porownanie przebiegu procesow sanacji gleby z oleju
napedowego prowadzonych laboratoryjnie, wylacznie metoda napowietrzania, metoda
napowietrzania z réwnoczesnym wprowadzeniem substancji odzywczych z metoda,
w ktorej dodatkowo wprowadzono mikroflor¢ wcze$niej wyizolowana z terenu
skazonego olejem napgdowym i zaadaptowana do jego duzych stezen.

MATERIALY I METODY

Skazona gleba

Glebg do badan uzyskano, biorac glebe wolna od skazenia i dodajac do niej 0,8%
oleju napedowego.

Mikroflora autochtoniczna

Mikroflore autochtoniczna, zawierajaca migdzy innymi bakterie Aerobacter
aerogenes, Bacillus subtilis, Cellulomonas biazotea, wyizolowano z miejsca, ktore
w wyniku awarii zostato skazone olejem napgdowym. Mikroflorg t¢ po wyizolowaniu
zaadaptowano do 5% stgzenia oleju napedowego. Hodowlg o najwigkszej aktywnosci
zyciowej wybrano do dalszych badan (Farbiszewska, 1993).

Procesy oczyszczania

Procesy oczyszczania prowadzono w pojemnikach pojemnosci 500cm’,
napowietrzanych od dotu aeratorami membranowymi. Do pojemnikow wprowadzono:
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A —250g skazonej gleby,

B —250g skazonej gleby + 0,1% NH,4CI + 0,1% K,;HPO4+ 0,05% MgSO,,

C — 250g skazonej gleby + 0,1% NH4Cl + 0,1% K,HPO, + 0,05% MgSO4+ 10ml
hodowli mikroflory autochtonicznej, zawierajacej 10° komérek w lem’.

Réwnoczesnie ustawiono uktad kontrolny, do ktéorego wprowadzono 250g
skazonej gleby, a nie wprowadzono powietrza. Wszystkie uktady codziennie zraszano.
Procesy prowadzono w temperaturze 20 °C, przez 30 dni. Po zakonczeniu procesow
oznaczano zawarto$¢ oleju napgdowego w oczyszczanych glebach.

V7
91,30%
11 s0% 65%
i g
25%
1d
A B c K

Rys. 1. Procent usuniétych zanieczyszczeii organicznych z gleby w uk®adach: A — uk®ad
napowietrzany, B — uk®ad napowietrzany z po;ywk’,
C —uk’ad napowietrzany z po;ywk' i mikroflor', K — uk®ad nienapowietrzany
Fig. 1. Percent of organic impurities in soil: A — aerated system, B — acrated
system with nutrient medium, C — aerated system
with nutrient medium and microflora, K — non aerated system

Oznaczenia analityczne

Probki gruntu ekstrahowano w aparatach Soxhleta za pomoca n-heksanu. Z
ekstraktow odparowano rozpuszczalnik i pozostato§¢ wazono. Otrzymane ekstrakty
analizowano metoda chromatografii gazowej. Do tych analiz wykorzystano
chromatograf gazowy firmy Hewlett-Packard, model HP 5890, seria II z detektorem
ptomieniowo-jonizacyjnym 1 minikomputerem do obrobki wynikow. Rozdziat
chromatograficzny prowadzono w kwarcowej kolumnie kapilarnej o dtugosci 5 m i
srednicy wewngtrznej 0,32 mm, z faza stacjonarng HP-5 (grubos¢ warstwy 0,2 um).
Temperatur¢ kolumny programowano podczas analizy w zakresie 60 do 280 °C z
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szybkoscia 10 °C/min. Probki dozowano bezposrednio do kolumny. Wyniki ilo§ciowe
obliczano metoda normalizacji wewngtrznej.

WYNIKI I ICH OMOWIENIE

Oceniajac przebieg 30 dniowego procesu sanacji gleby skazonej olejem
napedowym poréwnano masy wyekstrahowanych n-heksanem  substancji
organicznych zbadanej gleby z iloScia wprowadzonego oleju napgedowego i
wyliczono procent usunigtych z tej gleby substancji organicznych. Wyniki
przedstawiono na rys.1.

Z danych przedstawionych na rys.1 wynika, ze 25% zanieczyszczen wyparowato
z gleby samoistnie, co mialo miejsce w uktadzie kontrolnym (K). W uktadach
napowietrzanych i zraszanych nastapilo znaczne zréznicowanie oczyszczania w
zaleznos$ci od wprowadzanych dodatkow. W uktadzie, ktory byt tylko napowietrzany i
zraszany (A), ilo$¢ substancji organicznych zmalata o 59%, a w identycznym uktadzie
z dodat-
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Rys. 2. Chromatogramy ekstraktow gruntow
znajduj'cych sié w ro;nych warunkach
docewiadczalnych: A —uk3ad napowietrzany,

B — uk®ad napowietrzany z po;,ywk', C —uk3ad |
napowietrzany z po,ywk' i mikroflor’, | | !
W — wzorzec oleju napédowego, ] { ‘
|

K — uk’ad kontrolny nie napowietrzany | !
Fig. 2. Chromatographs of soil extracts i IIJ‘\ i
under different experimental conditions:

A — aerated system, B — aerated system \ UJ‘J
with nutrient medium, C — aerated system \_/ \“\\\
with nutrient medium and microflora,

W — Diesel oil standard, K — non aerated system

kiem substancji bgdacych pozywka dla ewentualnej mikroflory (B) o 65%, czyli
degradacja wzrosta o 6%. W ukladzie napowietrzanym i zraszanym zwigkszone byto
wprawdzie odparowywanie weglowodorow lekkich w porownaniu z uktadem
kontrolnym (K), ale istnieje réwniez prawdopodobienstwo biodegradacji w tym
uktadzie przez mikroflorg zawarta w glebie. Potwierdzeniem tego rozumowania jest
wzrost 0 6% degradacji w uktadzie, do ktorego wprowadzono substancje stanowiace
pozywke dla mikroflory degradujacej weglowodory. W ukladzie, do ktorego
dodatkowo wprowadzono mikroflor¢ degradujaca oleje napgedowe, wczesniej
wyizolowana 1 zaadaptowang do duzych stgzen oleju, degradacji uleglo 91,3%
substancji skazajacej, czyli o 26,3% wigcej w poréwnaniu z uktadem (B) i 0 32,3% w
poréwnaniu z uktadem (A). Tak znaczny wzrost procesu biosanacji po wprowadzeniu
mikroflory wczesniej wyizolowanej i zaadaptowanej do oleju napedowego §wiadczy o
jej znacznie wigkszych zdolnosciach biodegradacyjnych w poroéwnaniu z naturalng
mikroflora zawarta w oczyszczanej glebie. Roéwnoczesnie 25%  spadek
zanieczyszczenia w uktadzie kontrolnym (K) (nie napowietrzanym) $wiadczy o tym,
jak znaczna ilo$¢ tych substancji przedostaje si¢ do atmosfery w terenach skazonych i
nieoczyszczanych.  Procesy  biosanacji  prowadzone  wylacznie  metoda
przedmuchiwania gruntow (podobnie jak uktad (A) ), powoduja réwniez znaczne
wtorne skazenie atmosfery na skutek odparowywania tych substancji z gruntu.
Oczyszczanie ta metoda jest oczyszczaniem pozornym. Potwierdzeniem
przedstawionych wynikow sa otrzymane chromatogramy.
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Na rysunku 2 przedstawiono chromatogramy ekstraktéw gruntéw znajdujacych si¢
w roznych warunkach do$wiadczalnych. Wynika z nich, ze w uktadzie kontrolnym
(K) nie napowietrzanym nastapilo samoistne odparowanie 1zejszych weglowodorow
parafinowych do C,;, o temperaturze wrzenia do 399 K — chromatogram (K) i (W).
Napowietrzanie  ukladéw  spowodowalo znaczne odparowanie  wyzszych
weglowodorow parafinowych Cj4 sktadnikéw oleju napedowego, wrzacych do
temperatury 419 K — chromatogram (A). Napowietrzanie potaczone z dodatkiem
substancji odzywczych spowodowato minimalna zmiang zawarto$ci poszczegdlnych
frakcji
— chromatogram (B). Dodanie autochtonicznej mikroflory bakteryjnej do ukladu
doswiadczalnego spowodowato bardzo wyrazna zmiang zawartosci weglowodorow
w zanieczyszczone] glebie — chromatogram (C). Pozostaty jedynie niewielkie ilosci
weglowodordéw parafinowych od Ci5 do Cys, wrzacych w zakresie 433—470 K.

WNIOSKI

e Proces biodegradacji oleju napedowego przebiegajacy bez wprowadzenia
autochtonicznej mikroflory powoduje, wskutek parowania, znaczne skazenie
powietrza weglowodorami niskowrzacymi.

e Wprowadzenie mikroflory autochtonicznej, zaadaptowanej do oleju
napgdowego, powoduje znaczny wzrost szybkosci oczyszczania gleby i to zarowno z
weglowodorow wysoko jak i niskowrzacych.

e Procesy biodegradacji oleju napedowego winny by¢ prowadzone przy
wspotudziale mikroflory autochtonicznej, wcze$niej zaadaptowanej do oleju
napgdowego, z rownoczesnym stosowaniem biofiltrow powietrza.
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G. AKDOGAN", D. JOHNS®

EFFECT OF FERRIC NITRATE AND PAX
ON WET MILLING OF QUARTZ

The effect of selected inorganic and surface active grinding additives on wet ball milling of quartz has
been studied as a function of pH and additive concentration. The results revealed that the effects of ferric
nitrate and potassium amyl xanthate on wet ball milling of quartz were dependent on pH of the slurry and the
concentrations of these additives. It was found that potassium amyl xanthate had marked beneficial effects on
the production of 68 micron material at pH values between 5 and 8 at dosages between 5-10° M and 5-10°°
M.

In ferric nitrate solutions, at pH 6.5 a decrease in the production of fines was observed. However, there was
a marginal improvement on grinding efficiency at pH 5.

INTRODUCTION

In mineral processing, the decrease in ore grade and accompanying increase in the
degree of fineness of values in the ore increase the need for fine and ultrafine grinding.
Consequently, the energy consumption is higher and grinding cost represents
a relatively higher portion of the total beneficiation cost. Therefore, it seems to be an
important task to improve the energy utilization inside the grinding mill. Although
there is direct experimental verification of the advantageous effect of grinding
additives, no sound scientific explanation has yet been suggested to predict the
behaviour of ginding aids.

Boozer et al. (1963) examined the effect of surface active agents on rock
deformation under compression loads. They claimed that when rock pores were
saturated by oleic acid the ultimate strength of sandstone was decreased. This was
attributed to the adsorption of surfactant molecules on rock grains even though no
adsorption tests was carried out. Wang (1966) studied the effect of dodecylammonium
chloride, AlCI; and Na,COj3; on the compressive strength of sandstone. They attributed
these results to reduction in surface energy upon the adsorption of the additives on the
surface of sandstone. Vutukuri (1972) reported that the tensile strength of quartzite

*School of Process and Materials Engineering, University of the Witwatersand, Private Bag 3,
Wits 2050, Johannesburg, South Africa.
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immersed in 0.06% AICI; solution to be 11.1% lower than that in water. The influence
of dodecylammonium chloride on grinding efficiency of quartz in a porcelain ball mill
was investigated by Ryncarz and Laskowski (1977). They argued that grindability was
minimum at pzc. However, the researchers did not take into account possible surface
contamination by aluminum species from porcelain mill. Mishra et al. (1982) studied
the grinding characteristics of quartz in the presence of inorganic and organic
additives. They reported that Fe*" and Cu®" ions as well as organic electrolytes such as
dodecylamine hydrochloride and potassium amyl xanthate increased the production of
fines.

Physical properties of the pulp such as pulp fluidity, state of dispersion and
flocculation of the pulp, solid and medium density determine transport conditions of
particles to grinding zone and have an effect on hydrodynamic behaviour of particles
as well as on the grinding media and consequently on grinding efficiency (Somasun-
daran and Lin, 1972). Hockings et al (1965) studied the effect of pulp viscosity on the
production rate of quartzite fines in a rod mill. They observed that an increase in the
pulp viscosity from 1 to 1000 centipoise caused as much as a 50% decrease in the rate
of grinding when the grinding was performed for 1 minute. The effect diminished with
an increase in grinding time.

In this study, the effect of grinding aids such as ferric nitrate and potassium amyl
xanthate on wet ball milling of quartz is discussed in terms of pH and chemical
composition of solution.

EXPERIMENTAL

The grinding tests were carried out in a 0.4 m long and 0.538 m in diameter mild-
steel ball mill equipped with twelve lifter bars. The grinding medium was alumina
ceramic balls averaging 25 mm in diameter, with a total mass of 60.5 kg. The
following operational variables were kept constant throughout the experimentation:
mill filling: 0.4; mill speed: 80% of critical speed; grinding time: 60 min; percent
solids: 70%; ionic strength: 3-10* M (KNO3).

The quartz sample used in the study was a mine dump sand sieved at 600
micron. Figure 1 illustrates the particle size distribution of the mill feed. During
experiments, measurements of the pH and samples of the slurry in the circuit were
taken at prescribed intervals over each 60 minute mill run. The pH was adjusted
using 0.1M NaOH. The particle size distribution of the ground material was
determined by the Malvern Master Sizer. In order to check the reproducibility of the
particle size measurements, experimental runs were repeated several times under
identical conditions. It was found that the variation in percent net production of
minus 68 micron material between run to run was less than 2 percent.

The additive concentrations were 5-10°> M; 5-10° M; and 5-10°° for both ferric
nitrate and potassium amyl xanthate in the pH range 5 to 8.
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RESULTS AND DISCUSSION

The results in Figure 2 shows that ferric nitrate can influence wet ball milling of
quartz both beneficially and detrimentally at pH 5, depending on additive concentration. It
can be seen that the ferric nitrate addition to the ball mill is beneficial at 5-10~° M.
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Fig. 1. Particle size distribution of the mill feed
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Fig. 2. The effect of ferric nitrate on the production of —68 micron material at pH 5
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In Figure 3, the use of potassium amyl xanthate at 5-10° M at pH 5 yielded the
most favourable result in terms of the total amount of —68 micron material produced.
For both additives concentration of 5-10° M detrimental effects in the production of
—68 micron material are observed.

Fig.
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The effect of PAX on the production of —68 micron material at pH 5
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Fig. 4. The effect of additive type and concentration on the production of new surface at pH 5

The Malvern analyses of specific surface area were used in determining the new
surface area produced which is an important parameter in determining grindability.
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Figure 4 depicts new surface area produced per gram of new —68 micron material
plotted against additive type and concentration.

It can be seen that the PAX containing slurry yielded the highest production of
new surface area at a concentration of 5-10° M. In general the effect of PAX on the
production of new surface area increased as it is concentration was diminished, but
was improved over the use of no additive at it is lowest concentration alone. The use
of ferric nitrate at the intermediate concentration yielded a marginal improvement
whereas detrimental effects were observed at the remaining two concentrations.

The net amount of new —68 micron material produced at different pH values in the
presence of the two additives was analysed and compared. The resulting graphs are
plotted in Figure 5.

It was observed that an increase in the pH of ferric nitrate containing slurry from 5
to 6.5 effected a lower production of fines, more specifically, a decrease from 7.5% to
4.5%. The implications are that the use of ferric nitrate at 5-10° M at higher pH
impacts adversely on the production of new —68 micron material.

The results for PAX, however, reveal the opposite effect. The PAX containing
slurry, milled at pH 8 improved the production of fines as compared to the results
obtained at the lower pH of 5. This suggests that increasing the pH of the pulp to a
fixed value for the entire grinding period improved the production of new —68 micron
material from 15% to about 19% at a concentration of 5-10° M.

12 + OFerric nitrate
10 + mPAX

Net amount of -68 micron (%)

5 6.5 8
pulp pH

Fig.5. Effect of pH and additive type on fines production at 5-10° M

In the presence of ferric ions, it has been reported by MacKenzie (1966) and El-
Shall (1980) that the isoelectric point of quartz shifted from 2.1 to ~pH 6.5 showing
that ferric ions can reverse the charge on quartz surface. This charge reversal
consequently affects the flocculation properties and pulp fluidity. El-Shall and
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Somasundaran (1984) studied flocculation behaviour of quartz suspensions in ferric
nitrate solutions and found that pH values between 6 and 8 degree of flocculation of
quartz particles reached maximum. They further confirmed by stability ratio
calculations that at around pH 6.5 rapid coagulation occured. These studies are in very
good aggreement with the results of the present study where the production of fines
decreased when the pH of the pulp was altered from 5 to 6.5 which coincides with the
maximum flocculation and i.e.p point. Mishra et al (1982) reported that in ferric
nitrate solutions, the maximum production of fines took place when the concentration
was 5.7-10* M. However, in the present study in which the maximum grindability in
ferric nitrate pulps was found to be 5-10° M.

In their study, Mishra et al (1982) also found a peak point at about pH 8 for the
production of —53 micron material at 10 * M PAX. They argued that a change in the
dosage did not have a significant effect at pH 9.

In the present investigation, the effect of potassium amyl xanthate on the fines
production was more pronounced at pH 8. The production of —68 micron fraction fell
at pH 5 and was found to be dependent on the concentration of PAX. As the dosage
increased from 107 to 10~ the fines production decreased considerably. This might be
due to the change in the pulp fluidity and viscosity at higher concentrations which
effect the fines prduction adversely. The other important point is the possible surface
contamination by iron and aluminum species from the mill lining and grinding media
which are known to reverse the zeta potential of quartz and shift the isoelectric point
to around pH 6. In this study, the amount of iron and aluminum species transferred
from the mill were not determined. However, if this argument is true at pH 5
positively charged quartz surface may interact with xanthate ions causing flocculation
and deteriorating the grinding efficiency. At pH 8 quartz surface is negative, therefore
the only explanation for the positive influence of xanthate ions might be the change in
the fluidity of the pulp which needs to be verified.

CONCLUSION

Analysis of the grinding results in ferric nitrate and potassium amyl xanthate
solutions from this study together with results of the studies conducted under similar
conditions has led to the following conclusions:

i) the decrease in grinding rate on ferric nitrate additions (5-10° M) at pH 6.5
might be due to the change in pulp fluidity possibly caused by flocculation which
coincides with the isoelectric point in the presence of Fe’* species;

il) a marginal improvement at pH 5 indicates the importance of the degree of
coagulation on grinding in presence of ferric nitrate;

iii) beneficial effects were obtained on the addition of potassium amyl xanthate
particularly at pH 8.



Effect of ferric nitrate and PAX on wet milling of quartz 171

REFERENCES

BOOZER G.D. et al., 1963, Rock mechanics, New York, Pergamon Press, 579—-625.
EL-SHALL H, 1980, D. Sc. Thesis, Columbia University, New York.

EL-SHALL H., SOMASUNDARAN P, 1984, Powder Tech., 38, 267.

HOCKINGS W.A. et al., 1965, Trans. AIME, 232, 59.

MACKENZIE J.M.W, 1966, Trans. AIME, 235, 82.

MISHRA S.K. et al., 1982, The Aus. LM.M, Mill operators, 123—137.

RYNCARZ A., LASKOWSKI J., 1977, Powder Tech., 18, 179.
SOMASUNDARAN P., LIN 1.J., 1972, I and EC Processes, Des. Dev., 11, 321.
VUTUKURI V.S, 1972, Trans. AIME, 252, 407.

WANG F. D, 1966, Ph. D. Thesis, University of Illinois.

Akdogan G., Johns D., Wp*yw azotanu jelaza (III) i ksantogenianu amylowo-potasowego na mielenie
kwarcu na mokro. Fizykochemiczne Problemy Mineralurgii, 32, 165-171(w jéz. angielskim)

Badano wptyw wybranych zwiazkdéw nieorganicznych i powierzchniowo czynnych na mielenie kwarcu
na mokro w miynie kulowym w zaleznosci od pH i stgzenia dodawanych odczynnikéw. Badania
wykazaly, ze wptyw azotanu zelaza (III) i ksantogenianu amylowo-potasowego zalezy od pH uktadu.
Stwierdzono, ze pomigdzy pH 5 i 8 ksantogenian ma znaczny, pozytywny wplyw na powstawanie
zawiesiny o uziarnieniu ponizej 68 pm przy stezeniu ksantogenianu pomiedzy 5-10° i 5-10° M.
Zmniejszenie ilosci drobnych ziarn zaobserwowano w roztworach azotanu zelaza przy pH = 6.5, ale
zaobserwowano nieznaczny wzrost efektywnosci mielenia przy pH = 5.
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BACTERIAL LEACHING AS A PRE-TREATMENT STEP
FOR GOLD RECOVERY FROM REFRACTORY ORES

In this article, pre-treatment such as bio-leaching before cyanidation is discussed as an alternative
technique to treat refractory gold ores containing pyrite and arsenopyrite. There are two methods of
bacterial leaching, namely stirred reactor bio-leaching and bio-heap leach processes. The examples of
industrial applications and economics of bacterial leaching are given in detail.

INTRODUCTION

It is known that many of the gold and silver deposits are often associated with
sulphide minerals, especially pyrite and arsenopyrite. Some of the precious metals in
such ores are often found as very finely disseminated particles in the sulfide matrix.
The encapsulation of precious metal particles in this manner makes their direct
extraction by cyanidation is very difficult, as these metals are inaccessible to leaching
solutions. Such ores are known as refractory ores (Attia and El-Zeky, 1989).

Various pre-oxidation methods of refractory ores and concentrates are commonly
used to improve precious metal recoveries. For example, oxidative roasting has been
used in some cases as a pre-oxidation step before cyanidation. Roasting removes
harmful constituents by oxidation or volatilization, and liberates gold from pyrite or
arsenopyrite. In some cases, however, this method of pre-oxidation can result in
poores metal recovery, particularly of silver, due to fusion and the formation of
clinker, and solid compounds which consume cyanide in the subsequent metal
recovery stage. Difficulties in compliance with environmental pollution regulations
may also be encountered (Lawrence and Bruynesteyn, 1983).

An alternative and effective technique for treating such refractory ores is bio-
leaching before cyanidation. This leaching process decomposes the sulfide matrix,
thus exposing the encapsulated precious metals to leaching solution. Several
investigators have advocated the use of Thiobacillus ferrooxidans bacteria for bio-
leaching of sulfide ores or concentrates before leaching of gold with cyanide solutions.

" Cumhuriyet University, Mining Engineering Department, Sivas, Turkey.
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Bio-leaching is inexpensive in terms of investment costs, but it is also a slow process.
Therefore, the operating costs are expected rather high (Lawrence and Bruynesteyn,
1983; Lawrence, 1994).

Bacterial leaching is fundamentally a natural process which is the result of a variety of
bacteria oxidizing sulphide host minerals to liberate metal values. In the case of pyrite, the
following equations describe the typical reactions that occur in a bacterically-catalyzed
oxidation system (Gilbert et.al., 1988; Demopoulos and Papangelakis, 1989).

2FeS, + 70, + 2H,0 —> 2FeSO, + 2H,S0,
4FeSO, + 0, + 2H,S04 —> 2Fes(SOy); + 2H,0
FeS, + Fey(SOy); —> 3FeSO, + S
25’ + 2H,0 + 30, — 2H,S0,

Fez(SO4)3 +6H,0 — 2F6(OH)2 + 3H,S0,

MATERIALS AND METHODS

Thiobacillus ferrooxidans is the most common bacteria used for oxidation of
sulfide ores before cyanidation (Attia and El-Zeky 1989; Lawrence, 1994; Brewis,
1995; Holmes, 1988). Thiobacillus ferrooxidans has a cell size in the range of 0.5 to
0.6 um long. Its energy sources are ferrous iron and reduced sulfur. It will oxidize
virtually all known sulphide minerals, including pyrite, arsenopyrite, copper sulphides
etc. It thrives in the pH range 1.0 to 6.0, the optimum pH for maximum growth rate
being between 2.0 to 2.5. Similarly, it survives in the temperature range 2 °C to 40 °C,
but its maximum efficiency was found within the range of 28-35 °C (Brewis, 1995).
This bacteria are robust, thriving in H,SO,4 environments at pH less than 2.5 with high
dissolved-metal concentrations, e.g. 70 g/l iron, more that 15 g/l copper, and up to 30
g/l arsenic. None of these bacteria has been found to cause plant or animal diseases.
The composition of nutrient solution is given in Table 1.

Table 1. Composition of the nutrient solution (Dogan, 1986)

Compound Grams
(NHy4),S0, 0.15
KCl1 0.05
MgS0,4.7H,0 0.50
K,HPO, 0.05
Ca(NOs),.4H,0 0.01 + distilled water to 1000 ml




Bacterial leaching 175

The testing of bacterial leaching has the objective of optimizing four parameters:

1. The optimum particle size of solid for bacterial leaching is not standard for all
ores and concentrates, and has to be established experimentally. Current practice
seems to favor grinding to less than 35 pum in particle size.

2. The solid concentration in the pulp on which bacterial leaching is performed has
been reported as a critical parameter, more influential than even the particle-size
distribution of the feed. Maximum bacterial leaching rates of sulfide minerals have
been reported to occur of 15% to 20% solids concentrations. Excessive sulfide
material concentrations in the pulp may cause very significant reduction in the growth
of bacteria and in the leaching rate, even to the extent of completely stopping
oxidation of the mineral. Furthermore, the increasing concentration of sulfide minerals
deteriorates the chemical conditions in the leaching system. The microorganisms
present in the leach may be inadequate to maintain optimum leaching conditions at
certain sulfide concentrations.

3. The optimization of nutrient addition should be established during the
laboratory examinations. Small amounts of potassium, phosphorus, and nitrogen are
required in solution to maintain bacterial activity and population growth. Additions of
potassium hydrogen phosphate and ammonium sulfate should be optimized
experimentally.

4. Aeration at relatively low flow rates (0.5-1.0 1/min, per liter of a slurry) has
been reported as adequate to maintain the oxidation rate and bacterial growth. A
temperature of around 35 °C has to be maintained for optimum bacterial activity and
growth, as already mentioned. In industrial-scale operations, the bacterial leaching
reactors have to be equipped with cooling coil systems in order to maintain the
operating temperature in the optimum range (Yannopoulos, 1991).

DESCRIPTION OF THE LEACHING PROCESS

There are two general methods of bacterial leaching in gold hydrometallurgy.
These are both stirred reactor bio-leaching process and bio-heap leach process. This
article will focus upon the stirred reactor bio-leaching process.

Stirred reactor bio-leaching process

An important feature of bio-leaching as applied to refractory gold ores is the
distinction that can be exploited between the relative reaction rates of gold-bearing
sulphides. Unlike roasting and pressure leaching, which achieve rapid and total
sulphide oxidation, bio-leaching is rather a slowly process. If the gold in a sulphidic
ore or concentrate is predominantly disseminated in arsenopyrite, the more reactive
arsenopyrite is preferentially oxidized than the pyrite. Consequently, liberated gold
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becomes available for recovery without the need to oxidize all of the sulphur. Since
capital and operating costs are directly related to the amount of sulphur that has to be
oxidized to liberate gold, preferential oxidation of the gold-bearing sulphides can
make the bacterial process more attractive when compared with its alternatives.

A simplified schematic flowsheet representing the bio-leaching process for
sulphide concentrates is shown in Figure 1. The key components of the process
involve concentration of a ground ore, usually by flotation, followed by oxidation of
the gold-bearing sulphides to the required extent in a multi-stage process. Oxidized
solids discharged from the last reactor are separated from the bio-leachate, washed and
cyanide leached for gold extraction in a conventional CIP or other cyanidation circuit.
The bio-leachate, usually containing primarily soluble iron and arsenic in addition to
acid, is treated by controlled lime neutralization to produce stable precipitates for
disposal.

Oxidation of the sulphide minerals in the bio-leach reactors is dependent on
bacterial population growth and activity which are maintained at optimum process
parameters through control of temperature, pH, redox potential, oxygen and carbon
dioxide concentrations in the gas and liquid phases, supply of other bacterial nutrients,
soluble metal concentrations, and retention times in the reactors (Lawrence, 1994).
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BIOLEACHING
CIRCUIT

LIME

SOLUTION
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Fig. 1. Simplified flowsheet of the bio-leaching process (Lawrence, 1994)

Bio-heap leach process

This method involves crushing the ore, stacking the ore on lined pads and
applying a dilute acid solution containing bacteria (usually Thiobacillus ferroxidans
and Leptospirillum ferroxidans). When sufficient sulphide has been oxidized to
expose the gold, the ore heap is washed with water to remove acid and metals. Lime is
subsequently added to increase the pH and the ore is then treated with cyanide
solution. Since the ore to be bio-oxidized in heap-leach configuration is quite coarse,
usually > 6.5 mm, the percent gold recovery is remarkably lower then would be
achieved in stirred reactors. Bio-heap leaching is, therefore, generally considered
when the ore is very low-grade and economics can not sustain the cost of making a
concentrate or the mineralogy is such that the ore cannot be concentrated.

The bio-heap leach process, involving a bacterial culture suspended in acidified
aqueous solution and nutrients (phosphorus and nitrogen) with crushed ore as it is
stacked on a prepared pad, results in rapid and efficient bio-leaching. Ores need not
remain on prepared pads for long time periods (60-90 days is a common leaching
time) to achieve acceptable levels of sulphide oxidation and subsequent gold recovery.
Sulphidic material with as little as 0.7 g/t of gold content can be profitably bio-heap
leached with 60—-70% gold recovery. Industry estimates place bio-heap leaching costs
at $(4-6)/t of ore processed (Brierley, 1995).

Industrial applications
Six bio-leaching plants have already been built but five plants are in operation. In

all cases, BIOX technology of Biomin Technologies, South Africa, is used under
license. The six commercial bio-leaching plants are listed in Table 2.

Table 2. Commercial bio-leaching plants (Lawrence, 1994; Brierley, 1995)

Plant Capacity, mt/d Operating history
Fairview, South Africa 40 1986—present
Harbour Lights, Australia 40 1992-1994
Wiluna, Australia 115 1993—present
Youanmi, Australia 120 1994—present
Sao Bento, Brazil 150 1990—present
Ashanti, Ghana 720 1994—present
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Sao Bento Plant

The Sao Bento Plant shown in Table 2 is worthy of extra note because it combines
a bio-leaching plant and pressure leaching plant to carry out the sulphide oxidation.
Figure 2 provides a schematic flowsheet of this arrangement. The refractory
concentrate is first passed through a single stage bio-leaching reactor, designed to
provide 30% of the sulphur oxidation. The partially oxidized residue, following
solid/liquid separation is then fully oxidized in a pressure autoclave. The bio-leaching
step was added to the circuit not only to increase plant capacity but also to improve the
performance of autoclave process by oxidation of pyrrhotite (the presence of
pyrrhotite results in deleterious elemental sulphur formation in the autoclave), but also
to decompose siderite FeCOs;, which forms CO, and thus lowers the O, partial
pressure in the autoclave (Lawrence, 1994; Slabbert et.al., 1992).

CONCENTRATE

PRESSURE
LEACHING
SOLUTION
TREATMENT
CYANIDATION TO TAILINGS

TO GOL.D RECOVERY

Fig. 2. Combination of bio-leaching and pressure leching at Sao Bento Plant (Lawrence, 1994)

Fairview Plant

The bulk of the proven ore reserves in Fairview Mine are sulfidic and refractory.
The main minerals are pyrite and arsenopyrite with trace amounts of chalcopyrite,
sphalerite, stibnite, galena, pyrrhotite and pentlandite. The metallurgical operations at
Fairview comprise a typical refractory gold processing plant treating the sulfidic ore
body, a second plant treating the quartzitic ore, a flotation tailings treatment plant and
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an arsenic refining plant. Typical ore and concentrate analyses for Fairview ore are
depicted in Table 3.

The BIOX leaching plant currently treats from 40% to 60% of the Fairview Mine
flotation concentrate. The remaining concentrate is treated by a roaster.

Temperature has been one of the most important controlling variables at Fairview
plant and, as can be observed, has been held at 40 °C by cooling. Since 1984 pulp
residence time and L/S ratio (liquid/solid ratio) were slowly lowered in order to
improve the capacity of the leaching plant. Table 4 indicates the changes that have
been made at both the pilot plant and the Fairview full scale plant.

Table 3. Ore and concentrate analyses (Van Aswegen et.al., 1991)

Gold, g/t Sulphur, % Arsenic, %

Run-of-mine ore 7.0 0.6 0.3
Concentrate 109.0 23.0 4.5

Table 4. BIOX retention times (Van Aswegen et al., 1991)

Pilot Plant Fairview Plant
Retention, days 10 4 4 3 4 4
L/S ratio 8/1 8/1 4/1 4/1 8/1 4/1
kg ore/m’ plant per 24 h 10 30 60 75 30 50
Gold dissolution, % 97.0 96.8 96.8 93 92 95
Sulphide oxidation, % 97.4 84.4 84.8 72 90 92

On-going studies on nutrient addition has led to considerable reagent savings on
the Fairview BIOX plant. The optimum conditions are still to be determined. Table 5
gives changes that have been brought about. The nutrients are conveniently provided
as (NH4),SO,4, KOH and H;PO,. Alternative sources of nutritious component include
KZSO4 and (NH4)3PO4

Table 5. Nutrient addition at Fairview BIOX Plant (van Aswegen et al., 1991)

Addition rate, kg/t concentrate

1987 1988 1989
NH; 9.62 8.73 8.40
K" 13.05 4.27 1.43
PO;” 1.50 1.52 1.56
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Economics of bacterial leaching

An estimated one-third of the world’s total gold production is now originated from
refractory deposits. Bio-leaching is a cost effective, efficient, safe, and
environmentally friendly way to treat refractory gold concentrates and ores. Compared
to roasting, bio-leaching can generally reduce capital costs by 12-20%, operating
costs by 10% in some cases, and construction time by 25%. Gold recoveries increased
by 2—13% as a result of bio-leaching.

If the gold grade is high enough, an autoclave leaching process can be effectively
used to oxidize the sulphide minerals and exposing gold for cyanide leaching. Pressure
leaching autoclaves are capital intensive because of their advanced materials of
construction and need for an oxygen plant. The high level of operator training and
skill necessary, and increased safety requirements to handle the high pressures and
temperatures increase operating costs of this process. In spite of these remarks, the
predominant number of American refractory plants successfully utilizes the pressure
leaching as a pre-treatment operation before the cyanidation.

Comparisons of bio-leaching and roasting in terms of their technical and
economical effectiveness were conducted by Wiluna Mines Ltd. and Ashanti
Goldfields Ltd. The factors favouring the selection of bio-leaching for the Wiluna
mine and for Ashanti’s Sansu project are summarised in Table 6.

Table 6. Advantages of bio-leaching over roasting at Wiluna and Ashanti (Brierley, 1995)

Criterion Wiluna Ashanti
Capital cost 12-16% less 20% less
Operating cost 8-10% less 25% less

11-13% greater
Not available

Gold recovery
Construction time

2-3% greater
25% less

Comparisons of capital and operating cost of pre-treatment methods are given in
Table 7.

Table 7. Economical analysis of pre-treatment methods (Corrans et al., 1993)

Roasting Pressure leaching Bacterial leaching
Capital cost 0.90 1.00 0.60
Operating cost 0.75 1.00 0.90
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CONCLUSIONS

In spite of numerous advantages of bacterial leaching, it is currently the process of
choice for only 20% of the refractory gold treatment plants worldwide. Equally
remarkable is the recent commercialization of high-temperature minerals bio-leaching
in moderately saline waters, a development that can further decrease capital and
operating costs and increase commercial applications. Innovations in progress are bio-
leaching at extreme temperatures (higher than 60 °C) and bio-degradation of highly
refractory base-metal-sulphide minerals, such as chalcopyrite. Success in these
applications promises to extend the utilization of bacterial leaching, increase in
leaching efficiency, and enhance competitiveness of the technology.
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Omoéwiono biolugowanie jako alternatywna technike przerobu trudno tugowanych rud zlota
zawierajacych obok zlota piryt i arsenopiryt. Istnieja dwie metody tugowania bakteryjnego, a mianowicie
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tugowanie w reaktorze z mieszaniem oraz tugowanie na haldzie. Szczegdlowe opisano przyklady
przemystowego zastosowania tugowania bakteryjnego i jego ekonomikg.
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REGULARITIES OF HYDROPHOBISATION
AND FLOTATION OF FLUORITE "

As a result of thermodynamic analysis of fluorite—sodium oleate—water system, flotation and adsorption
tests at various pH values and sodium oleate concentrations, it has been established that regularities of
fluorite flotation cannot be explained by the oleate of alkali-earth metals formation on its surface. The
hypothesis, connecting optimal conditions for mineral flotation with zero charge of its surface, allowed to
explain the regularity of mineral flotation observed and elaborate a quantitative physicochemical model
of fluorite flotation suitable for improving industrial processes and application of automatic control
systems at the plants.

INTRODUCTION

Fluorite is an important raw material for metallurgical and chemical industries.
The flotation with oxihydrilic collectors (sodium oleate etc.) is the main process of
fluorite recovering from ores, and a considerable amount of study has been devoted to
the physicochemical aspects of its flotation (Hanna and Somasundaran, 1976;
Finkelstein, 1989; Rao and Forssberg, 1992 and others) to understand the reasons of
mineral surface hydrophobisation, establish the regularities of its flotation and
improve the industrial processes of this mineral flotation.

Results of physicochemical investigations of systems including fluorite show that
on mineral surface contacted with sodium oleate there will be such adsorbed products
as chemisorbed oleate, physisorbed ‘surface’ and ‘precipitated’ calcium oleates, ions
and molecules of oleic acid and sometimes sodium oleate (Finkelstein, 1989;
Mielczarski et al.1993; Drzymala and Lekki, 1992). Their ratio on the surface depends
on the state of a mineral and on the state and concentration of collector in the solution
(Finkelstein, 1989; Abramov, 1994).

"Moscow State Mining University, Leninski Prospect 6, Moscow 17049.

“The Editor and Editorial Board approves publication of this work regardless of disputable key
assumptions in the paper regarding the reactions that determine the potentials and hydrophobicity of
fluorite which are of paramount importance to the paper.
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Accumulated knowledge on the chemistry and physicochemistry of fluorite with
fatty acid collectors and modifiers is extensive, but at present time it is far from being
at the level at which it can be used to predict or control performance in a practical
system. There is no agreed views of the chemistry of reactions that occur at the surface
of this mineral under flotation conditions or of the significance of these reactions and
forms of collector sorption products forming on the mineral surface for the flotation
process and its selectivity (Filkelstein, 1989; Abramov, 1994).

Cleaning up the reasons of fluorite hydrophobisation and regularities of its
flotation in the presence of fatty acid collectors is the main aim of this investigation.

MATERIAL AND METHODS

Flotation studies were carried out by using modernised Hallimond tube with 0.1-
liter Pyrex glass sell (Melik-Gaikazyan et al.1990). Mineral (without secondary phase
impurities) after grinding them in a ceramic ball mill was screened to receive —100 +
325 mesh material for flotation (one gram in each test). Reagents utilised included
NaOH, H,SO, and sodium oleate.

Physicochemical environment in the presence of sodium oleate and mineral was
estimated on the basis of solution chemical equilibria.

Modeling of processes with the application of thermodynamic analysis included
modeling of reagent state in solution, mineral surface state in solution and the whole
system state under the same condition.

Modeling sodium oleate state in solution was made on the basis of reactions taking

into account undissociated oleic acid (HOI), oleate ion (OI), oleate dimer (O137) and the
acid soap (HOI, ):
Bogdanov et al., 1980:
HOl = HOl,q; pK=5,45
Somasundaran, Ananthapadmanabhan, 1979, 1984:
201 =0Oly*; pK=-4,00
Somasundaran, Ananthapadmanabhan, 1979, 1984:

HOlq=H +OI'; pK =495
Somasundaran, Ananthapadmanabhan, 1979, 1984
O’ + HOI=HOl,; pK=-4,95

Modeling of mineral state in close and open systems was made on the basis of
reactions shown below for all known possible ions and molecules which can take part
in the reactions:
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CaFy + Ca’ + 2F pK=12.27
CaFaq) + Ca’' + 2F pK =1.03
CaCOsq + Ca* + CO3” pK =3.30

CaHCO;" + Ca*" + HCO; pK =0.86

Ca(OH)yuq+ CaOH +OH  pK=-1.29

CaOH"+ Ca>" + OH" pK=1.30
CaF + Ca®'+ F pK =1.00
HF+H +F pK =3.17
HF, + HF + F pK=0.75
H,CO; + H'+ HCO; pPK=16.37
HCO; +H'+ CO% pK=10.33
H,O + H"+ OH" pK = 14.00

Besides these reactions, balance equations and electroneutrality equations were used
while carrying calculations out according to the methodology of thermodynamic analysis
elaborated for the flotation system by Melik-Gaikazyan et al., 1990 and Abramov, 1978.

RESULTS

The distribution of oleate species as a function of pH value is shown in Fig. 1. The
total sodium oleate concentrations (from 10°M to 3-10* M) cover practically
complete range of possible collector concentrations in industrial pulps.

Thermodynamic analysis of mineral-pure water system (close system) allowed to
determine the pH value of minimum fluorite solubility. It turned out to be equal to 7.0.
Since the state of a mineral under these conditions is defined by the minimum of its
surface energy, the calculated pH value of minimum solubility of mineral may be
considered as pH value of zero charge of its surface. The pH value received is
confirmed by results of zeta potentials measuring carried out with fluorite (Le Bell and
Lindstrom, 1982) in pure water (close systems).

When the mineral suspension is open to the atmosphere, the pH value of isoionic
equilibrium is settled which is not equivalent to the pH value of minimum solubility of
mineral (in close system) (Lopez-Valdivieso, 1988) and zero charge of its surface. The
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effect of atmospheric CO, involves the formation of soluble carbonate complexes,
carbonate and bicarbonate ions which shift the pH value of isoionic equilibrium of fluorite
suspension in an open system from 7.0 to 5.9. Zero point of zeta potential in this
conditions disagree with the zero point of charge of the mineral surface. Its pH value will
be changed considerably depending on conditions of testing and experience of
investigator. Published results of investigations (Finkelstein, 1989) indicate that the pH
value of zero point of zeta potential is changed for fluorite from 4.2 up to 11.3.
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The distribution of main (potential-determining) cations and anions in the
presence of fluorite in solution opened to the atmosphere and at usual for flotation
systems total concentration of carbon-containing species 10° M (Abramov, 1994;
Garrels and Christ, 1965) is shown in Fig. 2.

Calculated values of Ca®" jons (Fig. 2) and oleate ions (Fig. 1) concentrations in
solution were used to evaluate the possibility of calcium oleate (CaOl,) formation in
the presence of the mineral at various pH values and sodium oleate concentration in
solution required for complete recovery of mineral in flotation. Results of such
calculations are shown in Fig. 3. Their comparison with the flotation results received
(Fig. 3) shows that wide spread point of view connecting the optimal conditions of
salt-like minerals flotation with oleates of alkali-earth metals formation on their
surface (Finkelstein, 1989 and others) cannot be accepted.
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Fig. 3. Effect of pH on fluorite surface potential E value in the absence of collector,
floatability of fluorite y; after Marinakis and Shergold (1985) at [NaOl]iia1. — 1-107°M,
fluorite from Kazakhstan y, and Far East y3 at [NaOl]equii. — 1-10° M, fluorapatite 7, and 75
after Pugh and Stenius (1985) at [NaOl]iuar. — 2-10° M and 3,6. 10° M,
value of log[Ca*" ][OI']* at [NaOl]equit. — 1-10M and collector sorption
density G after Marinakis and Shergold (1985) at [NaOl];pjja — 5- 10°M

Starting with pH > 4.5 flotation of fluorite takes place upon calcium oleate CaOl,
formation (Fig. 3). But practically under the same conditions of CaOl, formation (at
solubility product of [Ca* J[O1']* = —15.4 (Bogdanov et al.) we can observe complete
flotation of mineral (pH 7.0) and complete depression of its flotation (pH 10.5) despite
the maximum oleate adsorption density in the last case (Fig. 3, curve G).

At the same time a remarkable and wonderful coincidence of pH values of
maximum mineral floatability and pH value of its minimum solubility (pH?),
corresponding to zero charge of its surface, is observed (Fig. 3, curves y and pH").
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DISCUSSION

There are two indispensable conditions required for effective mineral flotation
(Abramov, 1978, 1994) :

e Sufficient hydrophobicity of the mineral surface securing the thermodynamic
possibility of mineral particles attachment to the bubbles.

e The presence of physically sorbed collector species, non-polar or non-ionogenic
hetero-polar compounds in the adsorption layer on mineral surface to decrease the
‘induction time’ during the particle attachment to the bubble, to increase the ‘floata-
bility index’ value of the mineral and multiple strengthening of the particle-bubble
contact under the action of tearing forces in flotation (Abramov, 1994).

Results of physicochemical investigations (Mielczarski et al., 1993) show that
poorly organised three-dimensional structure of calcium oleate on the apatite surface
does not produce high hydrophobicity. As a result, there is an absence of a
dependence between floatability of minerals and calcium oleate formation. This is also
shown in Fig. 3.

The reasons for a low hydrophobisation ability of calcium oleate in salt-like
minerals flotation may be as follows:

e Inadequate coverage density because of discrepancy of crystal lattice size of
mineral and oleate of alkali-earth metals resulting in friable structure of oleates
forming on the mineral surface (Finkelstein, 1989; Abramov, 1978) incapable to
ensure hydrophobicity.

¢ Hydration of central cations into friable structure of precipitate of calcium oleate
on the surface (Finkelstein, 1989).

e Insufficient strength of calcium oleates adhesion to the chemisorbed oleate layer
which can result in their tearing off the mineral surface by the bubbles without particle
flotation (phenomenon of depression by hydrophobic slimes (Abramov, 1994)).

Suitable hydrophobicity of surface is provided with two-dimensional monolayer
of chemisorbed ions and physisorbed molecules of collector assembled on the mineral
surface into well-organised closely packed patches with hydrocarbon chains directed
towards the solution (Mielczarski et al., 1993).

Two main reasons can be responsible for the most effective flotation of fluorite
(Fig. 3) at its zero point charge pH value. The first one is ensuring the maximum
hydrophobicity of mineral surface owing to both zero charge of the surface (that is its
unpolar state) and chemisorbed collector with hydrocarbon chains directed towards
solution. It must be taken into account that since the effective area of a calcium ion on
the (100) crystal faces of calcium fluoride is 11.7-10*° m* and molecular coverage
area for oleate molecule (in liquid-crystal state) in chemisorbed layer is 33 A’
(Finkelstein, 1989; Rao and Forssberg, 1992), only one surface calcium ion out of
every three will be occupied by oleate when the chemisorbed layer is complete. This
means that any moving off zero point of charge will increase the polarisation of
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unoccupied cations and hydrophilisation of these places on the surface decreasing its
total hydrophobisation degree.

It should be noted that the replacement of surface anion group by oleate ion while
chemisorption cannot be the reason for moving zero point charge as well as a change in
the total charge of Stern layer and electrokinetic potential value up to the point when
oleate ions became potential-determining ones. For instance, the results of investigations
on calcite and apatite (Rao and Forssberg, 1992) show that after initial increase in
negative potential by 10 mV (ccaused by increase in the thickness of electrical double
layer because of long oleate hydrocarbon chain) is fairly constant up to monolayer
formation.

The second reason is the creation of optimal conditions for physical adsorption of
collector ions and molecule species on the mineral surface at zero point charge which
plays a special role in kinetic of attachment of particles to bubbles and preservation of
particle-bubble complex in flotation (Abramov, 1994).

The zero charge of surface must promote the physisorption of both collector species
and calcium oleates on it. The maximum adsorption of oleate on the surface of fluorite
was observed at around mid pH region (Pugh, 1986). The less is the oleate sorption
density, the closer the observed pH values of adsorption maximum are to the pH values of
zero point charge of minerals. There is rather a tight correlation between floatability and
adsorption density of the collector only within the limits of its chemisorption on the
mineral surface. Beyond these limits no such correlation is observed.

Location of the maximum mineral floatability at pH value of zero point charge of the
mineral surface allow to elaborate a physicochemical model of optimal conditions for its
flotation.

The potential value of a mineral in the absence of oleate (E,,) will be determined on
the basis of the reaction (a):

Ca+2F — CaF,+2e (a)
by concentration of F~ ions and can be calculated in accordance with the equation (1):
En= E2 —0.059log[ F] (1)

using [F] values shown in Fig. 2. Calculated values of E,, at various pH values of
solution for minerals studied are shown in Fig. 3 (curve E).

In the presence of sodium oleate in solution, Ol ions will be chemisorbed on the
mineral surface converting it into surface CaF,]-Ol. Oleate ions become potential-
determining in this case.

The potential value of mineral surface in the presence of oleate (Ep) can be
calculated on the basis of the reaction (b) in accordance with the equation (2):

CaF,] + Ol = CaF,]-Ol + ¢ (b)
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Fig. 4. Relationships between values of pH
and required oleate ions concentration [O1 ]* in fluorite flotation

Oleate ions will compete with F~ ions on the mineral surface. Ratio of these ions
under the optimal conditions of mineral flotation, that is at the zero charge potential of

mineral surface (£, and E) can be determined on the basis of the equality:

E; = E!.Equations (1) and (2) in this case will take the forms for £ and E:
EL =E?-0.059 log[F 1 3)
EZ =E) —0.059 log[O1" 1%, 4)

and the expression for oleate ions concentration required in mineral flotation under
this condition ([O1"];,) is:

0 0

E -F
log[Ol];, =———™= +log[F ]’ 5
g0l == 75 glF I )
and for other conditions (£ and £, ) :
_(E—Ep)

log[O1" 3, +log[F™ I}, (6)
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Simultaneous addition and subtraction of the log [F™ ]} term to the right part of
equation (6) permits to transform it as follows:

E)-E! x
log [O1" ]} =| —2>——2 +log[F 1% |+|log[F~| —log[F 1%
g[O ], =| =2 ™ +logl ]m} [toglF~] ~log[F I,
(7)
log[OI" ]}, =log [O1"]Z + log%‘
[F I
or in a general form :
E. —E:
log [O1" ]}, =log [O] %, +|—>—™2 8
g [OI' ], =log [O1" ], 0.059 ‘ (®)

Absolute value of the second term in equations (7) and (8) is caused by a different
sign of surface potential relatively to zero charge potential of mineral.

Calculated log [Ol']* values for a complete flotation are shown in Fig. 4 and
illustrate changing zero charge pH values of minerals. A reliability of log [O1 ]* values
calculated from equation (7) has been proven experimentally (Fig. 5).
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Fig. 5. Effect of ratio of available ([Ol']* and required ([O1 ]*
oleate ions concentrations on fluorite flotation

A complete flotation of the minerals under investigation is reached at various pH
values when available ([O1']") and required ([O1']%) are equal: log([O1' ]/[O1'T") = 0.
Consequently, equation (7) or general equation (8) represent the quantitative
physicochemical model of fluorite flotation. Availability of the model makes it
possible to elaborate a reliable automatic control system for flotation process of
fluorite at plants to gain maximum indexes for concentration, reductions in reagents
consumption, cost of flotation, and environment pollution.
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The hypothesis presenteded considering zero charge potential of mineral surface
in the presence of a collector as an optimal condition for fluorite flotation is true for
other salt-type minerals. For example, it allowed to explain the optimal conditions of
selective flotation of carbonates and phosphate minerals (fluorapatite, hydroxiapatite,
carbonatoapatite) on an industrial scale (Abramov et al.1993).

Conclusion

As a result of thermodynamic analysis of fluorite—sodium oleate—water system,
flotation and sorption tests at various pH values and sodium oleate concentrations, it
has been established:

e The regularities of fluorite flotation cannot be explained by the calcium oleate
formation on its surface. Under conditions of its formation the floatability of mineral
can be changed from excellent flotation to complete depression despite the maximum
oleate sorption density in the latter case;

e The optimal conditions for mineral flotation are observed at pH wvalue
corresponding to zero charge of the mineral surface which can be calculated by the use
of thermodynamic analysis of mineral-pure water system. The pH value calculated
cannot coincide with the zero value of the electrokinetic potential measured.
Maximum floatability of the mineral at zero charge pH values is due to the optimal
conditions for physical sorption of collector species on the mineral surface
hydrophobized by chemisorbed collector in this case and creation of adsorption layer
required composition on the mineral to be floated;

e The regularities of collector concentration change necessary for a complete
mineral flotation at different pH values are dependent on the regularities of change in
the ratio of potential-determining mineral ions and collector ions concentration in the
liquid phase of pulp which is necessary to maintain at quite definite value to secure the
potential of zero charge on the mineral surface;

e The quantitative physicochemical model of fluorite flotation elaborated may be
used in automatic control system to regulate the process of their flotation at plants.
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W wyniku analizy termodynamicznej uktadu fluryt—oleinian sodu—woda oraz testow flotacyjnych
i adsorpcji przy réznych wartosciach pH i stezenia oleinianu sodu ustalono, ze flotacji fluorytu nie moze
by¢ wyjasnione poprzez tworzenie si¢ oleiniandw ziem alkalicznych na jego powierzchni. W pracy
przedstawiono hipotezg taczaca optymalne warunki flotacji z punktem zerowego tadunku. Hipoteza ta
pozwolita na wyjasnienie prawidet flotacji fluorytu i wypracowanie ilosciowego fizykochemicznego
modelu flotacji tego mineratu. Zaprezentowana hipoteza pozwala réwniez na poprawe przemystowego
procesu flotacji i zastosowanie systemow automatycznej kontroli w zaktadach przerébezych.
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PROCESSING OF LOW GRADE EGYPTIAN MANGANESE
ORE

Low grade manganese ore from West-Central Sinai consists mainly of pyrolusite and hematite with
minor amounts of psilomelane and barite. Manganese dioxide does not dissolve in sulfuric acid under
atmospheric pressure, but rapidly dissolves under oxygen pressure in an autoclave in presence of pyrite.
Pyrite is oxidized to ferrous sulfate and sufluric acid which in turn dissolves manganese dioxide to
manganese sulfate. This pressure leaching process was systematically studied. Almost complete
extraction of manganese was achieved at temperature 220 °C under oxygen pressure of 15 bar after 30
minutes of leaching and at MnO,/FeS, molecular weight ratio equal 1.0. The residue is encriched in iron
so that it could be used to produce feed stock for iron smelting.

INTRODUCTION

Um Bogma Mn-Fe deposits is located in the lower carboniferous marine
intercalations within the clastic Paleozoic section. The ore bodies are irregular in
shape which tends to be lenticular. In some parts, the ore body is present as vein filling
cutting the surrounding dolomite (Gill and Ford, 1956; Mart and Sars, 1972; El-
Gammal, 1984). Many processes have been investigated for the treatment of low grade
manganese ores which are not amenable to regular mineral processing techniques.
Carbon reduction (Pawlek, 1983) and sulphuric acid leaching lead to removal of Mn as
soluble manganese sulfate. Another processes are based on aqueous leaching of
manganese ore in the presence of sufur dioxide (Herring and Ravitz, 1965).
Hydrochloric acid leaching of manganese nodules was reported by Kanungo
(Kanungo and Jena, 1988). Sulfuric acid leaching with charcoal (Das et al, 1989),
under oxygen pressure (Anand et al, 1980) was also applied. Ammonia leaching of
manganese nodules was one of the first processes developed (Sanigok and
Bayramoglu, 1988). High purity manganese sulfate was prepared from low grade
pyrolusite ore using adiabatic reductive leaching with sulfuric acid and hydrogen
peroxide as reducing agent (Allen and Corwin, 1989).

"Geology Department Faculty of Science, Alexandria University, El-Shatby, Alexandria.
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Utilization of sulfur dioxide for the treatment of manganese ore requires certain
standards for constructions and safety conditions. Therefore, it can be hardly applied
on industrial scale. Moreover, some processes involve and expensive leachants such as
ammonia, hydrochloric acid and hydrogen peroxide.

The objective of this work is to investigate a new leaching process of low grade
manganese ore from Um Bogma, Sinai, by mixing the ore with pyrite under oxygen
pressure at relatively elevated temperature and pressure to produce manganese sulfate
suitable for electrolytic production of manganese dioxide. This process is
advantageous over the known processes since it does not use a leaching agent, where
water is used only in this process.

In addition, the production of manganese sulfate is carried out in one step.
Resultant iron sulfate is converted into a basic iron sulfate residue. The influence of
temperature partial oxygen pressure, weight ratio of Mn ore to pyrite, grain size of
manganese ore and leaching time on the efficiency of manganese extraction were
experimentally examined.

EXPERIMETNAL

Materials

Samples of low grade manganese ore from Um Bogma, Sinai were used in this
study. According to the Magritz et al. (1972) classification the studied samples are of
,pyrolusite-hematitie” type which consist of approximately equal amounts of Fe and
Mn. Quartz and some clay minerals are the main gangues. Complete chemical analysis
of studied manganese ore is given in Table 1. Pyrite ore was provided by Institute. of
Metallurgy, Technical University, Berlin, (Germany). The analysis of this pyrite is
given in Table 2.

Procedure

Pressure leaching was carried out in 2 liter capacity vertical autoclave (Amer,
1987) with gas inlet/outlet, sampling tube and agitation. Manganese ore mixed with
pyrite was placed in the titanium container of the autoclave and then autoclave was
thoroughly flushed with oxygen gas. The mixture was heated to the required
temperature at agitation of 1200 rpm. Oxygen gas was introduced when the desired
temperature was measured. Samples were collected at various time intervals, filtered
and analyzed for manganese and iron.
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Manganese was determined volumetrically by titration with a standard solution of
potassium permanganate (Scott, 1984). While ferrous ion was determined by direct
titration with potassium dichromate.

Table 1. Chemical analysis of studied manganese ore

Oxide Wt., %
MnO, 44.01
Fe,0; 38.09
FeO 1.51
Si02 7.87
Al,O3 4.46
CaO 1.36
MgO 0.11
K,O 0.39
H,O 2.95

Table 2. Chemical analysis of pyrite sample

Oxide Wt., %
SO; 37.8
FeO 44.6
Fe,03 13.2
CuO 1.4
PbO 0.5
ZnO 0.1
H,0 2.0

RESULTS AND DISCUSSION

Mineralogical investigation

The microscopic study of both polished and thin sections of the studied
manganese ore samples revealed that, the opaque minerals consist mainly of pyrolusite
and psilomelane. The iron minerals associated with manganese minerals are hematite
and geothite. The essential associated gangue minerals are quartz, barite and some
clay minerals. Pyrolusite is seen to be a dominant manganese mineral. It exhibits well
developed colloform texture. In few polished section pyrolusite generally forms
fibrous aggregates. Hematite is the dominant iron mineral and is usually associated
with goethite to form well developed betryoidal and colloform texture. Quartz is
present in some samples, usually associated with iron minerals. The coarse crystals are
highly fractured and sometimes exhibits brecciated form.
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Leaching

Preliminary experiments were carried out to determine the working range of each
of the studied leaching variables. The effect of the following parameters was studied
in the increasing ranges:

e Temperature: 180, 250 °C,

e Oxygen partial pressure: 520 bar,

e MnO,/FeS, weight ration: 0.5-2.0,

¢ Grain size: 0.43—0.064 mm.
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Fig. 1. Effect of temperature on manganese extraction

Effect of temperature

The effect of temperature on manganese extraction is shown in Fig. 1. The
increase in temperature raises the rate of leaching of manganese. Complete dissolution
of manganese was achieved at 220 °C and 1 hours of leaching. The extraction
decreased at 250 °C, since all pyritic sulphur had been converted to the sulfate which
means complete oxidation of pyrite. Therefore no ferrous ions were produced so that, no
further dissolution of manganese occurs. At lower temperatures, the rate of formation of
ferrous ion from pyrite is low which leads to incomplete dissolution of manganese.
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Effect of oxygen partial pressure

Results of varying oxygen partial pressure on manganese extraction are shown in
Fig. 2. The tests were conducted at 220 °C, with a MnO,/FeS, weight ratio of 1.0. It
appears that, the increase in oxygen partial pressure elevates the rate of manganese
leaching due to the increased rate of formation of ferrous ion (Cornelius and
Woodcock, 1958). At oxygen pressure equal to 15 bar, the rate of manganese
extraction is generally higher than is observed at 5 bar. Dissolution of manganese
oxide in the presence of pyrite under oxygen pressure follows the following reactions:

2FeS,+ 70,+ 2H,0 —> 2FeSO, + 2H,S0, (1)
2FeSO,4 + H,SO4 + 1/2 0, —> Fey(SO4); + H,0 ()

Fey(SO,); + 3H,0 — Fe,0; + 3H,S0, 3)
MnO, + 2Fe"* + 4H'— Mn*"+ 2Fe’" + 2H,0 4)

According to the reaction (1) the oxidation of pyrite leads to formation of iron
sulfate which is converted to ferric sulfate by oxidation as shown in reaction (2).
Hydrolysis of ferric sulfate produce the iron oxide and free sulphuric acid according to
reaction (3). Eventually, manganese sulfate is obtained according to reaction (4).
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Fig. 2. Effect of oxygen partial pressure on manganese extraction
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Effect of MnO,/FeS, weight ratio

The results of manganese extraction at varying MnO,/FeS, weight ratios are
plotted in Fig. 3. The curves show that complete extraction of manganese was
achieved at MnO,/FeS, weight less than 1.0. At ratios exceeding 1.0 the proportion of
dissolved manganese decreases and reaches about 75% at MnO,/FeS, weight ratio
equal to 2 and after 90 min. At higher ratios, insufficient amounts of ferrous ions are
formed to secure complete dissolution of manganese.

b7

g0

2wt
o

i

H h -
o

Temp =220 C [

Paratial oxygen pressure = 15 dar

Manganese exlraclne

o e Gy i 0f mangenesy ore -84 um.
Grain size of pyrite =-84 wm
Saiid- iiguid =30 % I
{ !
3 - <
30 45 &0 7%

Timie .y minutss

Fig. 3. Effect of MnO, to FeS, ratio on manganese extraction



Processing of low grade Egyptian manganese ore 201

. 8D
.
<
&
4
760
=
*®
&
@
et y
= 40
g ;
& i Partiai oxygen pressure
it , o = 18 bar
< an Mme ; e Bt~ Hoguie =30 Y
15 30 45 L &G 75

Timeyminrutes

Fig. 4. Effect of grain size on manganese extraction

Effect of grain size

Figure 4 shows that the rate of manganese dissolution is sharply increased with
decreasing grain size of manganese. Maximum extraction of manganese (95%) was

achieved at grain size of -64 [lm. An increase in leaching time form 45 to 90 min. has
a little effect on manganese extraction at various grain sizes.

CONCLUSION

The pressure leaching of low grade manganese ore from West Central Sinai mixed
with pyrite in presence of oxygen leads to high manganese recovery (95%) at the
following conditions: Temperature — 220 °C, pressure — 15 bar, MnO,/FeS, — 1.0,
grain size of manganese ore = — 64 um, and leaching time — 60 min.
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Uboga rudy manganowa z centralno-zachodniej czesci Synaju w Egipcie zawiera glownie piroluzyt i
hematyt z mata domieszka psylomelanu i barytu. Wiadomo, ze ditlenek manganu nie rozpuszcza si¢ w
kwasie siarkowym pod cisnieniem atmosferycznym, ale szybko rozpuszcza si¢ przy podwyzszonym
ci$nieniu tlenu w autoklawie w obecnosci pirytu. Z kolei piryt utlenia si¢ do siarczanu zelaza(Il) i kwasu
siarkowego, ktory rozpuszcza ditlenek manganu z utworzeniem siarczanu manganu. W pracy
systematycznie przebadano proces cisnieniowego lugowanie rudy manganu. Uzyskano niemal catkowite
ekstrakcje manganu w temperaturze 220 stopni Celsjusza pod ci$nieniem tlenu wynoszacym 15 baréw po
30 minutach tugowania przy stosunku MnO, do FeS, jak 1:1. Pozostalo$¢ po lugowaniu byta
wzbogacona w zelazo, tak ze materiat ten moze by¢ uzyty do produkcji zelaza.
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CALCINATION OF THE TURKISH MANGANESE ORE
FROM DENIZLI-TAVAS REGION

The production of steel and high demand for ferro-manganese used in the Turkish iron and steel industry
increases every year. In Turkey, there are some important ore reserves of manganese, especially in the
Denizli-Tavas region. However, this carbonated ore body has relatively low content of manganese which
is about 31% Mn. The aim of this work was to calcine the fore-mentioned ore to increase its manganese
content and so make it more suitable to carbothermic reduction in a furnace for ferro-manganese
production. The main parameters studied were temperature of calcination, duration of calcination and
size of ore. The results showed that, although a temperature of 700 °C was enough to calcine a sample
ground finely to —74 microns, for the calcination of an ore crushed to about 1 mm grain size a
temperature of 900 °C and 1 hour duration would be more suitable industrially. Under these conditions,
the weight loss of the sample was about 15.5% and its manganese content increased to 36%.

INTRODUCTION

Research was initiated in the Middle East Technical University, Metallurgical and
Materials Engineering Department with the ultimate purpose of using the Turkish
manganese ores for the production of ferro-manganese in an already existing iron blast
furnace or in an electric arc furnace that will be constructed newly (Emeksiz, 1993;
Imer, 1997). Turkey has some manganese ore bodies scattered around the country. The
ore body found in the Denizli-Tavas region is the largest with the ore reserve of 2.68
Tg. However, the ore is of carbonate type with a relatively low content of manganese,
about 31% Mn, and it falls in a group called ‘ferruginous’(10-35% Mn). Therefore,
the purpose of this work is to calcine the mentioned ore to remove its carbon dioxide
and crystalline water and to make it more suitable to carbothermic reduction as ferro-
manganese.

Manganese ores are usually calcinated since they have crystalline water in their
structure. In addition, if the ore has rhodocrosite type carbonates, it will give off
carbon dioxide together with combined water. A minimum temperature for

"Middle East Technical University (METU), Metallurgical and Materials Engineering Department,
Ankara, Turkey.
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decomposition of various carbonates and hydroxides at 1 atm total pressure can be
obtained from log p—1/T type of diagrams (Rosenqvist, 1974). It can be seen from such
diagrams that minimum temperature for decomposition of rhodocrosite (MnCO;)
under atmospheric pressure is about 400 °C. If there is also manganite (Mn,O5-H,0) in
the ore, the minimum temperature for its decomposition will be above 200 °C.
Therefore, it is expected that calcination will start above 200 °C.

In literature, aside from theoretical works on the subject, there were no calcination
studies encountered on carbonate type of ores containing relatively low manganese.
However, literature survey showed that the reduction of such ores by carbon at various
temperatures had been studied previously (Brandstatter,1981; Hansen,1993). It was
evident that calcination reactions would take place while ore was heated to the
working temperature.

EXPERIMENTAL

Characterizaton of the sample

A 50-kg representative ore sample was procured from Eredli Iron and Steel Works
of Turkey which owns the mining rights of the manganese ore body in the Denizli-
Tavas region. This bulk sample was crushed and ground to Imm size, successively, to
get samples of about 50 g for chemical and mineralogical analyses. The complete
analysis of Denizli-Tavas ore is given in Table 1. In this table, the ignition loss was
more than necessary stoichiometric carbon dioxide to combine with manganese as
manganese carbonate, indicating that there was also some combined water in the
structure of the ore.

Table 1. Chemical composition of Denizli-Tavas manganese ore

Element wt. % Compound wt. %
Mn 30.34 SiO, 18.72
Fe 5.56 CaO 7.32

S 1.48 Al O, 3.52
Zn 0.34 MgO 2.41
Ni 0.30 K,0 0.65
Cu 0.11 TiO, 0.53

P 0.13 Na,O 0.19
Pb 0.07 Ignition Loss 15.10
As 0.09 (IL)

The Thermogravimetric Analysis (TGA) and Differential Thermal Analysis
(DTA) of this manganese ore was also done. The thermogravimetric analysis showed
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that weight loss started already at 60 °C due to evaporation of mechanically held
water. The total weight loss was 18.8%. On the other hand, the peaks on the DTA
curve indicated the presence of an extensive endothermic reaction around 160 °C
relatively less endothermic reactions at temperatures of 420, 520 and 810 °C, and, a
strongly endothermic reaction at 1150 °C. The reaction around 160 °C was probably
due to evaporation of chemically bound water. The other reactions were probably due
to decomposition of carbonates. The difference of 3.7% between the TGA weight loss
and ignition loss given in Table 1 appeared to be due to usage of a wet sample during
TGA analysis.

Mineralogical analysis of the Denizli-Tavas ore was done by combining results of
microscopic examination of some typical samples in epoxy and as thin sections, and
studying the X-ray diffraction patterns of powdered samples with a computerized
Rigaku X-ray diffractometer. This analysis gave the following results:

e The ore mineral found most abundant in the ore was rhodochrosite (MnCO3),
either free or locked in calcite, and with colour varying from light pink to dark brown.
Its weight percentage was between 20-25%.

Table 2. The mineralogical composition of Denizli-Tavas manganese ore

Mineral Weight, %"
Rhodochrosite 21.0
Manganite 16.0
Psilomelane 12.0
Pyrolusite 5.0
Bixbyite +
Hausmannite + 3.0
Braunite
Calcite 13.1
Quartz 18.7
Pyrite 2.8
Al 03 3.5
MgO 2.4

"Total is 97.5%. Rest, which is 2.5%, is the sum of other elements or
oxides given in Table 1.

e The second ore mineral was dark gray coloured manganite (Mn,Os;xH,0). This
mineral was also encountered as fine, light gray-white-coloured and amorphous
manganese hydroxide, disseminated extensively in gangue minerals. Its abundance
was in the range 15-20 wt. %.

e The third important ore mineral was light gray-coloured psilomelane (nearly
MnQO, — there might be some K, Ba, Pb, Fe, Cu, Zn in its structure). It appeared to be
in carbonated or siliceous gangue, together with pyrolusite. It was 10—15 wt. % of the ore.
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Fig. 1. Schematic representation of thermal balance set-up

e White coloured pyrolusite (MnO,) was also present. Together with psilomelane.

e It also showed a colloform aggregate, with these two minerals forming kidney-
shaped concentric layers. The amount of pyrolusite was in the range 5—6 wt. %.

e There were also some ore minerals as bixbyite ((Mn,Fe),0;), hausmannite
(Mn304) and braunite (3(Mn,Fe),05;.MnSiO;).The total of these was about 3 wt. %.

e In addition, there were, in small quantities, minerals of jacobsite ((Mn,Fe);0,),
hematite (Fe,0;), lepidocrosite (FeO(OH)), goethite (HFeO,), limonite (FeO(OH)-»H,0),
pyrite (FeS,), rutile (TiO,) and marcasite (FeS,).

e The main gangue minerals in the ore were calcite (CaCO;) and quartz (SiO,).
The weight percentages of these were about 10% and 18-20%, respectively.
Considering the mineralogical analysis of Denizli-Tavas ore together with its chemical
analyses, the resulted approximate mineralogical composition is as shown in Table 2.
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Calcination experiments

In the calcination experiments, the parameters that could be changed and, ought to
be determined are temperature, duration of experiments, and particle size of ore.
Therefore, the experiments were done in this work with the purpose of determining the
optimum values of these parameters.

Two different set-ups were used during calcination experiments; one of them was
Cahn 1000 electrobalance with a weight measurement sensitivity of +10 mg
(sensitivity is dependent on the weight of the sample) and with a furnace that can be
heated to maximum 1200 °C, while the other one was a thermal balance with a furnace

3200

2200

2000 [l I 1 1 L I : 1 I 1 ) U T 1 1 N T 1 'l
Time,min.

Fig. 2. Weight versus time plot, 7= 900 °C, under argon

that can be heated to maximum 1500 °C and made in METU. The electrobalance used
was a standard instrument with a flow-through tube hanging from top and argon as
protective gas, so, since it was not very much different from thermal balance, its set-up
was not given here. The thermal balance set-up is shown in Fig. 1.

Electrobalance measurements

Manganese ore samples of about 3 grams ground to —200 mesh were filled in
alumina crucibles with 2 cm diameter and 3 cm length and weighed with an accuracy
of £1 mg using a standard laboratory balance. Then, for each experiment one crucible
was fixed to the end of a platinum wire with 50 cm length and lowered down to the
hottest zone of the furnace. The wire was hanged from the other end to the
electrobalance, alumina furnace tube was installed and gas flow connections were
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done to make it gas-tight. Heating was started after purging the furnace tube with
argon at a rate of 50 cc/min for about 5 minutes. Under lowered argon flow, the
furnace reached the desired temperature in about 5 minutes. The weights were
recorded immediately after the beginning of heating at intervals of 0.5 minutes. Since
electrobalance was connected to a computer, recording of the weights was done
automatically and then these values were used to plot computer graphs. An example
for recorded weights is given in Table 3. The curve plotted using these values is
shown in Fig. 2. The effect of temperature on total weight loss during calcination of
Denizli-Tavas manganese ore under argon gas can be seen from Table 4 and Fig. 3.

Table 3. Weight losses as function of time in experiment No.1 as determined
by electrobalance. Argon atmosphere, T= 900 °C

Time | Weight | Time | Weight | Time | Weight [ Time | Weight
min mg min mg min mg min mg

0 3003.5 5.5 2942.0 11 2602.1 16.5 | 2500.6
0.5 3003.6 6 2935.1 11.5 | 2581.1 17 2500.6
1 2999.6 6.5 2918.5 12 2564.1 17.5 | 2503.0
1.5 3000.6 7 2899.0 | 12.5 | 2550.4 18 2496.7
2 3000.6 7.5 2863.4 13 2537.7 | 18.5 | 2504.5
2.5 2999.1 8 2827.7 | 13.5 | 2523.0 19 2503.5
3 2997.6 8.5 2774.5 14 2512.3 19.5 | 2503.5
3.5 2996.7 9 2730.1 145 | 2499.1 20 2497.3
4 2993.7 9.5 2691.0 15 2502.5 | 20.5 | 24973
4.5 2972.3 10 26519 | 155 | 2498.6 21 2497.3
5 2959.1 10.5 | 2631.0 16 24952 | 21.5 | 24973

Initial weight: 3003.5 mg, final weight: 2497.3 mg, weight loss: 506.2 mg, loss%: 16.9.

Table 4. Total weight losses detected by electrobalance
Sample particle size —200 mesh

Experiment Temperature Total weight Total weight Weight loss
No. °C loss, mg loss, % after 20 min, %
1 900 506.2 16.9 16.9
2 600 424.8 11.5 10.5
3 1000 831.1 17.8 17.8
4 400 230.0 5.05 4.45
5 850 760.6 16.71 16.71
6 300 124.0 2.79 2.77
7 700 629.4 14.16 13.26
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Fig. 3. The variation of weight loss in electrobalance
with temperature for a fixed calcination time of 20 min

Thermal balance measurements

The calcination experiments in electrobalance did not exactly represent industrial
conditions since it was necessary to use argon gas to protect sensitive parts of
electrobalance and since calcination started before the temperature of the furnace was
constant (it was difficult to hang the crucible containing the sample at a high
temperature). Therefore, it was necessary to construct a new thermal balance set-up. The
sample was suspended from top, as in electrobalance. The difference was that the sample
crucible was held in a relatively cold upper region of the furnace during heating and
lowered to the hot zone of it only when a steady working temperature was obtained. The
weight measurement sensitivity of this thermal balance was about +1 mg.

Before starting the experiments the hot zone of the furnace was found by determining
the temperature profile of it. For this purpose, the temperature of the furnace was set to
1000 °C by controller, a Pt—Pt 13% Rh thermocouple wire was lowered down the furnace
tube and temperature measurements were done in intervals of 5 mm by moving
thermocouple up and down. By this way, the length of the hot zone of the furnace and
variation of temperature in this zone were found to be 4cm and 8 °C, respectively.
Besides, the measured temperature of the hot zone of the furnace was compared with the
temperature indicated by the controller and calibrated, taking 0 °C as reference.

In the experiments without any protective gas flow, the temperature of the hot
zone of the furnace was initially set to the desired value, and then, 5—8 gram sample
placed in an alumina crucible with dimensions 2 cm ¢ by 5 cm length, was lowered to
this zone at the end of a platinum wire. This wire was hanged from the other end to the
thermal balance.
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The data in Table 5 and Fig. 4 are given as examples to the weights detected as
function of time for a constant temperature of 900 °C. The final experimental results
of thermal balance measurements are shown in Table 6. The effect of particle size of
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the ore on calcination behaviour can be also seen clearly from this table.

Table 5. Weights measured by thermal balance in experiment No.11,

in air, 7= 900 °C, particle size = —200 mesh

Time Weight Time Weight

min mg min mg
0 5084 11 4270
1 4988 12 4270
2 4782 13 4270
3 4608 14 4270
4 4438 15 4270
5 4361 16 4270
6 4320 17 4270
7 4266 18 4270
8 4270 19 4270
9 4270 20 4270
10 4270

Empty crucible: 10272 mg, crucible + sample: 15356 mg, sample weight: 5084 mg, final weight: 4270 mg, weight

loss: 814 mg, loss, %: 16.01.
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Table 6. Total weight losses in experiments done by thermal balance

Experiment | Temp. | Particle size | Tot. weight | Tot. weight | Const. weight
No. °C mesh loss, mg loss, % time, min
8 700 -200 669 13.37 28
9 800 —1 mm 1179 15.89 55
10 800 —20 +28 847 15.52 42
11 900 -200 814 16.01 8
12 900 -20 +28 905 15.06 9
13 900 -1 mm 1247 15.99 14
RESULTS AND DISCUSSION

The calcination experiments carried out by means of electrobalance under an inert
argon gas and using very finely ground sample showed that at the temperature range
0f 900-1000 °C the calcination was complete in 15 to 20 minutes, with H,O and CO,
in the structure being expelled. Under these conditions, complete calcination of the ore
resulted in an average weight loss of 16.5%. Complete calcination could be also
realized below 900 °C, e.g. at 850 °C. However, in such a case it would take longer
time, about one hour for completion of calcination reactions. The effect of particle size
was not determined by using the electrobalance.

The results of calcination experiments done by thermal balance and given in Table
6 showed that for complete calcination of Denizli-Tavas manganese ore ground to 74
microns particle size a time of 15 minutes was enough at a temperature of 900 °C. The
weight loss under these conditions was, on the average, 15.5%. The calcination time
was very much dependent on temperature; at a definite particle size, this time
decreased with increasing temperature. The minimum temperature necessary for
completion of calcination in an industrially suitable time, was 700 °C. At this
temperature, depending on the particle size, the time for complete calcination varied
from 20 minutes to one hour. Therefore, it appeared that the variation in particle size
was more effective at relatively lower temperatures. For example at 800 °C, complete
calcination of a very finely ground (about 74 microns) ore took 18 minutes, while this
duration was about 60 minutes for an ore sample with a particle size of about 1 mm.
This means that the complete calcination time increased by a factor of 3. On the other
hand, for a temperature of 900 °C, complete calcination of very fine ore took about 9
minutes while it took 15 minutes for an ore sample with about 1mm particle size; the
increase in complete calcination time was only by a factor of 1.5.

The experimental results also showed that the total weight loss readings done
under argon using electrobalance and thermal balance differed by about 1% (absolute
value). There may be two reasons for this behaviour. Firstly, the sample used in
thermal balance may oxidize towards the end of the experiments, resulting in some
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increase in weight. Secondly, the mechanically held water in the sample may
evaporate while it is kept in the upper part of furnace as it is heated to the working
temperature. As can be seen in Table 1, the analysis of dry sample for ignition loss
gave a value of 15.1% and this seemed to support the second possibility. If the weight
loss after calcination at 900 °C was taken as about 15.5%, the manganese content of
ore, which was 30.34% (Table 1) originally, would increase to about 36%.

X-ray diffraction analysis of samples calcined at various temperatures showed that
below 950 °C manganese oxide was present in the calcine as Mn;O4 whereas above
this temperature as Mn,O3. Therefore, the temperature of calcination could be adjusted
such that the form of manganese oxide in the calcine would be suitable to the ferro-
manganese production process which might follow.

CONCLUSIONS

1. To predict the behaviour of Denizli-Tavas manganese ore during calcination,
mineralogy of it was studied and manganese carbonate (rhodochrosite) and manganese
hydroxide(manganite) were found to be most abundant. Iron in the ore was in the form
of various minerals of iron oxides. The DTA and TGA analyses of samples showed
that during heating manganite decomposes releasing H,O and rhodocrosite, giving off
CO..

2. The minimum temperature necessary for calcination of this ore was found to be
700 °C. However, at this temperature the complete calcination time varied between 20
minutes and 1 hour, depending on the particle size of the ore. Under industrial
conditions this time might be as long as 2 hours. Therefore, as a result of this work, it
was proposed to carry out calcination at 900 °C, and the calcination time (with a good
stirring) should be minimum 1 hour, and particle size of ore should be about 1 mm. In
that case, the manganese content of ore which was about 31%, would increase to
above 35% and calcine would be more suitable for reduction smelting, as far as charge
composition was concerned. In addition, it was determined that below a calcination
temperature of 950 °C the manganese oxide in the calcine was present as
Mn;04,whereas above this temperature as Mn,0Os, which might effect the subsequent
carbothermic reduction process.

3. Under the optimum conditions given above, an industrial pilot test could be run
using a rotary furnace fired with natural gas. Similar tests could be also done under a
gaseous atmosphere with composition similar to the ferro-manganese electric arc
furnace exit gases, which would act both as fuel and carrier of sensible heat. The
particle size of ore could be around 1 mm.
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Produkcja stali i duze zapotrzebowanie na zelazo-mangan przez turecki przemyst zelaza i stali
ro$nie kazdego roku. Turcja posiada kilka duzych zl6z manganu, w tym ztoze Denizli-Tavas. To
weglanowe zloze rudne ma wzglednie niska zawarto$¢ manganu, ktéra wynosi okoto 31%. Celem tej
pracy bylo prazenie rudy dla podwyzszenia zawarto$ci manganu i uczynienia jej bardziej podatna na
karbotermiczng redukcjge w piecach produkujacych zelazo-mangan. Badano takie gldwne parametry
procesu jak temperaturg i czas prazenia w powiazaniu ze sktadem ziarnowym rudy. Stwierdzono, ze
temperatura wynoszaca 700 °C byta wystarczajaca do wyprazenia rudy rozdrobnionej do —74 mikrony,
ale ruda o uziarnieniu okoto 1 mm wymagata temperatury 900 °C i czasu prazenia 1 godziny. W tych
warunkach straty prazenia wynosity 15.5%, a zawarto$¢ manganu wzrastata do 36%.
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ZASTOSOWANIE MIKROSKOPII AFM
W ANALIZIE TOPOGRAFII POWIERZCHNI PODCZAS
ANODOWEGO ROZTWARZANIA SIARCZKU MIEDZI (I)

Elektrolityczne roztwarzanie anod z siarczku miedzi (I) (Cu,S) prowadzi do zmian sktadu fazowego
warstw powierzchniowych elektrody. W trakcie przebiegu reakcji na anodzie pojawia sig siarczek miedzi
(II) (CuS) a nastepnie siarka elementarna. Roztwarzanie Cu,S i CuS biegnie przy innych parametrach
elektrolizy. Zmiany sktadu fazowego powoduja zmiany wygladu powierzchni elektrody. Zmiany te
badano w zalezno$ci od stosowanej anodowej gestosci pradowej stosujac mikroskop AFM. Stwierdzono,
ze stopien rozwinigcia powierzchni charakteryzowany przez jej szorstko$¢ zmniejsza si¢ wraz z
obnizaniem anodowej ggstosci pradowej. Dla tego heterogenicznego w obregbie fazy statej ukladu
spowodowane jest to prawdopodobnie réznicami szybkosci biegu réwnolegltych reakcji anodowego
roztwarzania Cu,S i CuS w zalezno$ci od stosowanej anodowej gestosci pradu. Przy niskich ggstosciach
pradu szybkos$ci roztwarzania obu siarczkow sa porownywalne. W wyniku stosowania wysokich ggstosci
pradu nastgpuje zatrzymanie biegu reakcji w momencie pojawienia si¢ na powierzchni warstewki CusS.
Bardzo niska szybkos¢ jej roztwarzania w tych warunkach powoduje skok potencjatu elektrody.

WSTEP

Elektrolityczne otrzymywanie niklu bezposrednio z siarczkow od wielu lat jest
stosowane na skalg przemystowa (Renzoni i in., 1958; Spence i in., 1964; Goble i in.,
1986). Prowadzone sa badania nad przeniesieniem tego procesu do elektrorafinacji
miedzi, to znaczy prowadzenie elektrolizy z zastosowaniem anod siarczkowych.

Pomyst elektrolitycznego roztwarzania siarczkow metali zaproponowatl Marchese
(1882). W trakcie elektrolizy jon metalu przechodzi do roztworu a siarka siarczkowa
utlenia si¢ do siarki elementarnej i pozostaje na anodzie w postaci szlamu. Badania
jednak wykazaly, ze siarczek miedziawy, potprodukt pirometalurgicznej obrobki
mineraldéw miedziono$nych, nie roztwarza si¢ anodowo bezposrednio do siarki
elementarnej i jonow miedzi jak zaktadat Marchese. Brennet i in., (1974) stwierdzili,
ze roztwarzanie Cu,S biegnie przez szereg faz stopniowo zubozanych w miedz. Po

*Akademia Gorniczo-Hutnicza, Wydzia® Metali Niegelaznych, al. Mickiewicza 30, 30-059 Krakow.
“Instytut Katalizy i Fizykochemii Powierzchni PAN, ul. Niezapominajek 1, 30-239 Krakow.
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roztworzeniu okoto 50% masy miedzi z warstw powierzchniowych i
przypowierzchniowych cata powierzchni¢ elektrody pokrywa warstewka kowelinu
(CuS) (Mao 1 in., 1983). Jego roztwarzanie biegnie przy innych parametrach
elektrolizy. Hipoteza taka wynika posrednio z pracy Mao i in. Roztwarzali oni anody
proszkowe z siarczku miedzi (I). W ich uktadzie pomiarowym anody byly zawieszone
pionowo. Aby zapobiec przemieszczaniu si¢ proszku zastosowali diafragme z
materialu wiokienniczego. Autorzy ci w badaniach stosowali duze nawazki (ok.
500 g) proszku. Gestosci pradowe przeliczali na powierzchni¢ diafragmy. Pracowali
oni przy anodowych gestosciach pradu okoto 400 A/m”. Rzeczywista gestosé pradu ze
wzgledu na masg i rozwinigcie powierzchni probki byta nieporéwnywalnie mniejsza.
Uzyskiwali woéwczas okoto 87% miedzi roztworzonej z materialu anody. Uzyskanie
takiego wyniku byltoby niemozliwe gdyby faza CuS nie roztwarzata sig, byta pasywna.
Roztwarzanie CuS przy wysokich anodowych gestosciach pradu powoduje szybki
skok potencjalu w kierunku wartosci elektrododatnich. Wystapienie skoku potencjatu
jest w literaturze przypisywane niskiej szybkoSci jego roztwarzania. Teorie
wyjasniajace przyczyny wolnego roztwarzania CuS zakladaja jego odmienna budowe
krystaliczna (Crundwell, 1988), powstanie cienkiej warstewki tlenkowej (Hillrichs i
in., 1983) lub blokowanie powierzchni reakcji przez siarkg elementarna (Ghali i in.,
1982). Hipoteza o blokowaniu powierzchni reakcji przez warstewke tlenkowa wydaje
si¢ bardzo mato prawdopodobna, gdyz tlenki miedzi sa dobrze roztwarzalne w
elektrolitach stosowanych w elektrorafinacji miedzi.

Prezentowana praca opisuje wyniki badan zmian struktury powierzchni elektrody
siarczkowej roztwarzanej pradem o roznej anodowej ggstosci w statej temperaturze 60 °C.

METODYKA POMIAROW

Siarczek miedziawy syntetyzowano przez prazenie proszku miedzi 1 siarki
elementarnej cz.d.a. w tyglu grafitowym. Proszek miedzi i siark¢ zmieszano z 25%
nadmiarem siarki w stosunku do stechiometrii siarczku (Cu,S). Tak sporzadzona
mieszaning wprowadzano porcjami do tygla nagrzanego do 1250 °C. Nastgpowala
synteza 1itopienie siarczku. Nastepnie tygiel schtadzano w atmosferze azotu.
Uzyskany wlewek oczyszczano od zgaréw i cigto mechanicznie. W celu uniknigcia
deformacji powierzchni siarczku zwiazanej z ich mechaniczng obrobka sporzadzano
przetomy probek. Tak przygotowane probki roztwarzano anodowo. Wykonano
dyfrakcyjna analiz¢ rentgenowska siarczku. Uzyskany materiat nie byl jednorodny.
Stwierdzono obecno$¢ dwoch faz: Cu,S 1 Cu, g6S.

Elektrolit o sktadzie 30 g/l Cu®" i 150 g/l H,SO, sporzadzono z CuSO45H,0
cz.d.a., stgzonego H,SO, cz.d.a. i wody destylowanej. Anod¢ umieszczono pionowo,
rownolegle pomiedzy dwiema katodami z cienkiej blachy miedzianej w naczyniu
szklanym zawierajacym 0,5 dm’® elektrolitu. Odleglosci pomiedzy anoda i katodami
wynosily po 30mm. Katody byly jednostronnie izolowane. Sumaryczna powierzchnia
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czynna katod byta réwna powierzchni anody. Mieszanie realizowano przez
przepompowywanie elektrolitu przy uzyciu pompy perystaltycznej. Zastosowana
szybkos¢ przeptywu (9 l/godz.) zapewniata osiemnastokrotna wymiang elektrolitu w
ciagu 1 godziny. Do pomiaru potencjatu anody w uktadzie wprowadzono kapilarg
Lugina. Jako elektrode odniesienia stosowano nasycona elektrode kalomelowa.
Roéznicg potencjatdéw anody i elektrody odniesienia mierzono przy uzyciu
miliwoltomierza cyfrowego potaczonego z rejestratorem (drukarka). Kulometr
miedziowy byl potaczony szeregowo z uktadem pomiarowym w celu okreslenia
wielkosci tadunku, ktory przeptynal przez uktad. Elektrolizy prowadzono w
temperaturze 60 °C przy réznych anodowych gestosciach pradu. Anodowe gestosci
pradu liczono wzglgdem geometrycznej powierzchni probki. Temperaturg
utrzymywano za pomoca termostatu z doktadno$cia do £0,2 °C. Po wystapieniu skoku
potencjatu elektrolize przerywano. Anody wyciagano z elektrolitu, przemywano woda
destylowana i pozostawiano do wyschnigcia.

Zmiany topografii powierzchni w zalezno$ci od anodowej ggstosci pradowej
badano za pomoca mikroskopu AFM (atomic force microscope) (Bonnell, 1993, Sarid,
1994) Nanoscope E firmy Digital Instruments Inc. Do pomiar6w stosowano tip
(koncowke) SizNy o statej sitowej 0,12 N/m. Mikroskopia AFM jest jedyna dotychczas
znang technika, ktora pozwala odwzorowac topografi¢ powierzchni probki (mikroskop
mierzy trzy sktadowe punktu pomiarowego w przestrzeni x, y i z). Zastosowanie tej
techniki umozliwia tez w sposob automatyczny liczenie szorstkosci powierzchni
charakteryzowanej przez wielko§¢ RMS. Poniewaz obraz probki zapisany jest
cyfrowo, umozliwia to tatwe wyznaczanie wielko$ci ziaren, odleglosci i przekrojow
poprzecznych pomigdzy dowolnymi punktami na obrazie. Nadaje si¢ w zwiazku z tym
w szczegblnosci do analizy probek o zmiennym uziarnieniu i topografii (geologia i
mineralogia).

WYNIKI

Na rysunkach 1-4 przedstawiono topografi¢ powierzchni przetoméw probek
siarczku miedziawego. Rysunek 1 dotyczy powierzchni litego Cu,S przed
elektrolitycznym roztwarzaniem. Rysunki 2—4 dotycza powierzchni siarczku po
roztwarzaniu ich pradem o anodowych gestosciach odpowiednio 100, 300 i 500A/m>.

Jak wida¢ z rysunkow roztwarzanie prowadzi do zmiany topografii powierzchni
siarczku. Podwyzszenie anodowej gestosci pradowej powoduje wyrazne rozwinigcie
powierzchni. W miar¢ obnizania anodowej gestosci pradu powierzchnia staje sig
gladsza.

Stopien rozwinigcia powierzchni mozna scharakteryzowaé przez szorstkos¢ czyli
odchylenie standartowe o wartosci $redniej wertykalnych wspotrzednych punktow
pomiarowych. Definiowana jest ona wzorem (DeRose i in., 1991):
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Rys. 2. Powierzchnia Cu,S po rozpuszczaniu anodowym, i = 100 A/m?, Q =1329,0 C
Fig. 2. The surface of Cu,S after anodic dissolution, i = 100 A/m*, Q = 1329.0 C
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Fig. 2. The surface of Cu,S after anodic dissolution, i = 100 A/m?, 0=1329.0C
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Rys. 3. Powierzchnia Cu,S po rozpuszczaniu anodowym, i = 300 A/m?, Q = 591,0 C
Fig. 3. The surface of Cu,$ after anodic dissolution i = 300 A/m?, O =591.0 C
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Rys. 4. Powierzchnia Cu,S po rozpuszczaniu anodowym, i = 500 A/m?, Q = 183,6 C
Fig. 4. The surface of Cu,$ after anodic dissolution i = 500 A/m?, O = 183.6 C
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Fig. 5. The dependence of Cu,S surface roughness on anodic current density
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Fig. 6. The dependence of Cu,S surface roughness from transition time
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Na rysunku 5 pokazano wykres zalezno$ci szorstkosci powierzchni siarczku od
stosowanej anodowej gestosci pradu. Jest to zaleznos$¢ prostoliniowa.

Etienne (1970) do opisu zalezno$ci czasu pasywacji od stosowanej anodowej
gestosci pradu zastosowatl rownanie obowiazujace w chronopotencjometrii. Zgodnie z
tym rownaniem dla danego elektrolitu w danej temperaturze wyrazenie it (i —
anodowa ggstos¢ pradu, 7 — czas przejscia, to znaczy czas do wystapienia pasywacji)
przyjmuje wartosci state. Rownanie to jest spelnione w tym przypadku (7= 7,79 A~
“cm *sec). Na rysunku 6 pokazano wykres zaleznosci szorstkosci powierzchni
siarczku od czasu przejscia 7. Wydaje si¢ jednak, ze szorstko$¢ jest lepiej
charakteryzowana przez anodowa gestos¢ pradu.

DYSKUSJA

Elektrolityczne roztwarzanie probek siarczku miedziawego prowadzi zaréwno do
zmian sktadu fazowego jak i1 zmian topografii powierzchni. Stopien rozwinigcia
powierzchni, charakteryzowany przez szorstko$¢ wzrasta wraz z podwyzszaniem
anodowej gestosci pradu. Bylby to wniosek oczywisty w przypadku roztwarzania
uktadéw jednofazowych, jednosktadnikowych.

Wydaje si¢, ze w badanym wielofazowym uktadzie powstawanie nier6wnosci na
powierzchni siarczku podczas roztwarzania pradem o wysokiej anodowej gestosci
zwiazane jest ze sktadem fazowym powierzchni probki. Na powierzchni wyjsciowej o
zroznicowanym sktadzie fazowym (Cu,S 1 Cuy 46S) W procesie wymuszanym pradowo
w wyniku przechodzenia jonéw Cu®" do roztworu tworza si¢ kolejno fazy posrednie
stopniowo zubozane w miedz. Ich roztwarzanie biegnie z wysokimi, porownywalnymi
szybkosciami. Po roztworzeniu 50% masy miedzi na anodzie pojawia si¢ siarczek
miedziowy (CuS) o odmiennych wlasciwosciach. Przy wysokich anodowych
gestosciach pradu jego roztwarzanie z warstwy powierzchniowej jest bardzo wolne,
czego efektem jest skok potencjatu elektrody w kierunku wartosci elektrododatnich.
W zalezno$ci od skladu fazowego powierzchni nastgpuje zrdznicowanie czasu
pojawienia si¢ CuS. Szybka przemiana fazowa z Cu,S do CuS w przypadku
stosowania pradu o wysokich anodowych gestosciach powoduje zablokowanie
roztwarzania siarczku miedziawego z glgbszych warstw przypowierzchniowych
elektrody. Efektem tego jest silne rozwinigcie powierzchni.

Rezultatem obnizenia anodowej gestosci pradu jest wolniejsze roztwarzanie
siarczku miedzi (I). Roztwarzanie wtedy biegnie rownomiernie na catej powierzchni
anody i jednocze$nie przemiany fazowe nastgpuja na wigkszej gtebokosci. Wydaje sig,
ze stosowanie niskich anodowych ggstosci pradu powoduje rownolegly, niezalezny
bieg reakcji anodowego roztwarzania Cu,S i CuS powstatego w wyniku roztwarzania
Cu,S. Szybkosci roztwarzania obu siarczkow sa wtedy do siebie zblizone. W efekcie
tego nastgpuje rownomierny transport jondw miedzi z calej powierzchni czynnej
elektrody. Stad obserwowana jest niska szorstko$¢ powierzchni.
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Zmiany szorstko$ci powierzchni elektrody w czasie roztwarzania mozna
thumaczy¢ za pomoca nadpotencjatow reakcji anodowych. Roztwarzaniu CuS
towarzyszy znacznie wyzszy nadpotencjat niz w przypadku Cu,S. Stad jesli CuS
stanowi faze dominujaca musi wystapi¢ skok potencjatu. Przeciwdziata¢ mozna temu
przez utrzymywanie niskiej anodowej gestosci pradu. Powinno to pozwala¢ na
zachowanie niskiego potencjatu anody przez odpowiednio dtugi czas i roztworzenie w
tych warunkach prawie calej miedzi zawartej w materiale probki.

Model graficzny ilustrujacy roztwarzanie siarczku miedzi (I) zostat przedstawiony
w pracy McKaya i Petersa (1991).

WNIOSKI KONCOWE

Elektrolityczne roztwarzanie anod siarczkowych prowadzi do zmian topografii
powierzchni anody. Podczas roztwarzania nast¢puje zmniejszanie objgtosci molowe;j
kolejno pojawiajacych sie faz posrednich (z 27,4 cm’® dla Cu,S do 20,4 cm’ dla CuS).
Prowadzi to do pgkania materialu anody, pojawienia si¢ porow. Wynikiem tego jest
rozwinigcie powierzchni czynnej elektrody. Stopien rozwinigecia powierzchni jest
charakteryzowany przez jej szorstko$¢. Wraz z obnizeniem anodowej ggstosci pradu
szorstko§¢ powierzchni elektrody maleje.

Wydaje sig, ze stosowanie wysokich anodowych gestosci pradu powoduje
zatrzymanie roztwarzania Cu,S w momencie pojawienia si¢ warstewki CuS na
powierzchni elektrody w zwiazku z wysokim nadpotencjalem towarzyszacym
roztwarzaniu kowelinu. Obnizenie anodowej gestosci pradu prowadzi do
rownoleglego biegu reakcji roztwarzania Cu,S oraz CuS.

Praca zostata zrealizowana w ramach grantu Polskiego Komitetu Badan Naukowych nr TO8B 025 14.
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Electrolytic dissolution of anodes that are made of copper (I) sulfide (Cu,S) let to create phase
changes on the surface of electrode. During reactions on the anode, there appear copper (II) sulfide (CuS)
and after that elemental sulfur. Reactions of Cu,S and CuS dissolution run under different electrolysis
conditions. The phase changes create modifications in the shape of electrode surface. The changes were
studied as a function of anodic current density by AFM microscope. We found that the surface spread
degree characterized by roughness was lowered with decreasing anodic current density. In this
heterogenic system, probably it was the result of different velocities of parallel and independent reactions
of anodic dissolution Cu,S and CuS at various anodic current density. At low current density, both
sulfides were dissolved with comparable velocity. The application of high current density causes the
reaction to stop at the moment of CuS layer appearance. A very low velocity of CuS dissolution causes a
jump of the electrode potential under these conditions.
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Douglas W. FUERSTENAU", Abdel-Zaher M. ABOUZEID"

THE PERFORMANCE OF THE HIGH PRESSURE ROLL MILL:
EFFECT OF FEED MOISTURE

The high pressure roll mill, HPRM, a newly invented size reduction equipment, has been recently added
to the list of comminution machines and is classified as a highly efficient equipment. Although the
HPRM is now already being operated in several full-scale size reduction plants, it has not yet been fully
characterized. This is because the performance of the equipment is affected by numerous parameters that
have to be investigated and optimized. The present paper is concerned with the effect of one of the
important parameters, that is the feed moisture, on the HPRM performance. A dolomite feed of —8 mesh
size distribution was used at different moisture levels, up to 10%, to demonstrate the effect of feed
moisture on the product characteristics, and the mill operating and design parameters such as the applied
load, specific energy, roller speed, and rollers gap. It was found that the feed moisture has a definite
effect on both the product characteristics and the mill operating and design variables at different set load
levels. It was also found that the operating parameters of the mill are interrelated in a well defined
combination, and differences in the size distribution parameters of the product are reflections of this
interrelated combination.

INTRODUCTION

Mineral processing consumes a large portion of the total generated electricity all
over the world. It was estimated that about 5% of the electricity generated globally is
consumed by the mineral processing plants. About 80% of this portion of energy is
consumed in crushing and grinding of raw materials (National Materials Advisory
Board, 1981). There is every indication that the energy cost of comminution will
continue to rise in the comming years. Reasons for this lie in the continuously
increasing cost of generating electricity and in the perceptible trend towards finer
grinding of ores on an increasingly larger scale for mineral liberation from lower-
grade ores, and for producing ultrafine particulates for emerging materials
technologies. Although other methods of applying energy for size reduction
(electrohydraulic, laser, thermal shocks, etc) have been proposed (National Materials

"Department of Materials Science and Mineral Engineering, University of California, Berkeley,
California, U. S. A.
**Cairo University, Faculty of Engineering, Department of Mining, Cairo, Egypt.
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Advisory Board, 1981), mechanical stresses remain the most practical means for
carrying out industrial comminution. Thus, improvements in comminution efficiency
of the size reduction machines by maximizing the energy utilization, either by
optimizing the operating conditions or by improving the machine design, are urgent.

Although a definite definition of energy efficiency in comminution is not yet
defined (Abouzeid, A.-Z.M., Fuerstenau D. W., to be published), energy utilization in
conventional comminution machines is only a fraction of what is achieved in crushing
single particles under slow compression (Schoenert K., 1979). This decrease in
process efficiency can be attributed to a number of interrelated causes inherent to the
design and operating conditions of size reduction machines, and the interparticle
interaction effects that are inevitable whenever a particulate system is ground in
confined or loose beds (Kapur P.C., Gutsche O., Fuerstenau D.W., 1993; Fuerstenau,
D.W., Vazquez-Favela J., 1997).

The loose bed (uncofined system) comminution is represented by the tumbling
mills such as ball mills. The confined bed comminution can be carried out using
a choke-fed high pressure roll mill, which is the recently invented and commercialized
mill that exhibits significantly enhanced energy efficiency (Kellerwessel H., 1990;
Fuerstenau, D.W., Kapur P.C., 1995).

In confined bed comminution, energy is transferred directly to the charge mass,
and breakage takes place by very high stresses generated locally at the contact points
between the particles of the tightly compressed bed (Fuerstenau D.W., Shukla A.,
Kapur P.C., 1991). The high pressure roll mill, HPRM, is an example of the
continuous grinding in the confined particle-bed mode. However, a completely
confined particle-bed mode of grinding is difficult to attain in the HPRM because of
the well known end effects that invariably result in some leakage of the feed. Though
with this discrepancy from completely confined-bed mode of breakage, the HPRM is
considered as energy saver unit of comminution compared with the conventional
tumbling mills. It is possible to achieve energy savings of more than 50% of the
specific energy commonly known to be consumed for size reduction of mineral
comodities in conventional ball mills when a HPRM is used (Ellerbrock, H.-G., 1993,
Patzelt, N., 1990). In addition, the HPRM reduces contamination of the product with
iron during grinding. This latter feature saves steel wear consumption and produces
clean products needed for subsequent processes in some special applications.

Several factors affect the performance of the HPRM among which are: the
material properties, the granulometric composition of the feed, the feed moisture, the
roll pressure, and the rate of applied stresses (Schoenert, K., Muller F., Schwechten
D., 1990). One of the important operating parameters of the HPRM, that has not been
given enough attention, is the feed moisture. The effect of this parameter is
contravartial. Some authors report that moisture content of the feed does not appear to
affect the reduction ratio-specific energy relationship (Lim, I.L., Voigt W., Weller
K.R., 1996). Whereas others confirm that some effects of feed moisture on the
performance of the HPRM have been observed (Patzelt, N., 1990; Schoenert, K.,
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Muller F., Schwechten D., 1990; Fuerstenau D.W., Kapur P.C., Gutsche O., 1993).
However, none of those who reported the effectiveness of moisture on the HPRM
performance has investigated in details the effect of moisture on the behavior of the
mill and its energy efficiency. Only some tests of preliminary nature were conducted
to explore the effect of the feed moisture on the grinding efficiency (Fuerstenau D.W.,
Kapur P.C., Gutsche O., 1993).

This paper is concerned with a detailed study of the effect of feed moisture on the
performance of the HPRM. It presents a thorough investigation of the effect of a wide
range of feed moisture, up to 10%, on the product characteristics and the mill
operating and design parameters such as: applied load, specific energy, mill speed, and
rollers gap. Interrelations of the operating and design parameters on the product size
distribution properties will also be illustrated.

MATERIAL, EQUIPMENT AND PROCEDURE

Material

The material used in this study is dolomite of —8 mesh particle size distribution of
median size, Xso, of 1260 microns, and Xgo of 1830 microns. The dolomite used was
obtained from Salinas, California, and was prepared by stage-crushing in a laboratory
roll crusher in closed circuit with an 8 mesh screen.

High pressure roll mill

The laboratory-scale HPRM is constructed with two counter-rotating rolls, each
200 mm in diameter and 100 mm in width. The bearings housing one roll are fixed,
while the other roll can freely slide laterally in parallel with the adjacent roll through a
Schmidt coupling device. The rolls are driven by a 37-kW variable-speed DC motor.
A transducer attached to the drive shaft measures the roll torque, and the whole system
is interfaced with a dedicated computer for recording the roller gap, roll torque,
milling force, total energy, and roller speed, simultaneously. During an experimental
run, an infrared emitter/receiver located at the top of the feeder column ensures that
the feeder system is full of material by controlling the vibrating feed hopper. Product
sample is collected by manually switching a cutter from one position to the other,
activating a microswitch that starts the data aquisition system. At the beginning of
each grinding experiment, the idling roll speed was set at approximately 26 rpm. The
main controlling variable on the machine is the load applied to the roller. It was
varied, on loaded rolls, from 4 to 11.6 ton, Fig. 1.
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The moist feed material was prepared by adding the required amount of water to 3
kg of dry material to make a charge of a known moisture content. The moisture levels
studied are 0.0, 2.5, 5.0, 7.5, and 10.0% water of the dry charge. Charges of moist
material were added to the feed shaft and vibrating hopper. A colored dolomite bed of
about 1/2 cm thick between each two differently moistened charges was used as an
indication of the end of one charge and the beginning of the next one. However, about
one kilogram of material between each two differently moistened charges (half a
kilogram below the colored bed and half a kilogram above it) was rejected from the
product to avoid interference between each two successive charges with different
moisture contents. This arrangement leaves about 2 kg of product from each moisture
level. These 2 kg product material of each moisture level were soaked in water for
disintegration and screening. The product size distributions were obtained by the
s dard wet-dry sieving procedure using a R bTap sieve shaker.

Feed
(Particle Bed)

Compression
(Grinding)
Zone

Mitling
Force

Comminuted
Product

Fig. 1. High pressure roll mill; a) front view: 1 — feeder funnel, 2 — divider plate, 3 — load cell,
4 — force-cage with disc spring, 5 — spring bolt, b) schematic representation of comminution mechanism

RESULTS AND DISCUSSION

Three main aspects are discussed in this section. Although interrelated, each of
these aspects will be discussed separately and then all the three aspects will be related
to each other. One of these aspects is the effect of the feed moisture on the operating
variables such as applied load, specific energy consumption, roll speed, and roller gap.
The second aspect deals with the effect of the moisture level on the product size
distribution, the rate of fines production, and the retained coarse material. The third
aspect is the effect of the feed moisture on the energy efficiency in the HPRM.
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Effect of feed moisture on operating variables

Five levels of feed moistures were investigated. The effect of each of these
moisture levels was studied at different applied loads. In each of these series of
experiments, the applied load was set at a specified load at 0.0% moisture. At the end
of each experiment, all the operating parameters were read and recorded through the
computer set up. These parameters were: load, average speed, net energy
consumption, and rollers gap. The collected sample in each experiment was weighed
and recorded, mainly for calculating the specific energy at the specified conditions,
namely, load and feed moisture.

At each of the set load levels (the load value at zero moisture), the load was
steadily decreasing as the moisture content was increased, Fig. 2. A first thought, that
needs to be confirmed, for explaining this trend is that water acts as a lubricant
between the particles within the material bed. This Iubrication action minimizes
particle-particle friction and helps compacting the particulate bed, reduces the bed
thickness, and hence reduces the load.

Measured Load, ton
« B

0 2 4 6 8 10 12
Feed Moisture, percent

Fig. 2. Effect of feed moisture on the applied load at various load levels.
The reference load level is the load set at 0% moisture

Unexpectedly, the roller gap decreased, at all load levels, as the moisture content
increased (Fig. 3 a). The decrease in gap was significant up to 5% moisture, and then,
the rate of gap reduction was less up to 10% moisture, i.e., the bed compaction
reached a certain limit beyond which there was little voids for the material to squeeze
in. From the above discussion, it can be seen that the applied load decreases with
increasing the feed moisture (Fig. 2). This means that the roller gap should have
increased (Fig. 3 b). However, it did decrease with increasing moisture. This confirms
that the rate of product material bed extrusion increases as a result of water lubrication
on the particles surfaces, and not a kind of roller slippage. This confirms the above
mentioned idea of material lubrication by water.
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As feed moisture increased, the measured roller speed, at all set load levels, increased
(Fig. 4). This trend may be explained by the decrease in applied load with increasing the
feed moisture. It was found that the roller speed decreases linearly, at all moisture levels,
as the applied load increases (Fig. 5). Consequently, since the applied load decreases with
increased moisture content, it is expected that the roller speed increases with increasing
moisture content (Fig. 4). As discussed above, it should not be thought that the increase in
roller speed with increasing the feed moisture is due to less friction (roller slippage)
between the rollers and the material passing through them.
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Fig. 3. Effect of feed moisture (a) and applied load (b)
on the rollers gap at 0% and 10% feed moisture

The change in specific energy consumed in comminution as a function of feed
moisture and applied load is more complicated. At smaller loads, i.e., lower specific
energy levels, the specific energy decreases as the moisture content of the feed
increases (Fig. 6). This is due to the decrease in applied load with increasing moisture
content (see Fig. 2). At higher applied loads, the specific applied energy increases with
increasing feed moisture (Fig. 6). This may be due to the following. As the bed
becomes thinner by extrusion with increasing moisture content (Fig. 3), more energy
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may be absorbed in material comminution rather than being absorbed by cushioning
through material friction as a result of high percentage of voids in the less compacted
bed (in absence of the lubricating action of water). By studying Fig. 7 which presents
the rate of increase in consumed specific energy with respect to the applied load at 0%
and 10% moisture, it can be concluded that the rate of energy at any applied load,
above 2 tons, is higher at 10.0% moisture than in the case of dry feed. At loads less
than about 2 tons, the trend of energy utilization (extrapolated) at any load is lower in
the presence of moisture than in the case of dry feed. Back to Fig. 6, it can be seen that
the specific energy increases with increasing feed moisture at high levels of set loads,
recalling that the applied load decreases with increasing moisture content (see Fig. 2).
This phenomenon supports our proposed model for the improvement in energy
utilization as a function of moisture content at high levels of applied loads as a result
of water lubrication. It should be noted that at high moisture levels (above 7.5% water)
some of the added water was squeezed out of the material bed and driven off in the
form of droplets at the drum ends at high set loads. The effect of water squeezing out
can be particularly observed at 10.0% moisture at high energy levels where the
energy-moisture trend increases and then declines at high moisture content (Fig. 6).

Effect of feed moisture on product properties

In this section, the effect of feed moisture on product properties and specific
energy utilization at different levels of applied loads will be presented and discussed.
The main product properties are particle size distribution, percentage fines, and
percentage coarse materials in the product.
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Fig. 4. Effect of moisture on the roller speed

Figure 8 presents the cumulative size distribution of the product material at
various moisture levels at specific energy 0.6-0.8 kWh/t. At this level of specific
energy, the percentage of fines proguced decreases as moisture increases. This is
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probably because the stage of compaction by water lubrication at low levels of applied
loads produces less fines as lubrication increases as the material is going into more
compaction and less breakage. At the same time, under these conditions, coarse
particles suffer less nipping as they are protected by fine sizes during assested
compaction. In addition, the load decreases with increasing feed moisture which
means less energy is supplied to the particulate system.

25

Mositure, %
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Roller speed, ipm
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Fig. 5. Effect of applied load on the roller speed
at 0 and 10% feed moisture
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Fig. 6. Effect of feed moisture on the specific energy consumption at various
energy levels. The reference energy level is the energy set at 0% moisture
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Fig. 7. Effect of applied load on the specific energy
consumption at 0 and 10% feed moisture
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Fig. 8. Effect of feed moisture on the size distribution
of the HPRM product at specific energy 0.6-0.8 kWh/ton

Figure 9 shows the cumulative size distribution of the product material at various
moisture contents at a high level of consumed specific energy, 1.7-2.0 kWh/t. In this
figure, it can be noticed that the effect of the various moisture levels is more
significant in the disappearance of the coarse-size material rather than the appearance
of the fine-size fractions. It is clear from Fig. 9 that the disappearance of the coarse-
size material is faster at higher moisture levels. Attempts to explain the trends in both
Figs. 8 and 9 will be discussed in the following paragraphs.
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Fig. 9. Effect of feed moisture on the product size distribution
of the HPRM product at set energy of 1.75 kWh/t

The rate of fines production, e.g., —200 mesh material is shown in Fig. 10. In
general, there are no drastic changes in the rate of production of fines as a function of
moisture contents which was confirmed by Fuerstenau et al. (1993). However, at low
energy levels, the rate of fines production tends to decrease to some extent. At high
energy levels, there is a tendency for the fines to increase slightly with increased feed
moisture, but still, even at this high levels of energy, produced fines decrease with
miosture at low moisture levels. The reasons for decreasing the production of fines at
low energy levels has already been discussed earlier. At high energy levels, at low
moisture contents, the amount of moisture (e.g., 2.5% water) was just enough to act as a
lubricant. As the moisture increased beyond this level, internal friction of material
decreased and coarse-size material was subjected to fracture and, hence, little more
additional fines were produced (refer to Fig. 6).

30

) Sp. Energy,

§ kWh/t.

S
- L

<]

(=%
o 20r 1.0
R= s * ﬁ//’
-]

815
8 M
(\ll L

10 i | n 1 H 1. H " i
0 2 4 6 8 10 12

Feed Moisture, percent



High pressure roll mill 237
Fig. 10. Effect of feed moisture on the production of fines, —200 mesh

Figure 11 illustrates the trend of the amount of coarse material in, e.g., +20 mesh
material, the product as a function of the moisture content at different applied specific
energies. At low energy levels, there is a slight decrease in the coarse-size fraction as a
function of feed moisture, whereas at high energy levels, there is a significant decrease
in the coarse-size fraction. As discussed previously, at low energy levels, energy is
utilized in compaction of material, with little breakage in presence of moisture. At
high energy levels, more efficient breakage of the coarse-size material takes place as a
result of less friction which facilitates squeezing the fines in the voids and, hence,
nipping the coarse-size material. At moisture content less than 2.5%, the rate of
decrease of coarse-size fraction is relatively high due to sudden change in feed
properties from dryness to moist nature. Beyond 7.5% moisture, the rate of decrease in
coarse-size fraction is significantly high probably due to the action of water squeezed
into cracks and fractures, and hence, lowers the solids surface energy and facilitates
the coarse-size breakage. In addition, in presence of enough water, the system behaves
in a viscous way with fines squeezed out, mostly unaffected, leaving the coarse sizes
for preferential breakage. This action, in a way, is similar to the action of rods on
coarse-size fraction in a rod mill.

Figure 12 is a rearrangement of data in Fig. 11. It shows the rate of decrease of the
coarse-size fraction as a function of the consumed specific energy. It is clear from Fig.
12 that, at any specific energy, specially at high energy levels, the rate of
disappearance of the coarse-size fraction is higher at higher moisture contents. This
means that the comminution efficiency is higher at higher moisture contents of the
feed.

S

) p.energy ,
kWht.

+20 mesh in the Product, percent

0 2 4 6 8 10 12
Feed Moisture, percent

Fig. 11. Effect of feed moisture on the percentage
coarse material, +20 mesh, in the product
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Fig. 12. The percentage coarse material, +20 mesh,
in the product as a function of specific energy consumption

Effect of feed moisture on energy efficiency

From the foregoing discussions, it can be seen that the coarse-size fractions are
more sensitive to moisture effect in the feed than the finer fractions, specially at higher
energy levels. This lead us to use the reduction ratio at 80% of both feed and product
as a parameter for correlating the energy efficiency of comminution as a function of
feed moisture. Hence, the reduction ratio used in this text refers to XgosXsop, 1.€., Xgo
of the feed devided by Xg of the product. Fig. 13 shows that the reduction ratio as a
function of moisture content decreases at low levels of the specific energy
consumption, e.g., at 0.6 kWh/t. The reason for this trend has been discussed above.
At higher energy levels, e.g., higher than 1 kWh/t, the reduction ratio increases as a
function of the feed moisture. This increase in reduction ratio is more significant at
higher energy levels. For example, at specific energy 2.3 kWh/t the reduction ratio
increased from 1.9 for dry feed to 2.7 at 10.0% moisture, i.e., the reduction ratio,
XgotXs0p, Increased by 50% when the moisture in the feed was varied from dryness to
10.0%. Again, there is a plateau in the reduction ratio values between 2.5% and 7.5%
water content. This plateau has been observed previously in Fig. 11.
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Fig. 13. Effect of moisture on the reduction ratio, X80f/X80p
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The data in Fig. 13 is rearranged in Fig. 14 to represent XgosXgop as a function of
the consumed specific energy. It is obvious that the energy efficiency is improved
significantly by increasing the moisture content of the feed. This effect was observed
by Fuerstenau et al. (1993) when they used a moistened monosize fraction feed to
explore whether moisture has an effect on the reduction ratio, XyXso,. However, the
moisture effect in the present work is more prominent for two main reasons. First, we
used a feed with a wide range of size distribution, —8 mesh dolomite feed, which can
hold the amount of water added, up to 10.0% water. Second, the reduction ratio
XsopXgop 1S more sensitive to changes in product size distribution properties than
Xs0pXs0p OF the percentage fines produced in the product. Fig. 14 shows that at low
specific energy, e.g., around 0.6 kWh/t, the reduction ratio Xgo¢/Xszop, 1S reversed, i.e.,
the reduction ratio decreased with increasing the moisture content of the feed material.

This confirms the observation demonstrated in Fig. 7.
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Fig. 14. The reduction ratio, X80f/X80p,
as a function of specific energy consumption

CONCLUSIONS

The effect of feed moisture on the operating and design variables of the high pressure
roll mill, HPRM, as well as the properties of the product size distribution and energy
efficiency, is investigated in details. This study reveils the following conclusions:

Effect of moisture on operating and design parameters

e At all loading levels, the applied load decreased with increasing the feed
moisture. The rate of decrease in load with respect to moisture was almost the same at
all levels of loading.

e The rollers gap decreased as the feed moisture increased. This may be attributed
to the high rate of material extrusion due to decrease of material internal friction as
a result of water lubrication.

e The measured roller speed increased at all loading levels as the feed moisture
increased. This is expected, because the applied load decreased with increasing the
feed moisture..

e At low energy levels, the measured specific energy decreased with increasing
the moisture content. At high energy levels, the consumed specific energy increased
with increasing moisture. Again, this is possibly due to squeezing fines in voids and
cavities, i.e., the moist feed behaves as a viscous-like material, giving chance for
coarse-size fractions to be nipped and consume more specific energy. Hence, the rate
of increase in specific energy consumption, with respect to applied load, was observed
to be higher with moistened feed than with dry feed.

Effect of moisture on size distribution properties

e At low applied loads, and hence low specific applied energy, the extent of
comminution decreased with increasing moisture. This is probably due to decrease of
applied load with moisture, and utilization of applied energy mainly for compaction as
a result of less internal particulate friction. At high applied loads, the efficiency of
coarse-size particles breakage is higher at higher moisture levels, whereas the
difference in production of fines is not significant.

o At all levels of applied energy, the change in production of fines, —200 mesh, is
not significant. On the other hand, the rate of reduction of coarse-size fractions, + 20
mesh is significantly higher at higher levels of applied specific energy as feed
moisture increased.
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Effect of moisture on energy efficiency

The reduction ratio, Xgoy/Xsop, Was used to correlate the energy efficiency as a
function of feed moisture. It was found that at low specific energy, the reduction ratio
decreased with increasing the moisture content of the feed. At higher levels of applied
energy, the reduction ratio increased significantly with increasing feed moisture.This
rate of increase of the reduction ratio is higher at higher values of applied energy. At
2.3 kWh/t applied energy, the increase in the reduction ratio from dryness to 10.0%
moisture was about 50% of the value of the reduction ratio at 0.0% moisture. This
indicates that there is a definite increase in energy efficiency as the feed moisture is
increased.
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Wysokocisnieniowy miyna walcowy (high pressure roll mill, HPRM), nowe urzadzenie do
rozdrabniania, uzupehnit ostatnio list¢ maszyn do rozdrabniania i jest uznawany jako bardzo sprawne
urzadzenie do mielenia. Chociaz HPRM jest juz stosowany w kilku zaktadach na skalg przemystowa, nie
zostal on jeszcze catkowicie poznany. Wynika to z faktu, ze praca HPRM zalezy od wielu parametrow,
ktore musza zosta¢ przebadane i zoptymalizowane. Niniejsza praca dotyczy wptywu jednego z waznych
parametrow rozdrabiania — wilgotno$ci nadawy do mielenia, na dziatanie HPRM. Do badan zastosowano
ziarna dolomitu o rozmiarze —8 mesh przy réznej jego wilgotnoéci (do 10%), aby wykaza¢ wplyw
wilgotnosci na charakterystyke produktu mielenia i takich parametréw pracy mlyna jak obciazenie,
energia wilasciwa, szybko$¢ poruszania si¢ walca i odlegto$¢ migdzy walcami. Stwierdzono, Ze
wilgotno$¢ nadawy ma wyrazny wpltyw zaréwno na charakterystyke produktu mielenia jak i zmienne
parametry pracy miyna przy réznych stopniach wypetnienia mtyna nadawa. Stwierdzono, ze parametry
pracy miyna sa ze soba SciSle powiazane i ze réznice w skladzie ziarnowym produktow mielenia
odzwierciedlaja te powiazane.
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FLOTATION OF LOW GRADE
SILICEOUS CALCAREOUS PHOSPHATE ORE

This investigation deals with the concentration of low grade siliceous-calcareous phosphate ore by
flotation. The ore consists mainly of friable fragments, collophane, carbonate and hydroxyapatite
associated with quartz, calcareous and clayey materials. An attempt of upgrading this phosphate ore,
assaying 14.37% P,0s, 40.65% CaO, 8.85% MgO, 2.55% R,0;, 17.05% SiO, and 16.6% CO,, by
flotation was made using an adopted technique of bulk-roughing flotation. A new flotation machine, of
‘mechanical type’, with previously established optimum design parameters was successfully used.
Optimization of the main concerning variables of the flotation process including chemical reagents,
modifiers, depressant, collector, pulp density, air flowrate and time, was conducted. Concentration of the
phosphate ore was successfully achieved by anionic flotation with fatty acid collector 3.5 kg/ton, 20%
oleic acid in kerosene, and depression of siliceous-calcareous gangue with water glass 0.2 kg/ton at low
pulp density (14% solids) and an air flow rate of 0.22 m*/min/m’. A rougher flotation concentrate of high
recovery 88.8% and grade 29.12% P,0Os was obtained. Cleaning gave rise to phosphoconcentrate of very
high grade 32.41% P,05%, and recovery (overall recovery 68.78%), and very low silica content 1.91%,
which seems to be a suitable marketable concentrate grade.

INTRODUCTION

Flotation is a process of concentrating finely divided mineral particles in water on
the basis of variations of their ability to keep themselves on a phase interface and its
usual method is the froth flotation. The flotation process has been investigated based
on three groups of variables: the fixed properties of the ore mineral, the physical and
chemical effects imposed on them to influence their floatability and the flotation
machine characteristics, which realize their potential (Arbiter and Harris, 1962). The
complexity of the problem due to the large number of variables and the inconclusive
results led some investigators to study some of them separately (Dell, 1964). This
work is devoted to the optimisation of chemical and operating variables of the
flotation of a low grade siliceous-calcareous phosphate ore, using a specially designed
flotation machine whose mechanical parameters are optimized (Salwa, 1984).

"Central Metallurgical R. & D. Institute, P.O. Box 87, Helwan, Cairo, Egypt.
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Phosphate rock has many applications such as fertilizers and industrial phosphorus
compounds. Phosphate rocks have one common property that belong to the apatitic
minerals, which were formed under igneous, metamorphic and sedimentary
environments. The phosphate composition is nearly similar to that of fluorapatite and
carbonate fluorapatite (francolite) in igneous and sedimentary deposits, respectively
(Mc.Clellan et al., 1969). Sedimentary phosphates show a wide diversity in the gangue
minerals compositions, e.g. siliceous, carbonaceous and clayey phosphate ores.
Recently, phosphate rocks have been classified according to quality and content of
harmful ingredients into premium grade, non-premium grade and marginal phosphate.
Because of the variable composition of the phosphate ores, a wide range of
beneficiation methods are employed to upgrade the phosphate ores to marketable
concentrates according to the ore characteristics and the end-use products. These
upgrading procedures are usually crushing, grinding, screening, washing,
classification, flotation, calcination, magnetic and electric separation and partial
acidulation.

Flotation of phosphate minerals is becoming increasingly more important as more
half of the world’s marketable phosphate is produced by it. Sedimentary phosphate
rocks may be consolidated rocks, cemented by silica, silicates, carbonates or Fe and Al
oxides, or unconsolidated ores of various sizes and structures. In Central Florida
phosphate plant, the coarse fraction is handled by skin flotation after conditioning with
anionic collector, tall oil (1-2 kg/t) at 70% solids, pH ~9 and the finer one by froth
flotation. The rougher concentrate is de-oiled and subjected to cationic froth flotation
to float most of the remaining silica (Lawver et al., 1978). In Upper Pensula of
Michigan phosphate, the process required fine grinding 45 um and direct flotation of
phosphate using fatty acid—fuel oil-petroleum sulphonate emulsion and produced a
concentrate of 30% P,Os and 72% recovery after 3 cleaning steps (Rule, 1979).
Flotation of siliceous Indian phosphates without desliming was conducted using
sodium silicate, K4Fe(CN)s, and fatty acid collectors at pH ~8.5 producing a
concentrate of very high grade and recovery (Anon, 1976).

Beneficiation of low grade-calcareous phosphates has been a challenging job
associated with considrable significance. Most of the elements of carbonaceous
sedimentary phosphates react with collectors, particularly fatty acids and their salts,
sometimes, at very definite pH ranges, the floatabilities are different, thus allowing
selective flotation. International Minerals and Chemical Corporation has developed a
process to beneficiate low grade sedimentary deposits, high in shale and carbonate,
using anionic flotation followed by de-oiling and amine silica flotation (Lovell et al.,
1976). Some investigators (Awasthi et al., 1977) studied direct flotation of phosphate
with depression of carbonate gangue. Others studied reverse flotation of carbonaceous
gangue with the depression of phosphates by phosphoric acid, fluosilicic acid (Rule et
al., 1975) or by aluminium sulphate—tartarate complex (Smani et al., 1975). A well
known industrial application of this flotation technology for sedimentary phosphates is
that of Karatou (USSR). Carbonate flotation using C;,—C;s fatty acid collectors and
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phosphoric acid as a selective depressant for apatite at pH ~4.8-5 is employed,
followed by direct flotation of phosphate from siliceous gangue minerals by tall oil,
kerosine and water glass at pH ~8 (Ratobyliskaya, 1975)

EXPERIMENTAL PROCEDURE

Table 1. Operating conditions for the flotation of phosphate ore

Test No.
Variables
1 2 3 4 5 6 7 8 9 |Optimum
Cell type Fagergreen - - — | new | — |Fagergreen| new | — new
cell cell cell
Conditioning
Feed size, mm -0.25 - - — - - - - - -0.25
+0.038 +0.038

Pulp density,% 50 - - — - | - - -> | - 50
Impeller speed 1500 - - - — - - - - 1500
r.p.m.
Time, min 7 6 6 7 9 9 8 10 9 9
Modifier, pH n n c 9 - - - - - 9
Depressant,kg/t 0.4 0.4 04 | 04 c [0.22 - - - 0.22
Collector, kg/t changed in steps 1.1 + 1.1 1.1 35 c I.1+11 | - - 35
Collector 14 14 6 c 20 20 6 20 - 20
/Kerosene, %
Frother, kg/t - - - - 1025 > - 025 — 0.25
Flotation
Pulp density,% 10 10 10 10 14 - 10 14 c 14
Air flowrate nat. nat. nat. | nat. | 1.62 | — nat. 162 | —» 1.62
I/min
Impeller speed, 1000 1000 | 1500 | 1500 | 1000 [ — 1500 1000 [ — 1500
r.p.m.
Time, min 3 succ. | 5.25 3 5 - 5.25 6.5 5

n—normal, ¢ — changed.

The phosphate ore used in this investigation is from Gebel Hamadat, Kossier Area
(bed C), Red Sea, Egypt. The phosphate deposits in this area occur in 3 layers (A, B,
C), which vary in thickness and P,Os content. The high quality ore is produced by
selective mining, leaving the low grade ore, bed C, “Terso Banko” for its high content
of siliceous and calcereous matters.The flotation tests were preferably conducted on
this low grade phosphate ore to achieve more reasonable variations in the
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metallurgical performance due to variations in the levels of the optimisation
parameters. Variable factors affecting the flotation process, liberation size, slimes,
qualities and quantities of modifier, depressant, collector and frother as well as mode
of addition, conditioning and flotation time, etc, were studied using a specially
designed flotation machine. Optimum levels of these variable parameters established
from this investigation were consequently used in the optimisation of the main design
parameters of this flotation cell (Salwa, 1984).

RESULTS AND DISCUSSION

General characteristics of the phosphate ore sample

The phosphate ore sample consists mainly of collophane and bone fragments
together with considerable amounts of calcareous minerals, detrital and silty quartz
and some clay material. The phosphate grains vary from coarse to very fine and the
phosphate fragments vary from friable to very hard, usually cemented with dolomite.
The major constituents of the flotation concentrate are hydroxyapatite and francolite
whereas those of the tailing are dolomite, and quartz (Salwa, 1984).

Run of Mine
1 + 20 mm T
Dry Screening Jaw Crusher
- 20 mm
+ 0.4 mm
Ifry Screening J__—. Hammer Mill
-0.4 mm

l'l)ry Screening l +0.25 mm ]?[ammer Mill —I

100% l0.25 mm

- 0.038 mm

Desliming Fines

!

(-0.25 mm + 0.038 mm) Flotation Feed

Fig. 1. Flowsheet for preparation of the flotation feed

Preparation of the flotation feed (—0.25 + 0.035 mm) was conducted by crushing,
grinding and screening of the phosphate ore in closed-circuit to avoid overgrinding,
followed by desliming according to the flowsheet (Fig.1). Complete chemical analysis
of the phosphate ore sample, as well as the screen and chemical analysis of the
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flotation feed are given in Table 2, which shows that the ore is relatively of low
phosphorus, and high siliceous and calcareous matters. Moreover, the MgO content is
considerably high and most of it is found in the ore as carbonate.

Table 2. Chemical analysis of the phosphate ore and the flotation feed (—0.25 +0.038 mm)

Component Wt. % [ P,Os % [ Insol. % | CaO % | MgO % | CO,% | Fe,O3%
Phosphate ore —0.25 mm ( 14.37 17.05 40.65 8.85 16.60 2.00
(0.25 + 0.149 mm 20.73 | 16.51 19.26 | 33.98 2.25 16.56 1.70
(0.149 + 0.074 mm 15.81 | 15.47 16.10 | 29.97 6.15 18.85 1.77
(0.074 + 0.038 mm 43.29 | 13.06 1820 | 34.59 8.19 22.26 1.57
(0.038 mm 20.17 | 10.09 | 26.77 | 29.06 8.27 19.04 2.78
Total 100 | 13.56 19.82 | 32.62 6.65 19.97 1.87
Flotation Feed 79.83 | 14.44 18.06 | 33.52 6.24 20.10 1.64

Operating conditions of the flotation tests

An adopted technique of bulk-roughing flotation in one step was usually
conducted in preference to the various stages of flotation for reasonable assessment in
flotation performance due to variations in the levels of its parameters. The
experimental conditions of the operating variables of the flotation tests are given in
Table 1, which indicates for each test, the levels of the variables studied, those which
were kept constant and the optimum level found.

Preliminary flotation tests (Test 1)

Table 3. Results of preliminary flotation tests

Cilgliztl?r Product Wt. % | P,Os% | Recovery % | Insol. %
C 49.51 18.32 77.43 7.52
0.49 T 50.49 5.24 22.57 29.16
Total 100.00 | 11.72 100.00 18.45
C 7291 16.61 92.28 8.43
4.98 T 27.09 3.74 7.72 46.64
Total 100.00 | 13.12 100.00 18.78

Cumulative Step-wise addition of collector

1.00 Cl1 13.56 13.26 13.53 12.46
1.74 C2 26.2 15.51 30.57 10.27
3.24 C3 49.17 18.66 69.07 8.16
4.73 Cc4 62.87 18.54 87.71 8.49
6.23 Cs 69.79 17.95 94.29 9.16
T 30.21 2.51 5.71 44.80
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| | Total |100.00| 13.25 | 100.00 | 19.93 |

Preliminary flotation tests were conducted in batches of 500 g each, using the
Fagergreen cell and the results indicate the floatability of phosphate ore (Table 3).

Effect of step-wise addition of collector (Test 2)
Comparing results of step-wise addition of the collector with those of one step-

addition (Table 3), it will be seen that the latter case is preferable since it allows more
chance for conditioning and dispersing the total amount of collector at high pulp density.

Effect of varying the hydrogen ion concentration, pH (Test 3)

100 50
| |[*P205 % i
90 [ apo, 45
80 | = Insol. % 140 -
[ %)
70 |-=S-L_x10 135 ®
i 60 [ 130 i
s sor 125 =
e ]
[
& 40 120 £
s
30 - 4115 2
S
20 110
10 - 15
0 f f f f 0
5 6 7 8 9 10

pH

Fig. 2. Effect of varying pH on concentrate

The effect of varying the hydrogen ion concentration in the anionic flotation of the
phosphate ore was investigated by conditioning the pulp at 50% solids with different
additions of HCI or NaOH before the addition of depressant and collector and the
flotation results are given in Fig. 2. It will be seen that both the grade and the recovery
of the concentrate increase largely on increasing the pH up to about 7, above which
the grade increases and the recovery remains substantially constant. The improvement
in both recovery and grade seems to be due to favourable ionization or dissociation of
the oleic acid collector, resulting in increasing the amount of collected phosphate
particles and improvement in the selectivity in the alkaline side. Consequently, the
flotation of this phosphate ore is successful in alkaline pulp at pH ~8-9 (1.25
kg NaOH/ton) giving a concentrate of high grade (28 to 30% P,0Os) and recovery 90 to
89%. Most investigators found that optimum results were obtained when the anionic
flotation process of phosphate was carried out in alkaline pulp, at pH from ~9 to 9.5
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(Lovell et al., 1976) and pHfrom ~9 to 11 (Smani et al., 1975). Small differences in
the optimum pH value may be due to differences in the types of collectors and ores.

Effect of kerosine as a dispersing agent for the collector (Test 4)

The flotation results in which the volume per cent of oleic acid in kerosine was
varied, are shown in Table 4. The concentrate of high grade and recovery was
achieved when 20% oleic acid to kerosine was added. The advantage of kerosine as
a hydrocarbon extender and dispersing agent breaks oleic acid into minute droplets
which favour more coating of the phosphate particles containing more fracture, which
agrees with the previous work (Orphy et al., 1968).

Table 4. Effect of kerosene as a dispersing agent for the oleic acid

Quantity of Depressant (kg/ton)

Oleic acid % | Product | Wt. % | P,O5% | Recovery % | Insol. %
10 C 22.59 24.53 45.01 4.36
T 77.41 8.75 54.99 24.22
Total 100.00 12.31 100.00 19.73
15 C 25.60 26.75 4921 5.88
T 74.40 9.50 50.79 25.20
Total 100.00 13.92 100.00 20.25
20 C 42.41 24.49 75.34 4.94
T 57.59 5.90 24.66 32.12
Total 100.00 13.78 100.00 20.62
Effect of varying the quantity of depressant (Test 5)

100 45

90 40
80 135
70 e
430 =
S 60 &
g 425 &
£ 50 =
S 120 %
2 409 £
30 115 z
20 410 °

10 [ P205 % *R % = Insol. % in conc_~*Insol. Dist. % in Talin: 5

% o1 02 03 04 0.

Fig. 3. Effect of varying the quantity of depressant on concentrate
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The results of the flotation tests for the gangue minerals in which the quantity of
depressing agent (sodium silicate) was varied, are given in Fig. 3. On increasing the
quantity of the depressant, the concentrate grade (P,Os %) increases and its recovery
decreases slightly up to a value of 0.2 kg/ton, above which the grade remains nearly
constant and the recovery decreases largely. The improvement in the flotation
selectivity is due to the depression of the floated gangue minerals with sodium silicate
as shown by the increase in the distribution percent of the insolubles in the tailing.
Some investigators (Rambabu et al., 1976) found that attrition-scrubbing with sodium
silicate is essential for affecting proper conditioning of phosphate particles and to
depress quartz and shales.

Effect of varying the quantity of collector (Test 6)

The results of the flotation tests of varying the quantity of the collector (20% oleic
acid in kerosine) are illustrated in Fig. 4. Increasing the collector dosage increases
largely the recovery and slightly the grade percents and decreases the insolubles
percent in the concentrate up to a value of about 3.5 kg/t, above which the recovery
becomes substantially constant, while the grade decreases slightly. The increase in
both grade and recovery of the concentrate and the decrease in its insoluble content on
increasing collector dosage up to 3.5 kg/t could be attributed to the increase in the
amount of coated phosphate particles i.e. more selectivity. While, the decrease in the
concentrate grade beyond this optimum dosage may be due to crowding of more
coated particles resulting in less selectivity. Some investigators (Giiven, 1973) found
that the highest recovery was obtained at the dosage of 4 kg/t of sodium oleate and
others (Narayanna, 1946) found that the consumption of oleic acid for flotation was

3.5 kg/t, which seems to be in agreement with this work.
100
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g. 4. Effect of varying quantity of collector on concentrate
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In the cleaning tests, the pulp was conditioned with two successive additions of
collector followed by removing two successive froth products and tailing was
remained in the cell. The two roughing products were refloated without any collector
addition giving clean froth concentrate and the middling remained in the cell. The
results of the cleaning process (Table 5) show that a clean phosphoconcentrate of very
high grade 31 to 32% P,0Os, and recovery 80 to 85% was obtained. The flotation
process of two successive roughing steps followed by one cleaning step is similar to
the Release Analysis Flotation Method (Dell, 1961). Lamont et al. (1971) found that
multiple-cleaning of the rougher phosphate concentrate was required to produce high
grade concentrate.

Table 5. Effect of cleaning the phosphate concentrate

pH Product Wt.% P,05,, | Recovery% Insol.% Insol. Dist.%
Rougher conc. 48.90 28.02 92.19 4.43 12.03
Clean conc. 40.97 31.19 85.97 2.58 5.87
7.9 Middling 7.93 11.66 6.22 3.98 6.16
Tailing 51.10 2.27 7.81 30.99 87.97
Total 100 14.86 100 18.01 100
Rougher conc. 45.17 29.43 88.54 4.24 10.31
Clean conc. 38.22 31.51 80.22 2.88 5.92
9.2 Middling 6.95 17.99 8.32 11.75 4.39
Tailing 54.83 3.15 11.46 30.40 89.69
Total 100 15.02 100 18.59 100
Product P,05% | Si0,% | Fe,03% | AlL,O3% 1L.L.% Ca0% MgO0%
Clean conc. 31.51 1.91 1.24 0.16 3.40 59.72 (24.13) | 2.05(1.46)
Tailing 3.15 | 29.08 2.43 0.83 5.70 37.07 (22.78) | 11.73 (7.79)
() — leached.
Effect of addition of starch (Test 8)
Table 6. Effect of addition of starch
Starch, kgl/t | Product | Wt. % | P,Os% | Recovery % | Insol. % | Insol.dist. % | CO, %
0.2 C 36.12 | 23.35 59.29 9.69 19.31
Roughing M 16.63 15.78 18.45 9.28 8.51
T 47.25 6.70 22.26 27.69 72.18
Total 100.00 | 14.22 100.00 18.13 100.00
0.2 C 56.29 | 22.75 93.02 5.72 16.80 18.51
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Cleaning M 11.54 3.27 2.35 13.17 7.93 35.39
T 32.17 2.31 4.63 44.86 75.27 18.44
Total 100.00 [ 13.77 100.00 19.17 100.00 20.44

The effect of starch in the anionic flotation of phosphate by oleic acid and
depressing the calcarceous-silicous gangue by water glass was investigated by
changing its mode of addition and the results are given in Table 6. It appears that the
addition of starch in the cleaning step is more preferable than its addition in roughing
as it results in a clean concentrate of high recovery (93.02%) and grade (22.75% P,0s)
and rejection of most of the carbonate in the middling.

Effect of varying the pulp density (Test 9)

The results of the flotation tests when varying the pulp density (Fig. 5), show that
on increasing the pulp density, the grade of the concentrate decreases and the recovery
increases slightly initially, then remains substantially constant, which is due to the
increase in the weight percent of the floated material. This seems to be due to
increasing the levitating effect and reaction rates which were enhanced by increasing
the reagent concentration in the solution i.e. more crowding in the pulp. Consequently,
better selectivity is achieved in less thicker pulp (about 14% solids) which is
recommended for one roughing flotation step in preference to higher pulp density.

100 35
30
90
*P205 %
“R% 125
& 80 i
%) '\‘—H 20 ;
% wm
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£ 70 15 °
110
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50 . ‘ 0
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Fig. 5. Effect of varying pulp density on concentration
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CONCLUSIONS

This low grade siliceous calcaerous phosphate ore under investigation consists of
collophane, bone fragments, hydro-oxyapatite, quartz, calcareous and clayey
materials. Preparation of the flotation feed in closed circuit is advantageous to
minimize slimes and fine gangue minerals. Concentration of this phosphate ore by
flotation was successfully achieved at optimum levels of the main variables: pH 8-9,
1.25 kg/t Na OH, depressant sodium silicate 0.2 kg/t, collector oleic acid in kerosine
(20%) 3.5 kg /t, pulp density 14% solids, air flow rate 0.22 m’/min/m”. Rougher
phosphoconcentrate of 29.12% P,Os and 88.9% recovery as well as clean
phosphoconcentrate of 32.41% P,0s, and 68.78% overall recovery were obtained.
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Badana ruda zawierala kolofan, weglany i hydroksyapatyt zwiazane z kwarcem, wegglanami i
materiatem gliniastym. Flotacji poddano rudg zawierajaca 14.37% P,0s, 40.65% CaO, 8.85% MgO,
2.55% R,03, 17.05% SiO; i 16.6% CO,. Flotacjg przeprowadzono w nowego typu maszynie flotacyjnej
stosujac wczesniej okreslone optymalne parametry jej pracy. Przeprowadzono optymalizacjg glownych
zmiennych procesu flotacji tj. stgzenia kolektora, depresora, modyfikatorow, ggstosci pulpy, przeptyw
powietrza iczas flotacji. Osiagnigto zadawalajace wzbogacenie rudy fosforytowej stosujac flotacje
anionowymi kwasami tluszczowymi przy stezeniu 3.5 kg/Mg rudy i depresj¢ krzemianowo-weglanowego
sktadnika ptonnego za pomoca szkta wodnego w ilosci 0.2 kg/Mg przy niskiej zawartosci ciat statych
(14%) w pulpie oraz przy przeplywie powietrza wynoszacym 0.22m*/min/m’. Uzyskany we flotacji



254 S.I. MOSTAFA et al.

glownej koncentrat zawierat 29.2% P,Os przy uzysku 88.8% tego skladnika. Czyszczenie tego
koncentratu pozwolito uzyskaé bogaty koncowy koncentrat fosforytowy zawierajacy 32.4% P,Os przy
68.78% catkowitym uzysku i przy niskiej zawartosci krzemionki wynoszacej 1.91%. Wydaje sig¢ wigc, ze
uzyskano koncentrat spelniajacy wymagania koncentratdéw handlowych.
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Artur JAKUBIAK , Jan SZYMANOWSKI"

EKSTRAKCJA CYNKU (II) Z ROZTWOROW
CHLORKOWYCH
EKSTRAHENTEM KELEX 100

Omowiono odzysk cynku (II) z roztworéw chlorkowych protonowana forma ekstrahenta Kelex 100
[H,L][CI]". W warunkach badanego procesu metal jest ekstrahowany wedlug mechanizmu wymiany
jonowej, a nastegpnie przenoszony do uktadu siarczanowego. Proces sktada si¢ z nastgpujacych czterech
etapow: ekstrakcja cynku (II) z roztworu chlorkowego w postaci pary jonowej ZnCL4(H,L),, odmywanie
fazy organicznej wodnym roztworem amoniaku przy pH réwnowagowym pomigdzy 6,5 a 8 polaczone
z calkowita reekstrakcja jonéw chlorkowych i réwnoczesnym przeniesieniem metalu do chelatu ZnL,,
reekstrakcja cynku (II) 0,5 N roztworem kwasu siarkowego oraz kondycjonowanie mieszaniny
wodorosiarczanu i siarczanu ekstrahenta 5 M roztworem chlorku sodu.

WPROWADZENIE

Na przestrzeni ostatnich kilkunastu lat pojawito si¢ wiele prac majacych na celu
opracowanie i rozw0j procesoOw ekstrakcji miedzi i cynku z roztworow chlorkowych
(Szymanowski 1990, 1993, Jakubiak 1994, 1996). Firma ZENECA opracowata nowy
ekstrahent solwatujacy ACORGA CLX 50 stosowany do ekstrakcji miedzi (Dalton
1in., 1982, 1983,1984), w ktérym substancja czynna jest najprawdopodobniej ester
diizodecylowy kwasu 3,5-karboksypirydyniowego, oraz zaproponowata proces
CUPREX do odzysku miedzi z koncentratow siarczkowych (Dalton i in., 1987, 1988,
1991). Roéwniez w naszym zespole podj¢to badania nad synteza i charakterystyka
ekstrakcyjna modelowych ekstrahentéw tego typu (Borowiak-Resterna i in., 1993;
Szymanowski i in., 1993; Cote i in., 1994; Borowiak-Resterna, 1994, 1996; Jakubiak
iin., 1996; Bogacki i in., 1997). W dalszym toku prac w zakresie hydrometalurgii
chlorkowej ZENECA zaproponowata zastosowanie ekstrahenta ACORGA ZNX 50
opartego na bibenzimidazolach do odzysku cynku (Dalton i in., 1992; Dalton, 1993;
Cote, 1996). We wspomnianych procesach metale sa reekstrahowane z fazy
organicznej woda, a nast¢pnie wydzielane z otrzymanego w ten sposob roztworu

“Instytut Technologii i Inzynierii Chemicznej, Politechnika Poznanska, Pl. Sktodowskiej-Curie 2,
60-965 Poznan.
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chlorkowego na drodze elektrolizy. Finalny etap calego procesu wymaga wigc
zastosowania nowej techniki elektrolizy z roztworéw chlorkowych oraz dalszego
przerobu metalu wydzielanego w formie granul.

W celu przezwycigzenia wszystkich problemdw i trudnosci weiaz jeszeze zwiazanych
z tymi technikami zaproponowano alternatywna metod¢ przeniesienia wyekstrahowanego
metalu do roztworu siarczanowego, z ktorego elektroliza jest procesem doskonale
opanowanym w praktyce przemystowej (Jensen, 1981; Kyuchoukov i in., 1987).

OPIS PROCESU

Jesli do ekstrakcji miedzi i/lub cynku uzyje si¢ mieszaniny ekstrahenta
solwatujacego (zasadowego) z ekstrahentem chelatujacym np. Alamine 336 i LIX 54
(Kyuchoukov, 1991, 1993) to proces mozna opisa¢ za pomoca mechanizmu wymiany
jonowej:

2R ,NHCI +MCI;” < (R;NH), MCl, +2CI~ (1)

gdzie M = Zn lub Cu, a pozioma kreska oznaczono zwiazki znajdujace si¢ w fazie
organiczne;.

W drugim etapie natadowana faza organiczna przemywana jest roztworem
amoniaku, co powoduje przejécie metalu z kompleksu z ekstrahentem zasadowym do
chelatu oraz reekstrakcjg¢ wszystkich jonow chlorkowych do fazy wodne;j:

(R;NH), MCl, +2HL +4NH, < 2R ;N + ML, + 4NH Cl 2)

Reekstrakcje metalu prowadzi si¢ nastgpnie roztworem kwasu siarkowego, ktory
ponadto czgsciowo protonuje zasadowy atom azotu w ekstrahencie aminowym:

ML, +H,S0, < MSO, +2HL 3)

3R,N +2H,S0, < (R,NH),SO, (4)

Jesli mamy do czynienia z nadmiarem kwasu siarkowego w uktadzie powstaje
roéwniez wodorosiarczan

(R;NH),SO, + H,SO, < 2(R;NH)HSO, (%)

W ostatnim etapie trzeba wigc przeksztatci¢ siarczan i/lub wodorosiarczan aminy
w jej chlorowodorek przemywajac faze¢ organiczna roztworem chlorku amonu lub
sodu:

(R,NH), SO, + (R;NH)HSO, + 3Cl~ < 3R,NHCI+ H* +2S0%" (6)
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Pomyst ten zostal pdzniej rozwinigty przez firmg¢ Henkel w formie procesu
technologicznego (Fletcher i in., 1991). W proponowanym procesie odzysku metali z
hydrometalurgicznych  roztworéw ‘tugujacych aming zastapiono reagentem
selektywnym, a  mianowicie  estrem  diizidecylowym = kwasu  3,5-
dikarboksypirydyniowego (substancja czynna w ekstrahencie ACORGA CLX 50),
gdyz amina ekstrahuje rowniez zelazo i inne zanieczyszczenia. Metal jest przenoszony
z uktadu chlorkowego do siarczanowego, a elektroliz¢ prowadzi¢ mozna w typowym
elektrolizerze.

Stosujac jeden ekstrahent — Kelex 100 zamiast mieszaniny dwoch umozliwia
uproszczenie tego procesu (Kyuchoukov, 1994). Zawiera on jako gtowny sktadnik 7-
(4-etylo-1-metyloktylo)-8-hydroksychinoling oraz niewielkie ilosci inertnych
furochinolin: 3-etylofuro[2,3-4]chinoling oraz 2-(2-etyloheksylo)-3-metylofuro[2,3-
4]chino-
ling, uznawanych za substancje balastowe (Dziwinski i in., 1995):

H
N R
O R=7-(4-ethyl-1-methyl)octyl

Posiadajac w swej strukturze zasadowy atom azotu oraz ruchliwy wodor grupy
hydroksylowej, Kelex 100 jest zdolny do tworzenia kompleksow chelatowych z
r6znymi metalami wiaczajac w to miedz i cynk:

M?** +2HL < ML, +2H" (7)

gdzie HL = Kelex 100 a struktur¢ powstajacego kompleksu mozna przedstawic

nastepujaco:
R
O
N—a
gt
R

Zasadowy atom azotu moze ulega¢ protonowaniu i w tej formie ekstrahent jest zdolny
do ekstrakcji chlorokomplekséw metali wedlug mechanizmu wymiany jonowej:

HL+H' < H,L (8)

MCI;” +2H,L" < (H,L), MCl, )
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W zalezno$ci wigc od warunkéw Kelex 100 moze dziata¢ jako ekstrahent
zasadowy badz tez chelatujacy.

CZESC EKSPERYMENTALNA

Warstwa organiczna zawierajaca 20% obj. Kelex 100 i 15% obj. dekanolu w
nafcie byla przed ekstrakcja przemywana kolejno kilka razy kolejno 3 M roztworem
kwasu solnego i woda w celu usunigcia zanieczyszczen. Do sporzadzania wodnych
roztworoéw surowek uzywano chlorku cynku (1), chlorku litu oraz kwasu solnego.

Ekstrahent uzywano w formie protonowanej jako chlorowodorek. Rowne
objetosci faz wodnej 1 organicznej wytrzasano w temperaturze pokojowej w przeciagu
5 minut, co wedlug wstgpnych eksperymentow wystarczato do osiagnigcia stanu
rownowagi. Po rozdzieleniu si¢ faz wykonywano oznaczenia zawarto$ci cynku (II),
jonow chlorkowych oraz kwasowo$ci w rafinacie. Zawarto§¢ poszczegodlnych
sktadnikow w fazie organicznej obliczono z réznicy stezen poczatkowych i stezen
w rafinacie.

Stezenie cynku (II) oznaczano poprzez miareczkowanie roztworem EDTA wobec
PAN jako wskaznika. Stezenie jonow chlorkowych oznaczano metoda
miareczkowanie potencjometrycznego roztworem azotanu srebra przy uzyciu titratora
automatycznego (Radelkis), a st¢zenie jonéw wodorowych przez potencjometryczne
miareczkowanie roztworem wodorotlenku sodu przy pomocy pHmetru OR 264/1
wyposazonego w elektrodg szklana typu OR 0808P.

Do odmywania naladowanej fazy organicznej uzywano wodnych roztworow
amoniaku o roznych stezeniach natomiast reekstrakcje prowadzono przy uzyciu
roztworé6w kwasu siarkowego. Aby przeprowadzi¢ ekstrahent z tworzacego sig
podczas reekstrakcji wodorosiarcznu na powrdt w forme¢ chlorowodorku faze
organiczng kondycjonowano roztworem chlorku sodu (okoto 5 M).

DYSKUSJA WYNIKOW

Ekstrakcja cynku (II) reagentem Kelex 100 moze przebiega¢ wedlug dwu roznych
mechanizméw (reakcje 7 1 9). Ponadto protonowanie ekstrahenta (reakcja 8) moze
konkurowa¢ z reakcja 7 i utrudnia¢ tworzenie si¢ chelatu.

W interpretacji wynikéw eksperymentalnych trzeba wzia§¢ pod uwageg co
najmniej trzy wymienione wyzej reakcje (7-9), a co za tym idzie nalezy uwzglednic
nastepujace state rownowagi:

[z ]

Kchel
oo ]

ex

(10)



Ekstrakcja cynku (Il) z roztworow chlorkowych ekstrahentem KELEX 100 259

on
ex

i [(HZL)2 ZnC14]

[znci; ][ﬁf

i ]

Koot = W (12)

(11

Podstawiajac [HZU z robwnania (12) do réwnania (11) otrzymuje si¢ nastepujaca
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W rzeczywisto$ci, sytuacja jest jeszcze bardziej skomplikowana poniewaz nalezy
uwzgledni¢ tworzenie si¢ kompleksow chlorkowych cynku:

plznaJor|
1+§: ﬁi[Cl‘]i

gdzie f; jest stala trwatosci i-tego kompleksu.

[chE; = (14)

0.35

0.30 |-

0.00 . 1 N 1 . 1 .
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Stezenie jonéw chlorkowych, M

Rys. 1. Zaleznos$¢ ekstrakeji cynku (II) protonowanym ekstrahentem Kelex 100
od poczatkowego stgzenia jondow chlorkowych w suréowce (pH fazy wodnej 0,82)
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Z powyzszych roéwnan wynika, ze tworzeniu si¢ chelatu sprzyjaja wysokie
stezenia cynku (II) oraz ekstrahenta, natomiast wzrost stgzenia jonow wodorowych
wplywa negatywnie na ten proces. Reakcja ta nie zalezy od stgzenia jonow
chlorkowych. Na tworzenie si¢ pary jonowej (roOwnanie (13)) pozytywnie wplywa
wzrost stezenia cynku (II) oraz ekstrahenta. Ponadto daja si¢ zauwazy¢ jeszcze dwa
korzystne dla tej reakcji wpltywy, a mianowicie wzrost st¢zenia jonéw wodorowych
oraz jonow chlorkowych, przy czym ten ostatni jest szczegdlnie silny.

Interpretacja wynikow eksperymentalnych jest znacznie prostsza jesli uzyje si¢
ekstrahenta sprotonowanego. W takim przypadku eliminuje si¢ reakcje chelatowania i
reakcja tworzenia si¢ par jonowych zalezy jedynie od stezen cynku (II),
sprotonowanego ekstrahenta oraz od st¢zenia jondw chlorkowych.

Na rysunku 1 przedstawiono ekstrakcje¢ cynku (II) z roztworu wodnego o pH 0,82
protonowanym ekstrahentem Kelex 100. Ekstrakcja ro$nie wraz ze wzrostem st¢zenia
jonow chlorkowych osiagajac 15 g-L™' Zn (II) w ekstrakcie, co spowodowane jest
wzrostem st¢zenia anionowych chlorokompleksow cynku w fazie wodnej. Stosunek
jonow chlorkowych do metalu w fazie organicznej wynosi 3,9 - 4,5. Rownoczesnie
obserwuje si¢ stosunkowo niewielki wzrost przechodzenia do fazy organicznej jonow
wodorowych, co mozna przypisa¢ wzrostowi aktywnosci tych jonow w bardziej
stezonych roztworach.

Izoterme ekstrakeji cynku (II) z kwasnych roztworéw chlorkowych protonowanym
ekstrahentem Kelex 100 przedstawiono na rys. 2. Izoterma ta jest bardzo stroma w
zakresie niskich stezen cynku w fazie wodnej. Faz¢ organiczna mozna ,,natadowac” do
okoto 20 g-L™' Zn (II), co pozwala na niemal catkowity odzysk tego metalu w dwu
przeciwpradowych stopniach ekstrakcji. Wplyw stosunku faz o/w jest stosunkowo
niewielki i dla jego wartosci 1 oraz 2 uzyska¢ mozna odpowiednio 87% i 99% odzysku
cynku, co daje stezenia tego metalu w rafinacie odpowiednio 10 1 g-L™".

25 — T T 1 — T — T 1

90

[Zn], .gL"
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Rys. 2. Izoterma ekstrakcji cynku (II) protonowanym ekstrahentem Kelex 100

Rysunek 3 pokazuje zalezno$¢ przechodzenia cynku (II) oraz jonéw chlorkowych
do fazy wodnej od pH réwnowagowego podczas procesu przemywania fazy
organicznej roztworami amoniaku o r6znych stezeniach. Cynk ulega tatwo
reekstrakcji woda destylowana oraz roztworami amoniaku o niskim stezeniu dajacymi
pH rownowagowe ponizej 3. Takze jony chlorkowe sa w tych warunkach catkowicie
usuwane z fazy

100 -

P o] [or]
o o o
T T T

Wymycie do fazy wodnej, %
3
: :

10 12

pH rownowagowe

Rys. 3. Stopien wymycia jonéw chlorkowych (1) oraz cynku (II) (2) z natadowanej fazy organicznej
wodnymi roztworami amoniaku w funkcji pH rownowagowego fazy wodnej

organicznej. Jezeli uzywa si¢ roztworow amoniaku o stgzeniach pozwalajacych
osiaga¢ wartosci pH roéwnowagowego powyzej 3, to reekstrakcja cynku spada,
natomiast jony chlorkowe nadal reekstrahuja si¢ calkowicie. Oznacza to, ze nastepuje

czg$ciowo przejécie cynku z (H,L),ZnCl, do ZnL, . Reekstrakcja cynku zostaje
zahamowana przy pH rownowagowym rownym 6, lecz powyzej pH 9 rozpoczyna sig
ponownie na skutek tworzenia si¢ amonowych komplekséw tego metalu. Zakres pH
rownowagowego pomiedzy 6 i 9 jest wigc odpowiedni dla procesu wymywania z fazy
organicznej jondéw chlorkowych z rownoczesnym transferem cynku z pary jonowej do
chelatu zgodnie z reakcja:

(H,L),ZnCl, +4NH, < ZnL, +4NH,CI (15)
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95% cynku moze by¢ nastepnie zreekstrahowane z fazy organicznej 0,5 N kwasem
siarkowym (rys. 4), a niemal catkowita reekstrakcja zachodzi przy uzyciu 0,8 N
H,SO,.

Protonowany Kelex 100 moze by¢ latwo przeksztalcony z siarczanu lub
wodorosiarczanu do chlorku przez przemycie roztworem chlorku sodu o stezeniu
powyzej 5 M zgodnie z reakcja 6 (Kyuchoukov, 1994).

100 |-

= L | -

80

[o2]
o

40

Reekstrakcja, %

20

. . 1 . 1 . 1 . 1
0.0 0.5 1.0 1.5 20 25

Stezenie kwasu siarkowego, N

Rys. 4. Zalezno$¢ reekstrakcji cynku (II) od poczatkowego stgzenia kwasu siarkowego

WNIOSKI

Uzyskane wyniki wskazuja na uzytecznos$¢ protonowanej formy ekstrahenta Kelex
100 [H,L][CIT do odzysku cynku (II) z kwasnych roztworéw chlorkowych.
W warunkach badanego procesu metal jest ekstrahowany wedlug mechanizmu wymiany
jonowej, a nastgpnie przenoszony do ukladu siarczanowego. Proces sklada si¢ z
nastgpujacych czterech etapow: ekstrakcja cynku (II) z roztworu chlorkowego w postaci
pary jonowej ZnCly(H,L),, odmywanie fazy organicznej wodnym roztworem amoniaku
przy pH rownowagowym pomigdzy 6,5 a 8 polaczone z catkowita reekstrakcja jonow
chlorkowych i réwnoczesnym przeniesieniem metalu do chelatu ZnL,, reekstrakcja
cynku (II) 0,5 N roztworem kwasu siarkowego oraz kondycjonowanie mieszniny
wodorosiarczanu i siarczanu ekstrahenta 5 M roztworem chlorku sodu.

Badania byly finansowane w ramach grantu KBN nr 3T09B 051 14.
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CARRIER FLOTATION OF ULTRAFINE EGYPTIAN KAOLIN

This paper aims to study the amenability of application of the carrier flotation process for removing the
anatase impurities, associated with the Egyptian kaolin pre-concentrate (~80 wt. % below 2 pm) to be
suitable for paper coating and fine ceramic industry. The tests were carried out using sodium silicate as
a depressant and oleic acid as a collector. Limestone was used as a carrier in these tests. The size of the
carrier as well as its quantity in the pulp were studied. The results showed that the size of the carrier
played a major role in determining the efficiency of the carrier flotation process where a significant
improvement in the grade of the concentrate was obtained by decreasing the carrier grain size. The
TiO,% decreased to its minimum content (0.6%), in comparison with 1.52% in the feed sample, with its
lowest retention ratio when a carrier of grain size —25 +10 um was used. At such optimum carrier size the
degree of whiteness reached its highest value (90) in comparison with 56 for the feed sample. At the same
time, the quantity of the carrier in the flotation pulp had no greater influence on the grade of the product.
The results showed also that the carrier flotation process can give a concentrate with TiO,% similar to
that obtained with the conventional froth flotation technique in presence calcium acetate as an activator,
yet the carrier flotation technique has the advantage of reducing the long conditioning time needed for the
pulp with the reagents in the conventional technique. The flotation mechanism was discussed.

INTRODUCTION

Kaolin finds many industrial applications and new ones are still being discovered.
It is a unique industrial mineral because it is chemically inert over a relatively wide pH
range, is white, has good covering or hiding power when used as a pigment or as an
extender in coated films and filling applications. Many grades of kaolin are specially
designed for specific uses, in particular for paper, paint, rubber, plastics and ceramics
(Murray, 1963; Industrial Mineral, 1971).

Kaolin is present in Egypt in many localities but it is of low grade. Beneficiation
of Egyptian kaolin, by attrition scrubbing and classification by multi-cycloning for
application in paper and ceramics proved its technical viability. However, the still
higher anatase (Ti0O,) content of such produced concentrates hindered their application
in fine ceramics or in paper coating (Youssef, 1994).

*Central Metallurgical Research and Development Institute CMRDI, O.Box 87 Helwan, Cairo, Egypt.
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The flotation process may be conceptualized in terms of a large number of sub-
processes, most of which are still rather poorly understood (Trahar and Warren, 1976;
Chander,1978). Because of the extremely complicated physico-chemico-mechanical
conditions existing in the flotation process, the problems associated with the presence
of fine particles are most pronounced in flotation. There is a general agreement that
flotation decreases with a decrease of size in the fine particle range.

The process of slime coating refers to the attachment of fine particles to larger
particles. Such slime coating can be detrimental to flotation in several ways. However,
fine particle coatings or slime coatings are not always undesirable in flotation and it is
the basis of carrier flotation/ultraflotation process (Chia and Somasundaran, 1983).
This paper aims to study the amenability of application of the carrier flotation process
for removing ultrafine particles of the anatase impurities associated with the Egyptian
kaolin pre-concentrate to be suitable for paper coating industry. The main operating
parameters affecting the carrier flotation technique were studied.

EXPERIMENTAL

Materials

A representative pre-concentrate kaolin sample of El-Tih locality, Sinai Peninsula,
Egypt, was used as a feed for flotation tests. This pre-concentrate sample was prepared
according to a flowsheet adopted on pilot scale at CMRDI, Egypt (Youssef, 1994).
This flowsheet was based on using the “Denver” attrition scrubber as a blunger for
degritting of kaolin. The degritted kaolin ore was screened, the oversize of which (the
grit) was evaluated for tile manufacture and the undersize was dumped to a spiral
classifier. Separation of intermediate size quartz and feldspar occurs in this step and
the classifier underflow product, was either dumped or recycled to the attrition
scrubber depending on its quality. The classifier overflow product was then delivered
to the 3” hydrocyclone for further classification. The hydrocyclone overflow is taken
as a pere-concentrate for this study (Youssef, 1994).

A pure limestone sample was used as a carrier in flotation tests. The size analysis
of the kaolin sample was conducted using the pipette method while that of limestone
was performed by a “Warman” cyclosizer. Each fraction was dried and weighed.

Laboratory grade oleic acid and technical grade sodium silicate supplied by Adwic
Co., Egypt, were used as a collector and a depressant respectively in all flotation tests.
Analytical grade sulfuric acid, sodium carbonate and ammonium hydroxide, from
BDH chemicals, UK, were used for pH regulation during the flotation experiments.
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Methods

All flotation tests were carried out using a “Denver D12” flotation machine with
a 1.5 liter stainless steel container. In each flotation test, about 300 g of kaolin was
conditioned, unless otherwise mentioned, with the required weight of the carrier at
alkaline pH (10.5) adjusted by sodium carbonate in presence of 1 kg/ton of sodium
silicate at impeller speed of 2500 r.p.m. The collector (1 kg/ton) was prepared as an
ammonium salt of oleic acid by agitating certain amounts of oleic acid and ammonium
hydroxide (4:1 wt/wt ratio) in 100 ml water volume for 15 min. This prepared solution
was added to the pulp and conditioned for a certain period at a solid/liquid ratio of
30%, and then flotation was carried out at 2000 r.p.m. At the end of the flotation test,
both the floated and non floated fractions were treated with acetic acid, diluted with
water in a ratio of 1:1 to dissolve the carrier before drying, weighing and analyzing
their TiO, content. The degree of whiteness was measured by Dr Lange whiteness
tester. In these carrier flotation tests the size fraction of limestone below 45 pm, unless
otherwise mentioned, was used as a carrier. In determining the role of carrier size the
following size fractions are used: —0.21 +0.106, —0.106 +0.074, —0.074 +0.045 and —
0.045 mm. Meanwhile, the following sub-sieve size fractions, separated by the
cyclosizer, were used: —45 +33, —33 +25, 25 +15 and —15 +11 um.

Characterization of the samples

Complete chemical analysis of the kaolin pre-concentrate sample showed that it
contains higher amounts of Al,O; (36.40%) and SiO, (47.58%). This means that the
concentration of the kaolinite mineral is high (~94.64%). The kaolin sample contains a
relatively high content of TiO, (~1.52%). The XRD analysis of the kaolin sample
depicted that the kaolin mineral is mainly present as kaolinite and the main associated
gangues are quartz and anatase. The sample has 0.73% Fe,O;. The loss on ignition
(L.O.1.) is 13.58%, which is normal in case of pure kaolinite, Table 1. On the other
hand, the size analysis of the kaolin pre-concentrate sample showed the very fine grain
size distribution of the sample where about 79.92 wt. % below 1.95 um.

Table 1. Chemical analysis of the kaolin sample

Constituent Assay,% Constituent Assay,%
ALO; 36.40 MgO 0.146
SiO; 47.58 Na,O 0.036
TiO, 1.52 K>0 0.22
Fe,03 0.73 Soluble Salts 0.071
CaO 0.11 L.O.L 13.58

Meanwhile, the chemical analysis of the limestone sample indicated its purity. It
contains about 55.85% CaO and 43.76 wt. % loss on ignition (L.O.1.). The different
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size fractions are also pure as indicated with nearly constant values of CaO (55.15
—55.85%) and L.O.I (43.22-43.83%) which are in a good agreement with the
theoretical values (56% and 44% respectively).

Definitions

In evaluating the flotation results, the following definitions are used:

Retention ratio for TiO, (R.R.): ratio of % TiO, in the cleaned clay product to the
calculated % TiO, in the feed. The lower the retention ratio, the purer is the kaolin
concentrate. This value varies from 1.0 for no separation to zero for complete separation.

Coefficient of separation (C.S.) = (total wt. % of concentrate + total amount TiO,
rejected (%) — 100)/100. This value varies from zero for no separation to 1 for
complete separation.

Amount of TiO, removed (%): weight of total TiO, rejected into the floated tailing
expressed in terms of percentage of the calculated total weight of TiO, in the feed
(Wang and Somasundaran, 1980).

RESULTS AND DISCUSSION

Effect of amount of the carrier
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Fig. 1. Effect of amount of carrier on the efficiency of the carrier flotation of kaolin:
(carrier size —45 um, sodium silicate 1kg/ton, oleic acid 1kg/ton, pH 10.5, conditioning time 35 min)

Figure 1 shows the effect of changing the amount of limestone, as a carrier, on the
efficiency of the flotation process. In these carrier flotation tests the size fraction of



Carrier flotation of ultrafine Egyptian kaolin 269

limestone below 45 um was used as a carrier using 1 kg/ton of each of sodium silicate
and oleic acid and at pH 10.5. The conditioning time of the pulp with oleic acid was
fixed at 35 min. It is clear that the amount of carrier can determine the selectivity and
efficiency of the process. The Ti0,% was reduced from 0.92% at a carrier quantity of
50 kg/ton to 0.80% with increasing the amount of carrier 133.3 kg/ton. Similar results
had been mentioned by other authors (Chia and Somasundaran, 1983; Wang and
Somasundaran, 1980). However, further addition of the carrier (e.g.~233.3 kg/ton)
deteriorated the efficiency and selectivity of the flotation process where the wt. % of
concentrate was dramatically reduced from about 78.3% to 40.6%. This was, also,
reflected by significant reduction in the whiteness and C.S. as well as with an
appreciable increase in the R.R value (Fig. 1).

The improvement in separation of anatase impurities while adding a considerable
amount of carrier could be related to the expected increase in the formation of carrier—
anatase aggregates, instead of anatase—anatase ones in case of absence of carrier,
thereby facilitating their collision with air bubbles and consequently the efficiency of
the flotation process will be improved.

Effect of conditioning time of the pulp with oleic acid

Trahar and Warren (1976) have mentioned, based on the flotation rate studies, that
ultrafine particles float more slowly than those of intermediate sizes. Moreover, they
found that each of the ultrafine size fractions may be further subdivided into slow and
fast floating components. The decrease in the rate of flotation of slow component
appears to be the main reason for the slow overall flotation rate of the ultrafines. In the
mean time, Woodburn et al. (1971) argued that the rate of flotation was equal to the
product of three factors: the rate of collision between particles and bubbles, the
probability of adhesion, and the probability that the adhering particles would not be
detached subsequently. Thus, the flotation rate will depend, among other factors, on
the particle size. The lower the particle size the slower the flotation rate. The effect of
particle size will, then, be a predominant phenomenon in the flotation of kaolin since
the flotation feed contains about 79.92 wt. % below 1.95 um. This means that the
probability of collision between particles and bubbles will be minimum and
consequently the flotation process may become a function of time.

Thus, at longer conditioning time the probability of formation of anatase—anatase
aggregates may increase which in turn will improve both their collision rate with air
bubbles and the probability of adhesion. This was proved experimentally in flotation
of the present kaolin sample in absence of carrier where the authors found that the
optimum conditioning time was 35 min (Abdel-Khalek et al, 1996). For this reason, a
series of carrier flotation tests, in this study, were conducted at varying conditioning
time. The tests were performed using about 83.33 kg/ton of the carrier of size fraction
below 45 um. One kg/ton of each of sodium silicate and oleic acid was used as a
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depressant and a collector respectively while the pH was maintained at 10.5. The
results of these flotation tests are shown in Table 2.

Table 2. Effect of conditioning time in presence of carrier

e . o) T
Co.ndltlon.mg Tio, %0 T, R.R. C.S. Whiteness
time, min % removed
10 0.909 70.11 0.59 | 0.26 76.1
20 0.85 71.5 0.56 | 0.28 78
35 0.83 78.31 0.55 0.28 78

The results in Table 2 indicated that the conditioning time with oleic acid in
presence of carrier can be significantly reduced from 35 to 20 min without affecting
the selectivity or the efficiency of the process. The TiO, content, R.R. and C.S.
remained constant upon decreasing the conditioning time to 20 min. However, the
TiO, content and whiteness were adversely affected by further decrease of the
conditioning time to 10 min. It seems from these results that the conditioning time can
be decreased to 20 min instead of 35 min without affecting the grade and whiteness of
the obtained concentrate. Such significant reduction in the conditioning time will
decrease the power consumption needed for the process. The reduction of conditioning
time in carrier flotation may be related to the improvement of the aggregation of the
anatase—carrier aggregates the grain size of which are significantly larger than that of
anatase—anatase ones, in conventional froth flotation. The conditioning time of oleic
acid with the former aggregates should be shorter than in the latter case. It is, also,
clear from the results that further decrease of conditioning time to 10 min results in a
slight increase of Ti0,%, which may be probably due to poor adsorption of oleic acid
on the anatase—carrier aggregates.

Effect of the grain size of the carrier on anatase flotation

Figures 2 and 3 show the effect of application of a carrier of different size
fractions on the efficiency of the carrier flotation of anatase. Figure 2 shows the usage
of the size fractions —0.21 +0.106, —0.106 +0.074, —0.074 +0.045 and —0.045 mm
while Figure 3 depicts the results of using the following sub-sieve fractions as carrier:
—45 +33, —33 425 and 25 +10 um. All flotation tests were performed at pH 10.5
using about 83.33 kg/ton of the carrier. One kg/ton of each of sodium silicate and oleic
acid was used as a depressant and a collector, respectively.

The results in Fig. 2 indicated that the TiO, content was gradually decreased from
0.98% to 0.84% with decreasing the size of the carrier from —0.21 +0.106 mm to —
0.045 mm. At the same time, the C.S., R.R. and whiteness values were improved.
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Classification of the finer size fraction (—0.045) into its sub-sieve sizes showed
a further improvement in the grade of the obtained concentrate where the TiO, content
was decreased to 0.61%, with improving the whiteness to about 90, when the size
fraction —25 +10 pm was used as a carrier. At such conditions the C.S. reached its
highest value (~0.46) while that of R.R. reduced to its minimum value (0.40) (Fig. 3).
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Since aggregation can be expected to occur in the system, the effect of carrier
amount and its size on anatase flotation can be explained by considering possible
effects of them on the aggregation process itself. Wang and Somasundaran (1980)
proposed the following relationship for calcite as a carrier

C=aN

where C is the pulp density (i.e., amount of solid per cubic centimeter), N is the
particle concentration (i.e., number of particles per cubic centimeter), and a represents
the weight of individual particles (gm/particle)

Assuming that the particles are spherical, a can be further expressed as

a=4/31rp

where 7 is the radius of the particles and p is the density of the particle.

Since carrier amount, C, was kept constant, particle concentration, N, would be
expected to decrease with increase in particle size raised to the third power. Since
collision rate is a function of particle concentration, if carrier size is increased at
constant carrier amount, collision rate can be expected to decrease and this in turn can
be expected to lead to a decrease in anatase removal in the form carrier—anatase
aggregates (Wang and Somasundaran,1980)

Probability of effective aggregation is governed also by the rate of breakdown of
aggregates. The rate of de-aggregation is known to be dependent upon stirring speed
and particle size. When particles larger than a particular size limit are used as carrier,
the shear force can break down the aggregates especially at very high speed and
effective aggregation will thus be negligible. It is likely that such de-aggregation is
responsible for the relatively high TiO, content (= 0.98—0.92%) when the size of the
carrier is increased to —0.21 +0.106 and —0.106 +0.074 mm.

CONCLUSIONS

The carrier flotation technique can be successively applied for separation of
anatase impurities from a kaolin pre-concentrate. In this technique the amount and
grain size of the carrier could determine the performance of the flotation process.
These carrier particles increase the aggregation rate of carrier—anatase aggregates,
instead of anatase—anatase ones in its absence, thereby facilitating their rate of
collision with air bubbles and consequently improve the efficiency of the flotation
process. Moreover, the long conditioning time (35 min) required in conventional froth
flotation can be significantly reduced to 20 min in the carrier flotation technique. Such
reduction in conditioning time will decrease the power consumption needed for the
process.
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The best conditions for carrier flotation of kaolin are 83.3 kg/ton of limestone with
grain size of —25 +10 pm, an impeller conditioning speed 2500 r.p.m., impeller
flotation speed 2000 r.p.m., conditioning time of pulp with sodium silicate and oleic
acid 25 and 20 min respectively, pH 10.5, and dosage of each of sodium silicate and
oleic acid 1 kg/ton. Application of these conditions for upgrading of kaolin gave a
concentrate of 0.61% TiO, only with a degree of whiteness ~ 90 from a feed
containing 1.52% TiO,. This grade of concentrate is better than that obtained before
with conventional froth flotation (0.68% TiO, with a whiteness of 78).
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uziarnieniu. Fizykochemiczne Problemy Mineralurgii, 32, 265-273 (w jéz. angielskim)

Celem tej pracy jest okreslenie mozliwosci zastosowania flotacji nosnikowej do usuwania anatazu
wystepujacego w egipskich wstepnych koncentratach kaolinowych o uziarnieniu ~80% ziarn ponizej 2 pum,
aby koncentrat ten mogl by¢ odpowiedni do produkcji papieru i ceramiki ozdobnej. W badaniach zastosowano
krzemian sodu jako depresant i kwas olejowy jak kolektor. Jako nosnika uzyto wapnia. Wyniki okazaly, ze
rozmiar ziarn no$nika determinuje efektywno$¢ badanego procesu flotacji nosnikowej a znaczny wzrost
jakoscei koncentratu otrzymano poprzez zmniejszenie rozmiaru ziarn nosnika. Zawarto$¢ procentowa TiO,
malata do minimum tj. do 0.6% w poréwnaniu do 1.52% w nadawie, gdy uzyto no$nika o wymiarach ziarn —
25 +10 um. Przy optymalnym rozmiarze ziarn no$nika stopien biatosci kaolinu osiagal najwyzsza wartos¢ (90)
w poréwnaniu do 56 dla nadawy. W tym samym czasie ilo§¢ nosnika we flotacji nie miato wptywu na jakos¢
produktu konicowego. Wyniki badan pokazaty, ze proces flotacji nosnikowej moze dostarczy¢ koncentratow o
zawartosci TiO, podobnej do zawartosci w koncentratach otrzymywanych we flotacji pianowej w obecnosci
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octanu wapnia jako aktywatora ale flotacji nosnikowa ma tg przewage, ze redukuje dtugi czas agitacji pulpy z
reagentami przy wzbogacaniu konwencjonalnym. Przedyskutowano rowniez mechanizm flotacji nosnikowe;.
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YURI DEREVYANKIN', NONNA IVANOVA” LYUDMILA DEREVYANKINA"

GOLD IN POTASH ORES OF THE STAROBIN DEPOSIT

Preliminary investigations were conducted to evaluate gold content in the potash ores of the Starobin deposit in
Belarus. The composition of potash ores is: KCI (22-27%); NaCl (63-74%) and insoluble residue (ir), (4—
10%). Reserves of salt ores in Belarus are approximately equal to a few billion tons. Samples of ores and
various products including undersize of arch screens, over- and underflow of hydrocyclones, mill discharges,
concentrates and tailings of flotation, and products from a slime pond of three flotation plants were analyzed.
Also samples from a hallurgic (saline) plant processing including raw ore, pile tailings, product from a slime
pond, and residua of thickeners were examined. The samples were screened with a 2 or 0.8 mm sieve and
processed using a Knelson-7.5 centrifugal concentrator and hand pans. The light and heavy fractions were
separated in bromoform. Free gold in the heavy fraction was analyzed with a microscope. The size of gold
particles was determined and the microprobe analysis was carried out. The gold content was determined in all
products of the processing of the potash ores and their salt solutions by means of the fire assay and combined
fire assay-emission analysis. It was shown that the free gold particles size is from 25 to 250 microns and the
shape of the particles is plate-like. The fineness of gold was very high and silver, copper and palladium
represented the main admixtures. These complex investigations permitted to detect gold in potash ores. Its
concentration was considerably higher than the content of gold in the Earth’s crust (clarke) and directly
depended on the volume of insoluble residue in ores. Similarly to gold, increased concentration of silver were
detected in the ores.

INTRODUCTION

Prospecting of mineral deposits containing precious metals represents an
important task for Belarus. During estimation of the mineralogical potential of
Belarus, specialists of the BelGEO (Belarus State Geological Company) company
found mineralogical indicators of gold presence in potash ores in the Starobin deposit.
In this paper results of mineralogical, technological, and analytical investigations of
gold present in the potash ores and products of their processing are described.

"Belarus State Geological Company, Kuprievicha 7, 220-141Minsk, Belarus.
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MATERIAL AND METHODS

Flotation and hallurgy are used to process potash ores of the Starobin deposit.
Hallurgy is a processing method based on different solubility of potassium chlorine
(KCI) and sodium chlorine (NaCl) with temperature. The flotation process consists of
crushing, preliminary classification, grinding, several steps of slime removal, flotation,
dehydration, drying, while hallurgy process includes crushing, dissolving, slime
removal, clarifying, vacuum crystallisation, and drying of a concentrate. The raw
potash ores and all main products of their processing such as undersize of arch screen
of preliminary and control classification, mill discharge, over- and underflows of a
hydrocyclone, concentrate and tailings of the flotation, slime thickener discharge, as
well as the material taken from a slime pond, were investigated. The first stage of
investigation was extraction of free gold and determination of its content by the
gravity separation of all processing products listed above. Forty one samples were
selected with a volume ranging from 20 to 400 dm’. They were classified by means of
10, 2 or 0.8 mm screens in the water medium with partially dissolved material.

A laboratory centrifugal concentrator (Knelson-7.5) and pan gravity trap
manufactured by Knelson (Canada) were used for quantitative determination of free
gold. Concentrates produced by 157 runs were separated into light and heavy fractions
in bromoform. Then, the samples of heavy fractions were investigated by quantitative
mineralogical analysis under a microscope to determine the presence of free gold
particles. A second step of investigations included a quantitative determination of gold
in 104 samples of raw ores and products of their processing using th fire assay method
and combined fire assay-emission analyses.

DISCUSSION

Table 1 shows that free gold was recovered practically from all samples taken
from potash ores and the products of their processing. Its highest concentration was
found at the flotation plants in the raw ore, hydrocyclone overflow and underflow,
product from the slime pond, and hydroseparator discharge. In the samples taken from
the hallurgic plant a great number of gold particles was recover from the raw ore,
product from the slime pond, salt slime, and dissolver residuum.

The size of recovered gold particles was from 25 to 250 micrometer. If we divide
particles into three sizes (in micrometer): very small (100-250), fine (50-100), and
dust-like (10-50), then we can say that fine gold occurred most frequently. The gold
particles were in the form of plate, wire, fibre, and wad-shaped flattened crystals. They
were yellow, light-yellow, and brown-yellowish in color. Thin layers and spots of
hydrous ferric oxides and carbonate rims were visible on the surface of gold particles.
The gold particles were not in the form of nodules because their nodule form was
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poorly developed. Gold particles with glossy surface were seldom encountered. To
check the chemical composition of individual particles of gold, selected grains were
subjected to a microprobe analysis and the results are given in Table 2.

The results of analysis, shown is the Table 2, confirm the presence of free gold in
the processing products of all plants and show that gold is very pure because its
fineness is very high. Silver, copper and palladium apparently form intermetallic
compounds with gold while other elements probably come from impurities on gold
surface and reflect, to some extent, the surrounding rocks composition. According to
the results of investigations, liberated gold in the samples is present mainly as fine
(dust) particles which are flattened or plate-like. This is probably the reason why gold
is difficult to recover by traditional methods and therefore it requires special
equipment and beneficiation methods.

Table 1. Results of mineralogical analysis of gold

in potash ores and products of their processing Hallurgy
Number of gold
particles in the sample
No. Product name Flotation
min. max.
1 Raw ore 70 517 460
2 | Mill discharge 120 | 138 -
3 | Hydrocyclone overflows 200 | 640 -
4 | Hydrocyclone underflows 18 458 -
5 | Undersize of arch screens 26 319 -
6 | Flotation concentrate 50 250 -
7 | Waste pile tailings 45 94 10
8 | Hydroseparator discharge 450 | 538 -
9 | Slime thickener discharge 125 | 433 320
10 | Product from a slime pit 253 | 524 800
11 | Dissolver residuum - - 675
12 | Salt slime — — 588

Table 2. Composition of free gold according to the microprobe analysis data

Number of Standard of Content of chemical elements, %

determinations | fineness (%o) | Au Ag Cu Pd Fe Ti Mg Al Ca

16 973.4 97.2 | 3.28 [0.088]0.066 | 0.03 [0.049|0.048|0.036 | 0.034

The results of the fire assay and combined fire assay-emission analyses show that
gold was present practically in all processing products of potash ores (Table 3). Its
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content in ores follows the logarithmic-normal law of the distribution with the average
value of 0.08 ppm and mean error equal to £0.023 ppm. The gold content in the
processing products is approximately at the same level, which indicates an absence of
the metal concentration at the individual stages of the potash ores beneficiation.

Table 3. Average gold content in potash ores and processing products
at different stages of the Belaruskalii Industrial Company

No. Number of Average content (the numerator),
Product name . the contents interval ( the denominator),
analysis
ppm
1 |Raw ore 18 0.08/(0.02-0.0340)
2 |Products of the ore classification
including: 15 0.052/(0,02-0.14)
undersize of arch screens 10 0.056/(0.02-0.14)
mill discharges 5 0.044/(0.02—-0.06)
3 [Products of desliming including: 25 0.068/(0.02-0.22)

0.065/(0.03-0.14)
0.052/(0.04-0.08)
0.12/(0.02-0.22)
0.03/(0.02-0.04)
0.77/(0.020-0.2)

underflow of hydrocyclone
overflow of hydrocyclone
discharge of hydroseparators
overflow of hydroseparators
discharge of slime thickener

(o) NN« N \S VSRV, BNe}

4 |Products from a slime pond 0.083/(0.04-0.14)

According to the data of different authors (Zvereva,1997; Nekrasov,1991) the
clarke and average gold contents in sedimentary rocks range from 0.001 to 0.057 ppm
and in halogen compounds from 0.00162 to 0.024 ppm. Investigations of gold content
in the potash ores of the Verkhnekamskoye deposit, carried out by specialists of the
,,Giredmet” Institute (Moscow, Russia) showed that the mean gold content is in the
range from 0.062 to 0.105 ppm. A comparison of received average content of gold
with the values given above shows that the gold content in potash ores of the Starobin
deposit (Belarus) exceeds the gold clarke and is comparable with the gold content in
the Verkhnekamskoye deposit in Russia. A comparison of the average gold contents
and the insoluble residue (ir) in ores of four Starobin enterprises permitted to reveal a
direct correlation between them (Fig. 1). Namely, the gold concentration in ores
increases with the increase of ir. Taking into account the accumulation of the main
mass of the insoluble residue (up to 65%) in slimes and the data mentioned above, it
can be concluded that a considerable part of the liberated gold enters the slime pit.

An increased content of silver and the presence of platinum and palladium were
also detected by the combined fire assay-emission analysis. It considerably increases
perspective of recovery of gold and other precious metals from the potash ore of the
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Starobin deposit. According to the data of Smetannikov and Kudryashov (1995), the
Verkhnekamskoye deposit also contains increased concentrations of silver and metals
of the platinum group.

Technological investigations on potash ores of the Verkhnekamskoye and
Starobin deposits, carried out by Matyushev and Zubinin (,,Giredmet”, Moscow,
1997) confirmed the existence of non-liberated form of gold. Results of experiments
with saline solutions showed that gold is present in the potash ores in Belarus, and that
gold easily passes into aqueous solutions from evaporation residues.
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Fig. 1. Relationship between insoluble residue and gold content for potash ore
of the Soligorsk Enterprises (I-1V SE), Belarus

Approximate calculations of the metal balance indicate that the content of other
forms of gold considerably prevails over the content of the gold which can be
processed by gravity separation. Situation with silver is similar. The concentration of
silver in the evaporated residues reaches a few grams per ton.



280 Y. DEREVYANKIN et al.

CONCLUSIONS

The investigation of the potash ores of Belarus and products of their processing
showed that the gold and silver are present there in increased quantities. The results
point to a new non-traditional source of precious metals in the Pripyat Salt Basin.
However, the presence of the precious metals as fine particle requires a development
of special technological schemes for the estimates of the commercial value of gold-
and silver-bearing content of the potash ores of Belarus.
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Derevyankin Yu, Ivanova N., Derevyankina L., Z3oto w z%o;u soli potasowych Starobin na Bia®orusi.
Fizykochemiczne Problemy Mineralurgii, 32, 275-280 (w jéz. angielskim)

Glownymi sktadnikami surowca solnego ze zloza Starobin na Bialorusi sag KCI (22-27%), NaCl
(63-74%) oraz skladniki nierozpuszczalne (4-10%). Zasoby tego typu z16z na Biatorusi oceniane sq na
kilka mld Mg soli. W pracy przebadano szereg produktow zaktadu wzbogacania rudy solnej, takich jak:
produkt podsitowy sita tukowego, przelew i wylew hydrocyklonu, wylew mtyna, koncentrat i odpad
flotacji oraz osady ze stawu osadowego, w ktérym deponowane sq muty z trzech zaktadow flotacyjnych.
Przebadano takze probki produktow z zakladu warzelniczego: nadawe (s6l surowa), odpady ze
sktadowiska, muty z osadnika i wylew zggszczacza. Probki do badan przesiewano przez sita o oczkach
2.0
1 0.8 mm i poddawano wzbogacaniu na wzbogacalniku od$rodkowym Knelson-7.5 oraz na rgcznej misce
do plukania zlota. Otrzymane frakcje lekkie i cigzkie rozdzielano w bromoformie. W wydzielonych
frakcjach mineratéow cigzkich oznaczano ziarna zlota metoda mikroskopowo. Ich sktad chemiczny
okreslano przy pomocy mikrosondy. Ponadto we wszystkich produktach przerobki rudy potasowej a
takze w ich roztworach solnych okre§lano zawarto$¢ ztota metoda kupelacyjna oraz kombinacja metody
kupelacyjnej i spektrometrii emisyjnej. Stwierdzono, ze wolne ziarna ztota wystgpuja w postaci ptaskich
tuseczek o rozmiarach 25-250 pum. Ziarna zlota byly wysokiej czystosci cho¢ stwierdzano w nich
domieszki srebra, miedzi i palladu. Przeprowadzone badania pozwolilty oszacowac zawarto$¢ zlota w
ztozu soli potasowej. Jest ona znaczaco wyzsza od przecigtnego rozproszenia tego metalu w skorupie
ziemskiej i $cisle zalezy od zawarto$ci nierozpuszczalnych sktadnikéw w surowcu solnym. Stwierdzono
takze podwyzszona zawartos$¢ srebra w badanym surowcu.
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STUDIES ON THE MECHANISM
AND KINETICS OF BIOLEACHING

In the past five years significant advances have been made in understanding the mechanism by which the
bioleaching of sulphide minerals occurs. Kinetic models based on the proposed mechanism are being
used successfully to predict the performance of continuous bioleach reactors. The measurement of
oxygen and carbon dioxide consumption rates together with the measurement of redox potentials, has led
to this further elucidation of the mechanism of bioleaching of sulphide minerals and enabled the kinetics
of the sub-processes involved to be determined separately. It has been shown that bioleaching involves at
least three important sub-processes. The primary attack of the sulphide mineral is a chemical ferric leach
producing ferrous iron.

The first two sub-processes of chemical ferric reaction with the mineral and bacterial oxidation of
the ferrous iron are linked by the redox potential. The sub-processes are in equilibrium when the rate of
iron turnover between the mineral and the bacteria is balanced. Rate equations based on redox potential
or ferric/ferrous-iron ratio have been used to describe the kinetics of these sub-processes.

The kinetics of bacterial ferrous iron oxidation by Thiobacillus ferrooxidans and Leptospirillum
ferrooxidans have been determined over a range of expected operating conditions. Also the chemical
ferric leach kinetics of pyrite have been measured under conditions similar to those in bioleach systems.
The kinetics have been described as functions of the ferric/ferrous-iron ratio or redox potential which
enables the interactions of the two sub-processes to be linked at a particular redox potential through the
rate of ferrous iron turn-over. The use of these models in predicting bioleach behaviour for pyrite
presented and discussed. The model is able to predict which bacterial species will predominate at a
particular redox potential in the presence of a particular mineral, and which mineral will be preferentially
leached. The leach rate and steady state redox potential can be predicted from the bacterial to mineral
ratio. The implications of this model on bioleach reactor design and operation are discussed.

Using these rate equations it is possible to predict the steady state redox potential and sulphide
mineral conversion in a continuous bioleach reactor. The model successfully predicts laboratory data and
is being tested against data from pilot-plant and full-scale bioleach systems.

Using 16S rDNA techniques, it has been shown that in pyrite—arsenopyrite bioleach reactors, the
iron oxidizer, Leptospirillum ferrooxidans and the sulphur oxidizer, Thiobacillus caldus predominate. No
Thiobacillus ferrooxidans could be detected. These observations are in agreement with the predictions
from the kinetics and the electrochemical mechanism of ferric leaching of sulfide minerals.

*Gold Fields Mineral Bioprocessing Laboratory, Department of Chemical Engineering, University
of Cape Town, Rondebosch 7701, South Africa.
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INTRODUCTION

The bioleaching of copper has been practiced for some time from copper bearing
sulfide ore and waste in dumps (Murr, 1980). More recently heap leaching has been
used for copper bioleaching and the pretreatment of arsenical refractory gold ores
(Schnell, 1997, Brierley, 1997). The biooxidation of arsenical gold-bearing
concentrates in large stirred tank bioreactors has been practiced since 1984 with
several large plants in different parts of the world (Dew et al., 1997; and Miller, 1997).
The design of these has been based on the use of the empirical logistic equation to
describe the kinetics of bioleaching (Pinches et al., 1988; Hansford and Miller, 1993;
Dew, 1995). However recent work by Boon (1996) has led to the development of a
mechanistically based model for bioleaching (Boon et al., 1995; Hansford, 1997). This
model predicts the kinetics of bioleaching, explains the microbial selection which
takes place in bioleach systems and is the basis for the derivation of a performance
equation for continuous bioleach reactors. The predictions of the model are in
accordance with microbial identification using 16S rDNA techniques and the
electrochemistry of the ferric leaching of sulfide minerals (Rawlings et al., 1998). This
paper will review these recent developments.

BACKGROUND

The use of degree-of-reduction balances (Roels, 1983) coupled with off-gas
analysis for the measurement of oxygen and carbon dioxide utilisation rate has been
developed by Boon (1996) in order to measure bacterial concentration (mole C-1"") and
pyrite concentration in bioleach systems. These measurements have proved difficult in
the past. The activity of the bacteria was determined as the specific rate of oxygen
utilisation (mole O,-(mole C)"-h™") and was measured either from off-gas analysis in
the bioreactors or off-line in a biological oxygen monitor.

By staged additions of pyrite at four hourly intervals to a batch bioleach, Boon et
al. (1995) were able to measure the specific rate of oxygen utilisation, go, as a
function of ferric/ferrous-iron ratio or redox potential. The oxygen rate was also
related to the amount of pyrite present as the pyrite specific rate, vo,. The results of a
typical run are shown in Fig. 1, where it can be seen that qo, decreases with increasing
ferric/ferrous-iron ratio or redox potential while vo, increases. Samples of the bacteria
were taken from the batch and the pyrite removed by centrifugation and the specific
rate of oxygen utilisation measured in the off-line respirometer, BOM, using ferrous
iron medium. The specific rate of oxygen utilisation, ¢go, could be measured over a
wider range of ferric/ferrous-iron ratios than for the pyrite batch, but over the region
where ranges overlapped, the data for the pyrite- and ferrous iron-grown bacteria
coincided, as shown in Fig. 2. From this it was concluded that in both cases ferrous
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iron was the primary substrate, and that the bioleaching of pyrite occurs as a two-step
mechanism involving the chemical ferric leaching of the pyrite and the bacterial
oxidation of the ferrous iron produced, back to the ferric form.
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Fig. 1. Bacterial and pyrite specific oxygen utilisation rates as functions of

the ferric/ferrous-iron ratio for the bioleaching of pyrite (220 g'I'") by Leptospirillum ferrooxidans
(25-100 g'1'") and total iron 2.4-5.0 g1 pH = 1.6, T=30 °C
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Fig. 2. Specific oxygen utilisation rates of pyrite and ferrous iron
grown Leptospirillum ferrooxidans as a function of ferric/ferrous-iron ratio
together with the prediction of Eq. (5)
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The reactions involved are:

FeS, + 14Fe’* +8H,0 = 15Fe*" +2S0; +16H" (1)
and
4Fe** + 0, +4H" = 4Fe™ +2H,0 @)
Boon (1996) has described the kinetics of the overall process
4FeS, +150, +2H,0 = 4Fe’ +8S0:2 +4H" (3)

in terms of the pyrite specific oxygen utilisation rate as a function of the ferrous/ferric-
iron ratio of the form:

—To Vo
= : = % 4
Yoz [FeS,] 1 [Fe**] @
[Fe™]

and the specific oxygen utilization rate of the bacterial ferrous oxidation sub-process
can be expressed as a simplified form of that previously used for inhibited Michaelis—
Menten kinetics (Jones and Kelly, 1983):

_, g
G0, = Coz - OZF - (%)
X 1 + K{ e2+}
Fe

ax

Boon (1996) has reported the following values for the kinetic constants: vo,™
=0.025 h™', B =0.00045 and g0, = 1.7 h™', K = 0.0005 for the bioleaching of pyrite

by Leptospirillum-like bacteria and qg‘f" =2.2h", K=0.05 for ferrous iron oxidation

for a pure culture of Thiobacillus ferrooxidans.

THE MECHANISM AND KINETICS OF SULFIDE MINERAL BIOLEACHING

The two sub-processes are linked at pseudo steady state by equating the rate of
ferrous iron production from the chemical ferric leach reaction to the rate of
consumption of ferrous iron by the bacteria. In order to do this, the kinetics of the two
sub-processes must be rewritten for ferrous iron production and utilization in terms of
the rate of ferrous iron production per unit surface area of the pyrite particles as:
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— I o V e2*
= —
1+B [F 3+]
[

and the specific rate of bacterial ferrous iron oxidation:

max

q — B rFe” — qu“
Fe CX 1 . K [Fe 3+ ]
[Fe*]

(7

so that at a particular pyrite and bacterial concentration the pseudo steady state will be
defined by:

vis: [FeS, ] e
2y rFe”, chem _rFe2+, bact - 3+ (8)
1+ plte ] oL
[Fe3+ ] [FeZ+ ]

where it is possible to express the ferric/ferrous-iron ratio in terms of the redox
potential using the Nernst equation as:

3+
E, - F
[Fe2 ] = exp| 2 0
[Fe™] RT
nF

©)

Using the stoichiometry of Egs. (1) and (2), the following values for the ferrous iron based

kinetic constants can be obtained from Boon’s oxygen based values & = 0.0067 h',

B =0.00045, ¢™ = 6.8 h"' K =0.0005 for the bioleaching of pyrite by Leptospirillum-

F62+
max
Fez+

Thiobacillus ferrooxidans. Although it is known that Thiobacillus ferrooxidans can also
oxidize sulphur and sulphur moieties for the purpose of simulation, it is assumed that this
is not the rate controlling sub-process in this system.

Figure 3 shows the rates of ferrous iron generation by ferric leaching of pyrite and
ferrous consumption by Leptospirillum ferrooxidans and Thiobacillus ferrooxidans.
The curves are plotted for a concentration of 10 g1 ' of +53 —75 um pyrite and for
bacterial concentrations of 150 mg C-I"' at a total iron concentration of 12 g-1"" The
point of intersection of the curves represents the pseudo-steady state giving the rate of
ferrous iron turn-over and the redox potential. It can be seen that for the bioleaching of
pyrite that the ferric leach curve intersects the bacterial ferrous oxidation curve of

like bacteria and ¢™ = 8.8 h™' K = 0.05 for ferrous iron oxidation for a pure culture of
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Leptospirillum ferrooxidans at a higher rate of ferrous turnover than Thiobacillus
ferrooxidans and therefore Leptospirillum ferrooxidans will be dominant species. This
has been confirmed by Rawlings (1995) who has found that Leptospirillum
ferrooxidans predominates in the bioreactors of the GENCOR BIOX® process
treating an arsenopyrite-pyrite concentrate.
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Fig. 3. Predicted rate of ferrous iron production by ferric leaching of =53 +75 pm pyrite
at 10 g’ together with the predicted rate of ferrous iron oxidation
by Thiobacillus ferrooxidans and Leptospirillum ferrooxidans at 150 mg C-1”'
as functions of the redox potential. The predictions are made using Eq. (8) with the kinetic
constants found by May et al. (1997), Boon (1996), van Scherpenzeel (1997)

The point of intersection of the chemical and bacterial curves, defines the pseudo-
steady state redox potential and the rate of ferrous iron turn-over, which can be related
stoichiometrically to the rate of pyrite bioleaching. The intersection point depends on
both the concentration of bacteria and active surface area concentration of the pyrite.
In this way the model presented here can be related to those which are based on
a bacteria-to-mineral ratio, cx/[FeS;] (Boon, 1996). As the bacterial concentration
and/or the surface area concentration change the redox potential and overall pyrite
bioleaching rate will change accordingly.

In the bioleaching of sulphide minerals which have lower rest potentials, the ferric
leach curve will intersect the bacterial curves at a lower redox potential where the
ferrous iron oxidation rate of Thiobacillus ferrooxidans may be higher than that of
Leptospirillum ferrooxidans and then it may dominant.

According to this two-step mechanism for sulphide mineral bioleaching it is
possible to determine the kinetics of the chemical and bacterial sub-processes
independently and then use the kinetic constants so derived to predict both the steady
state and dynamic performance of bioleach systems. Recent work on the purely
chemical ferric leaching of pyrite by May et al. (1997) has shown that the values for &
reo+ - and B agree with those obtained from the data of Boon et al. (1995), for the
bioleaching of pyrite. The dependence of the bacterial kinetics on redox potential is
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consistent with the chemiosmotic theory of Ingledew (1982), while the dependence of
the ferric leach kinetics on redox potential is in accord with electrochemical theory.
The existence of a two-step mechanism for the bioleaching of sulphide minerals has a
number of important implications for the modelling of bioleaching, viz.,

1) the overall process can be reduced to a number of independent sequential and/or
parallel sub-processes,

i) each of these sub-processes can be studied separately,

iii) the results of the above can be used to predict the performance of bioleaching
operations for a variety of different minerals, bacteria and operating conditions.

MODELING THE PERFORMANCE OF CONTINUOUS BIOLEACH REACTORS

In a continuous bioreactor at steady state it can be shown that the growth rate of
the micro-organisms is equal to the dilution rate, D, or reciprocal of the residence
time, 1/7

pu=D=— (10)

If it is assumed that the specific growth rate of the bacteria is directly related to the
specific rate of ferrous iron oxidation via a yield constant, Y5> | then:

Fe’"EX°
7] D
q e = = (1 1)
Fe Ymax Ymax
Fe?*X Fe?*X

Substituting for g+ from Eq. (7) and solving for the ferric/ferrous iron-ratio gives:

Ymax max

[Fe3+] _ g e T T 1

[Fe*'] K

(12)

and using the Nernst equation this can be expressed as redox potential.

This applies to completely mixed bioreactor at steady state provided there is no
retention of biomass in the bioreactor. It therefore applies to a bioreactor being fed with
pyrite and it can be seen that the steady state ferric/ferrous-iron ratio or redox potential is
not dependent on the concentration of pyrite in the feed but only on the residence time.
This is analogous to the behaviour of a chemostat (Schuler and Kargi, 1992).

From the stoichiometry of Eq. (1), the rate of pyrite leaching is related to the rate
of ferrous iron production rate by that reaction as:

1 1

_r o4 = —_——
Fe 15

T & [FeS, ] (13)

rFeSZ =
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A steady state pyrite balance over the bioreactor gives:

F([FeS, ];, —[FeS,]) = Vs, (14)

so that the pyrite concentration leaving the bioreactor is given by:

15[F
[FeS,]= 515 % (15)
15+158 1 1 gpemn
[Fe'] %
and the pyrite conversion by
[Fe™] _ , max
_ [FeS, Ji, —[FeS,] _ [Fe*] Fe’” 16)
FeS, ™ = T
[F682]in 15 + ISB %Feyr:]l _ ;1:211(
e
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Fig. 4. Predicted (Eq. (16)) and measured conversions (Hansford and Chapman, 1992)
of pyrite in a continuous bioleach reactor

Substituting the ferric/ferrous-iron ratio from Eq. (12) into Eq. (16) shows that the
pyrite conversion is also a function of only the residence time in the bioreactor and the
rate constants and particle size distribution of the pyrite.

Unfortunately at the time of writing there was only one set of continuous pyrite
bioleaching data available (Hansford and Chapman, 1992). This was obtained in a
laboratory-scale, 5-litre continuous bioleach reactor using a culture thought to be
Thiobacillus ferrooxidans and a pyrite flotation concentrate from Crown Mines, South
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Africa. For the 53—75 um size fraction for steady state pyrite conversions were
obtained. No redox potential data are available. The results are compared with the
predictions of Equation (16) using kinetic constants obtained for the bioleaching of 53—
75 um size fraction pyrite flotation concentrate from Prieska Copper Mine, Copperton,
South Africa by Boon (1996) and confirmed for the abiotic ferric leaching of the same
concentrate by May (1997). The kinetic constants for the bacterial oxidation of ferrous
iron oxidation used were those obtained for Leptospirillum ferrooxidans by van
Scherpenzeel (1997). The predicted and actual conversions are shown in Fig. 4. The
agreement between the prediction and the experimental data is remarkable particularly
when considering that the pyrite concentrates are from different sources and that the
bacteria used by Hansford and Chapman (1992) were unidentified and thought to be
Thiobacillus ferrooxidans. However in retrospect it is reasonable to assume that the
bacteria which would predominate in a continuous culture growing on pyrite would be
Leptospirillum ferrooxidans.

CONCLUSIONS

The two-step mechanism for bioleaching provides a basis for predicting the
overall rates of bioleaching from the rates of the controlling sub-processes of chemical
ferric leaching and bacterial ferrous iron oxidation. These can be conveniently
expressed in terms of the ferric/ferrous-iron ratio or redox potential. This approach
also predicts which microbial species will predominate. It also suggests that the
kinetics of the two sub-processes can be investigated separately. Further refinement of
this approach is necessary to include changes in size and surface of the sulphide
minerals, the formation of precipitates which could occlude the surface and the
bacterial oxidation of the sulphur moiety.

SYMBOLS
[Fe*"] - ferrous iron concentration, mole-1™!
[Fe**] - ferric iron concentration, mole-1"!
[FeS,] — pyrite concentration, mole-l™!
Cx — bacterial concentration, (mole C)-1"!
E — redox potential, mV
E, — standard redox potential, mV
F — Faraday constant, 96485 C-(mole) !
n — number of electrons in redox reaction,
q0, — bacterial specific oxygen utilisation rate, (mole O,)-(mole C) "-h”!
gre+  — bacterial specific ferrous utilisation rate, (mole)-(mole C) "-h™!
R — universal gas constant, 8.134 J-K'(mole)™
rr2+  — rate of ferrous iron production, mole-1 Lyt

ro, — rate of oxygen production, mole-I""-h™!
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T — temperature, K
Xres,  — pyrite conversion
Vo, — pyrite specific oxygen utilisation rate, (mole O,)-(mole FeS,)-h™!
v — maximum pyrite specific oxygen utilisation rate, (mole O,)-(mole FeS,)h!
e+ — pyrite specific ferrous utilisation rate, (mole Fe*" )-(mole FeS,)-h™'*

max _ maximum pyrite specific ferrous utilisation rate, (mole Fe* )-(mole FeS,)-h™!
Era Py P

€
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Hansford G.S., Badania mechanizmu i kinetyki bio*ugowania, Fizykochemiczne Problemy Mineralurgii,
32,281-291 (w jézyku angielskim)

W ostanich pigciu latach nastapit znaczny postgp w rozumieniu mechanizméw tugowania
siarczkow. Obecnie z powodzeniem uzywane sa modele kinetyczne oparte o mechanizm procesu, ktore
pozwalaja na przewidywanie wynikow bio-tugowania w reaktorach. Pomiary szybko$ci zuzycia tlenu i
dwutlenku wegla wraz z pomiarami potencjalu redoks pozwolily na lepsze poznanie mechanizmu
procesu i jego sktadowych. Podstawa procesu jest reakcja pomigdzy mineratem siarczkowym a jonami
zelaza (III) z utworzeniem jondw zelaza (II) a subprocesy polegaja na reakcji chemicznej jondow zelaza z
mineralem oraz bakteryjnym utlenianiem jonéw zelaza (II) i sq one zwiazane z potencjatem redoks. Oba
subprocesy sa w rownowadze, gdy szybkos¢ wedrowki jonéw zelaza pomigdzy mineralem i bakteriami
sa w rownowadze. Kinetyki wspomnianych subprocesow sa oparte o potencjat redoks i stosunek jonow
stgzen zelaza (III) do zelaza (II).

W pracy przebadano kinetyke bakteryjnego utleniania jondéw zelaza (1) przez Thiobacillus
ferrooxidans i Leptospirillum ferrooxidans. Mierzono takze kinetyke chemicznego tugownia jonami
zelaza (II) pirytu w warunkach zblizonych do biotlugowania. Kinetyke procesu opisano jako funkcje
stosunku stgzen jondéw zelaza (III) do zelaza (II) i potencjatu redoks, co pozwolito na potaczenie
oddziatywan obu subproceséw przy odpowiednim potencjale redoks poprzez szybkos$¢ transportu jondw
zelaza (II). Zaproponowany model pozwala na przewidywanie wynikow biotugownia pirytu, w tym
okreslenie ktora bakteria bgdzie dominowata przy odpowiednich potencjatach redoks w obecnosci
wybranego mineratu i ktéry minerat bedzie preferencyjnie ulegal tugowaniu. W pracy przedyskutowano
rowniez implikacje modelu dla wazniejszych parametréw bioreaktora i zmienne procesu. Wykorzystujac
réwnanie szybkosci reakcji jest mozliwe przewidywanie potencjatu redoks stany stacjonarnego i
wynikoéw tugowania w biorektorach o dziataniu ciaglym. Model pozwala przewidywaé wyniki badan
laboratoryjnych i jest obecnie testowany dla wynikow uzyskanych dla biolugowania na petna skalg.
Wykorzystujac technike 16S rDNA pokazano, ze w reaktorach podczas biolugowania pirytu—
arsenopirytu dominuje zelazowy utleniacz, Leptospirillum ferrooxidans i utleniacz siarkowy oraz
Thiobacillus caldus. Nie stwierdzono obecno$ci bakterii Thiobacillus ferrooxidans. Obserwacje te sa
zgodne z przewidywaniami z kinetyki procesu i elektrochemicznego mechanizmu lugownia mineralow
siarczkowych za pomoca jonow zelaza (II).
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Wskazowki dla Autorow

o Artykuly nalezy nadsyla¢ w 2 egzemplarzach w terminie do 15 lutego. Redakcja prosi
o nieprzysyfanie dyskietek komputerowych z tekstem referatu w tej fazie przygotowania
miateriatéw do druku.

e Objetos¢ artykutu (wraz ze streszczeniami, rysunkami i tabelami) nie powinna przekraczaé
10 stron maszynopisu. Maszynopis powinien by¢ starannie przygotowany zaréwno pod wzglgdem
tresci, jaki i formy graficznej oraz sposobu pisania.

e Artykuly moga by¢ napisane w jezyku polskim lub angielskim. Druk referatu w innym
jezyku nalezy wczeéniej uzgodni¢ z Redakcja.

o Artykuly muszg zawiera¢ zweryfikowane jezykowo streszczenia pracy, tytuty, podpisy pod
rysunkami i opisy tabel w jezyku polskim i angielskim.

o Kwalifikacja do druku nast¢puje na podstawie dwoch recenzji.

e Prace zakwalifikowane do druku, po uwzglednieniu uwag recenzentdw, powinny by¢
przystane do redakcji do 15 kwietnia kazdego roku, w dwoch egzemplarzach i, dodatkowo, na
dyskietce 3,5". Zaleca si¢ uzywanie edytoréw pracujacych w srodowisku Windows, takich jak Ami
Pro, Word, Word Perfect. Uzycie innych edytoréw jest mozliwe po uzgodnieniu z Redakcja.

e Referaty nadestane w formie maszynopisu beda przepisywane na dyskietki na koszt
Autorow.

e Rysunki przeznaczone do publikacji musza by¢ wysokiej jakosci. Moga to by¢ wydruki
komputerowe badZ rysunki narysowane czarnym tuszem na kalce technicznej. Zaleca sig, aby
niezaleznie od dotaczonych rysunkéw, nadsyta¢ je na dyskietkach w jednym z nastgpujacych
formatow: pcx, tif, wmf. Fotografie powinny by¢ wykonane na papierze btyszczacym, cienkim
i odznaczac¢ si¢ dobrym kontrastem.

e Pozycje wykazu literatury podawa¢ w kolejnosci alfabetycznej (nazwisko, inicjaly imion,
rok wydania), pelny tytut dzieta lub artykutu, tytut czasopisma, miejsce wydania (ew. wydawca),
tom, nr zeszytu, numery stron. Cytowania w tekscie: w nawiasach okragtych podaje si¢ nazwisko
autora i rok wydania pracy. Nie wolno stosowa¢ transkrypcji bibliografii, lecz podawac tytuty
prac i nazwiska w wersji oryginalnej lub w tlumaczeniu na je¢zyk polski badZ angielski
z podaniem (w nawiasie), w jakim jgzyku jest napisany artykut.

e Redakcja prosi Czytelnikow o przysylanie tekstow polemicznych do prac publikowanych w
Fizykochemicznych Problemach Mineralurgii na adres Redakcji lub sktadania ich osobiscie
Redaktorom.

e Redakcji przystuguje prawo wprowadzania drobnych zmian redakcyjnych nie
naruszajacych zasadniczych mysli artykutu, niezbgdnych skrétow i korekty jezykowe;.

e Redakcja nie przewiduje honorariéow dla autoréw oraz recenzentow.



W czasopi$mic sa zamieszczane oryginalne prace dotyczace teoretycznych oraz
praktycznych (laboratoryjnych i przemystowych) zagadnien szeroko zwigzanych
z wykorzystaniem surowcow mineralnych, a zwlaszcza z przerdbka kopalin,
metalurgiq ekstrakcyjng, mineralogia stosowang i dziedzinami pokrewnymi. Po
uzgodnieniu z Redakcja beda rowniez przyjmowane artykuly przegladowe.

Akceptowane beda prace dotyczace nie tylko kopalin (surowcoéw mineralnych
pierwotnych). lecz takze réznego rodzaju surowcoOw wtornych. przede wszystkim
pochodzenia mineralnego, odpadéw, substancji syntetycznych i innych materialow,
do przetwarzania ktérych stosuje si¢ metody przerobki kopalin. Oczekiwane sa
rowniez prace o ekologicznych aspektach przerobki i wykorzystania surowcow
mineralnych.

Fizykochemiczne Problemy Mineralurgii ukazuja si¢ raz w roku, przed
seminarium o tej samej nazwie, na ktorym autorzy begda proszeni o prezentacje
swoich prac. Wszelkie uwagi do opublikowanych prac, jak i wywigzujaca si¢
w trakcie seminarium dyskusja, na zyczenie dyskutantow moga by¢ opublikowane
W nastgpnym numerze czasopisma.

Wydawnictwa Politechniki Wroctawskiej sa do nabycia w nastgpujacych ksiggarniach:

»Politechnika”, Wybrzeze Wyspianskiego 27,
50-370 Wroctaw, budynek A-1 PWr, tel. (071) 320 25 34
. Tech”, plac Grunwaldzki 13,
50-377 Wroctaw, budynek D-1 PWr, tel. (071) 320 32 52
Prowadzimy sprzedaz wysytkowg

ISSN 0137-1282

Wroctaw, ul. Migdzyleska 6
tel. (071) 67-80-31 w. 37, 67-29-33



	SPIS TREŚCI
	H. KUCHA, I. R. PLIMER, E. F. STUMPF: GEOCHEMISTRY AND MINERALOGY OF GOLD AND PGE’S IN MESOTHERMAL AND EPITHERMAL DEPOSITS AND THEIR BEARING ON THE METAL RECOVERY
	Andrzej GRODZICKI: LITOSTRATYGRAFIA, PETROGRAFIA I MINERALOGIA KENOZOICZNYCH PIASKÓW ZŁOTONOŚNYCH DOLNEGO ŚLĄSKA
	Tomasz CHMIELEWSKI: ODZYSKIWANIE ZŁOTA I PLATYNOWCÓW Z RUDY POZABILANSOWEJ LGOM NA DRODZE ŁUGOWANIA CYJANKOWEGO
	Kazimierz St. SZTABA: STOPIEŃ SEGREGACJI JAKO PODSTAWA OCENY SKUTECZNOŚCI TECHNOLOGICZNEJ PROCESÓW PRZERÓBKI KOPALIN I JAKOŚCI JEJ PRODUKTÓW
	Dušica VUČINIĆ, Svetlana POPOV, Rudolf TOMANEC, Predrag LAZIĆ: ETHYLXANTHATE ADSORPTION AND KINETICS OF ADSORPTION ON LEAD MODIFIED GALENA AND SPHALERITE UNDER FLOTATION CONDITIONS
	Barbara KOŁODZIEJ, Antoni MUSZER, Zbigniew ADAMSKI: ŁUGOWANIE RUDY ZŁOTA ZE ZŁOTEGO STOKU ROZTWORAMI CHLORKÓW W WARUNKACH REDUKCYJNYCH
	K. MAŁYSA, S. NG, J. CZARNECKI, J. MASLIYAH: THE METHOD OF DETERMINATION OF SIZES, RISE VELOCITIES AND COMPOSITION OF AGGREGATES FLOATING TO FROTH LAYER
	Janusz J. LEKKI: TERMODYNAMICZNY OPIS I FLOTOMETRYCZNA OCENA ZWIĄZKÓW POWIERZCHNIOWYCH KSANTOGENIANU
	Beata CWALINA, Stanisław LEDAKOWICZ, Heike FISCHER: WPŁYW REGULACJI pH UKŁADU ŁUGUJĄCEGO NA PRZEBIEG CHEMICZNEJ I BAKTERYJNEJ EKSTRAKCJI NIKLU Z PENTLANDYTU
	A.A.S. SEIFELNASSR, A.A. AHMED: ENRICHMENT OF ABU-TARTUR PHOSPHATE ORE WASTES
	Kazim Esber ÖZBAS, Sedat BILGEN, Cahit HICYILMAZ, Mustafa Versan KÖK: THERMOGRAVIMETRIC BEHAVIOUR OF SOME TURKISH LIGNITES OF DIFFERENT SIZES
	Teresa FARBISZEWSKA, Teresa SUDOŁ, Jadwiga FARBISZEWSKA-BAJER, Janusz SOWA, Iwona MARCJASZ: PORÓWNANIE METODY BIOSANACJI GLEBY Z OLEJU NAPĘDOWEGO Z INNYMI METODAMI
	G. AKDOGAN, D. JOHNS: EFFECT OF FERRIC NITRATE AND PAX ON WET MILLING OF QUARTZ
	Alper ÖZKAN, Salih AYDOGAN, Ünal AKDEMIR: BACTERIAL LEACHING AS A PRE-TREATMENT STEP FOR GOLD RECOVERY FROM REFRACTORY ORES
	A.A. ABRAMOV, D.V. MAGAZANIK: REGULARITIES OF HYDROPHOBISATION AND FLOTATION OF FLUORITE
	Ashraf M. AMER: PROCESSING OF LOW GRADE EGYPTIAN MANGANESE ORE
	Ahmet GEVECÎ, Hakan KEÇELÎ, Yavuz TOPKAYA, Naci SEVÎNÇ: CALCINATION OF THE TURKISH MANGANESE ORE FROM DENÎZLÎ-TAVAS REGION
	Lidia BURZYŃSKA, Piotr ŻABIŃSKI, Andrzej KOWAL: ZASTOSOWANIE MIKROSKOPII AFM W ANALIZIE TOPOGRAFII POWIERZCHNI PODCZAS ANODOWEGO ROZTWARZANIA SIARCZKU MIEDZI (I)
	Douglas W. FUERSTENAU, Abdel-Zaher M. ABOUZEID: THE PERFORMANCE OF THE HIGH PRESSURE ROLL MILL: EFFECT OF FEED MOISTURE
	S.I. MOSTAFA, M. Y. SADDA, S. N. BOULIS, S.I. HAWASH: FLOTATION OF LOW GRADE SILICEOUS CALCAREOUS PHOSPHATE ORE
	Artur JAKUBIAK , Jan SZYMANOWSKI: EKSTRAKCJA CYNKU (II) Z ROZTWORÓW CHLORKOWYCH EKSTRAHENTEM KELEX 100
	N.A. ABDEL-KHALEK , F. HASSAN, M.A. ARAFA: CARRIER FLOTATION OF ULTRAFINE EGYPTIAN KAOLIN
	YURI DEREVYANKIN, NONNA IVANOVA, LYUDMILA DEREVYANKINA: GOLD IN POTASH ORES OF THE STAROBIN DEPOSIT
	G.S. HANSFORD: STUDIES ON THE MECHANISM AND KINETICS OF BIOLEACHING

