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ABSTRACT

Anodes have to have a certain physical and chemgigality in order to provide
uniform anodic corrosion and meet the requiremehislectrorefining, i.e. to achieve a
high current efficiency, low energy consumptionwlamount of anode scrap and low
effort together with high cathode quality. Variopsoperties of the anodes can be
influenced directly by the casting process, which the interface of pyro- and
hydrometallurgy of copper. The aims of anode cgstinhigh output and long mould
lifetimes — are not consistent with good physicalode quality. The physical
requirements of an anode are smooth surfaces,romifieeight and thickness, minimal
edge effects, minimal distortion of the body and thgs, as well as a homogeneous
microstructure, in order to achieve uniform dissolu behaviour. The chemical quality
of the anode copper is a task of electrorefiningrapons, but the elemental distribution
within the anodes, which should be as homogenesugoasible in order to provide
uniform anodic corrosion, can be influenced by tlsting process. The cooling rate,
which determines the grain size and microstruct@spectively, has a significant impact



on elemental distribution. Hence it is vital to iope the casting process, as the quality
of the anode is decisive for electrorefining operat(output/efficiency, quality).
Experiments investigated the elemental distributmver anode thickness and the
resulting dissolution behaviour.

INTRODUCTION

Copper refining is necessary for impurity removal order to achieve the
properties desired by the customers. The refinfagldne in two steps: firstly, anode
copper is produced by fire refining in an anoden&ice and then cast into anodes. These
are subjected to electrorefining, the second mefirstep. The anode casting process is of
special importance as the quality of the anodeeissive for electrorefining operation
(output/efficiency, quality). Various properties thle anodes can be influenced directly
by the casting process. Therefore, it is vital mimize anode casting, which is the
interface of pyro- and hydrometallurgy.

During solidification of the anodes, some elememésenriched in the solid phase
(e.g. Ni), others in the melt (e.g. O, Pb, Sn, 8b, Se, Bi). This leads to either solid
solutions or separate phases of various compositiothe solidified anode. The mostly
inhomogeneous distribution leads to different disson rates when contacting the
electrolyte. The distribution behaviour of the aopanying elements during
solidification can be explained by their distritmuticoefficient, k. During solidification,
elements with k> 1 preferentially accumulate in the solid, thegth ko < 1 (e.g. O, Sb,
As, Sn, Pb) are enriched in the liquid phase an laatendency to form precipitations,
even when their concentration is below the soltyblimit.

The importance of chemical and physical anode twatigarding dissolution
during electrorefining as well as possibilities fofluencing is described in the work of
Wenzl et al. [1,2]. This work focuses on chemicao@de quality, i.e. elemental
distribution in anodes, and compares literaturé wkperimental results.

CHEMICAL QUALITY

The chemical anode quality is mainly the task i fefining, but the distribution
and form of the elements can be influenced by thstimg process and cooling
conditions, respectively. Also the amount of nortatlie impurities like slag carry-over
from the anode furnace, metal-refractory interaxtiand mould wash has to be taken
into account. Typical chemical compositions of @mnand secondary anodes are given
in the work of Robinson et al. [3]. These secondaryper anodes are generally rich in
Sn, Pb, Ni, and Sb, but are notably deficient in B and Ag. The behaviour of the
impurities during electrorefining as well as theapés formed are generally the same as
for primary copper anodes, but the amounts of thgisases differ. One obvious
difference is the high Sn content in secondary eogmodes [4]. Not only the absolute



contents of impurities are decisive for chemicabde quality, but also their form and
relative contents. A uniform chemical anode quastgesired in order to achieve anodes
with homogeneous dissolution behaviour and to assytimum co-ordination with
electrorefining. This is especially difficult atcgmdary smelters, which have to deal with
widely varying scrap compositions. Compositionatiations within one charge can be
minimised by the implementation of gas purginghe &anode furnace [5].

The contents of accompanying elements and theiirman solubility in Cu are
given in Figure 1 [6]. The minimum and maximum cengcations of the accompanying
elements in Cu can be determined theoreticallgefdistribution coefficients are known
and if only binary interactions occur. The actuaheentrations are given by geometrical
and thermal conditions during crystallization, tlee developing microstructure, but the
predicted trends are valid in principle [6]. Theffelient cooling conditions and
solidification rates, respectively, may lead to @amtration variations over anode
thickness, which are reported especially in an@dss on the casting wheel [7-10].
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Figure 1 - Maximum solubility (left side) and conte (right side) of accompanying
elements in Cu [6]

In casting wheel anodes, one side solidifies in tacin with the mould
(mouldside), which is made of anode or cathode egpphereas the other side has air



contact (airside). The following characteristicglod airside (compared to the mouldside)
are reported [11]:
. higher impurity content (Ni, Sn, O)

higher oxidic surface portion

continuous NiO layer in high Ni anodes, circulaONarrangements in low

Ni anodes

higher CyO content (CpO network)

lower electrical conductivity

denser slimes

poor dissolution, higher tendency for passivation

Adhering barite on the mouldside can cause cefiaiite contents in the anode
slimes. The behaviour of some important accompanglements during solidification
and electrorefining is outlined elsewhere [1].

Thermodynamic aspects

In case of thermodynamic equilibrium the appearasicerecipitations can be
explained by phase diagrams; however it has to dieed that many of the multi-
component systems are not well known [6]. Therehaoegroups of impurities:

High solubility in solid Cu (e.g. Ni, Sn, As, Ag,by so that no
precipitations occur under equilibrium conditions

Low solubility in solid Cu (e.g. Se, S, Pb, O), #lmat two-phase
decomposition (precipitations during crystallizafidakes place

However, the cooling conditions during anode castind the fast solidification
should result in non-equilibrium conditions. Furtinere, the solubility in multi-
component systems with more complex interactions lma much lower than that in
binary ones [6]: the solubility of Ni decreasesnfroearly 100 % to values below 0.3 to
0.8 % in the presence of O. NiO precipitations appe anodes with high Ni contents.
Kupferglimmer (CyNi,SbGsx with x = 0.1 to 0.2 [4]) is a multi-element compal)
whose appearance is also linked with decreasetistés in solid Cu. The solubility of
Sb and Ni in this case is below 0.3 to 0.5 %, Ing premise for the formation of this
phase is a defined Ni-Sb-ratio. These statemeatsarfirmed by thermodynamic data of
the compounds (see Table 1). The relative stallitthe compounds is described by a
more negative enthalpy of formation and a high mglpoint and eutectic or peritectic
temperature, respectively. Thus, under oxidizingdtions, CyO, NiO and the Sb-, Pb-,
Sn- and As-oxides have a strong tendency for fognsigparate phases. Under reducing
conditions the formation of chalcogenides {&& and CiB) is most likely [6]. Further
impurities like e.g. Bi could also be an importéatttor concerning precipitation [6].



Table 1 - Thermodynamic data of compounds; 1: féan2t melting point [K], 3:
eutectic/peritectic temperature [K], 4: enthalpyfarination [kJ/g atom], ~: no assured
data available, -: no compound known [6]

Se S 0 Sn Fb hs Sb Ag Ni
CupBSe  CupS  Cus0  CusSn Cughs  CusSh 1
13593 1402 1508 1103 960 2
Cu - - - -
1336 1340 1338 562 - 3
- 22 -273 —558B -—-75 -268 -26 4
NiSe NiS NiQ  NisSn Miks NiSh
1253 1253 2233 1447 1243 1423
Mi - - - 5
- - - 1433 ~ -
-374 -471-1203 -257 -352 -418
Ange AQ;S Agzo AQQSn .ﬂ.g;qSD 50; SEO;
1170 1111 573 753 g3z a7 613
Ag - - 8]
1113 1073 - 753 g3z - ~
-68 -108 -102 =~ -58| =135 =75
SbsSes SbySy  Sby0s Sn0; Sns SnSe
310 819 929 2203 1153 1133
Sb —~ - - Sn
BO3 793 -~ - -~ 913
—255 -4 — 143 - 1934 -—558B -473
As:Se;  As.S;  As0;  SnAs PO Pus PhSe
580 586 878 1158 1383 1361
. - = = Pb
553 -~ 852 - - 600
20,58 335 - 130.7 - 1096 —49.2 -—492
Sn o} s Se

Crystallization / Distribution Coefficient

The distribution coefficient (k) describes the diffint elemental concentrations in
the crystallized Cu (§ and the corresponding melt YQluring solidification. It is
defined as [12]:

k=—s (@)

During solidification, elements with kX 1 are preferentially accumulated in the
solid, those with k < 1 are enriched in the ligplthse [12]. The schematic liquidus and
solidus lines in systems with k < 1 and k > 1 dreven in Figure 2.
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Figure 2 - Liquidus and solidus lines in systemthwi< 1 (a) and k > 1 (b) — schematic
[12]

a)

The liquid and the solid phase are regarded asdnpleses. The distribution

coefficient for a defined crystallization processletermined by:

thermodynamic properties of main component and rapemying

elements in the different phases (solid — liquid)

kinetics of the processes in the solid-liquid-ifaee (phase boundary,

crystallisation front)

extent of mass transfer in the interface-near drgadiffusion and

convection

shape of solid-liquid-interface

The equilibrium distribution coefficient, ok is only valid under equilibrium
conditions, i.e. at a solidification rate v 0. Under non-equilibrium conditions the
elemental distribution is described by the kingadistribution coefficient k, (including
kinetics in the solid-liquid-interface) and effeaidistribution coefficient (including the
influence of transport mechanisms in the interfaear area). Very high cooling rates
result in distribution coefficients approaching il. homogeneous distribution of the
elements between liquid and solid phase [12].

There are two extrema concerning the distributioeffeccient [6]:
Total equilibrium by diffusion in solid Cu: no silegphase
decompositions, precipitations occur at concemngti > maximum
solubility
No diffusion in solid Cu: inhomogeneous distributiof accompanying
elements (like directional solidification on maa@cale) and formation of
separate phases for elements with k < 1 in thé $tage of crystallisation

The practical conditions are somewhere betweeretearemes (see Table 2).
Elements with k < 1 (e.g. O, Sb, As, Sn, Pb) hatendency to form precipitations, even
when their concentration is below the solubilityili. Especially Se, S, O, and Pb occur



in inhomogeneous distribution and separate phddes.elements Sn, Ag, Sb, and As
concentrate in the last solidifying areas of thecrostructure. Elements with k < 1
concentrate in the liquid phase and are found keivilee Cu grains, i.e. along the grain
boundaries [6].

Table 2 - Equilibrium distribution coefficients whpurities in Cu and example for
concentrations in anode copper; (1): estimatedeydR): calculated, (3): literature data,
(4): experimentally determined, (5): in Cu-mati&): not defined [6]

Element  DiStribution Concentration [ppm]

coefficient average maximum (5) minimum (5)
o) 102 (3 10° (4 10° (1) 10 (2
S 102 @3) 810" (4 10° (@) 810" (2
Se 10°  (3) 210° (4) 10° (1) 210 (2
Ni 2 (3) 410° (4 810° (2 (6
Ag 05 (4 310° (4 810" (3) 1.510° (2
Sb 02 (4 910° (4) 10° (3) 1.810° (2)
As 02 (3 510° (4 7510° (3) 10° (2
Pb 102 (3) 210° (4) 10° (1) 2 (2)
Sn 02 (3 10° (4 1.610° (3) 210" (2

The accompanying elements of Cu can be divided3rgmups [12]:
1. Elements that enhance the liquidus temperatureuofkg: >1): Ni, Pd

and Pt have unlimited, Co, Nb and Rh limited sditybin Cu. Hence, the
latter elements form peritectic systems with Cu.

2. Elements that lower the liquidus temperature of(€g <1): Mn and Au
have unlimited, Li, B, Mg, Al, P, Ti, Cr, As, Y, AgSh, Ce, Ho, Th
limited solubility in eutectic systems. The systewith Be, Si, Zn, Ga,
Ge, Cd, In and Sn form peritectics.

3. Elements with a very low solubility in Cikk§; <<1): O, S, Ca, Se, Sr,
Re, Ba, La, Pr, Yb, Tl, Pb, U, Bi, Pu

The anodes' microstructure is not in an equilibrigtate. This leads to the
formation of regions (components of the microstnuet but also within one phase) with
different electrochemical properties, which result locally different dissolution
behaviour [6,8]. The non-equilibrium state is désel by constitutional undercooling
and oversaturation of the melt, which are the dgvorces for phase transformations and
determine the value ofik [12]. Phase transformations consist of two proegswhich
can both be rate-determining: the processes agiltase boundary (actual transformation)
and the transfer processes in the different pha$ks. crystallization rate during
solidification of metals is generally determined bgat transfer. Mass transfer is
important regarding accumulation of elements, wtdaok not build into the solid phase
(ko < 1), in front of the phase boundary as well #ack of elements which preferentially



go to the solid phase {k 1) [12]. The deviation of from ky and its dependence on

undercooling and oversaturation is determined tgresat extent by atomic processes
during solidification. If many nuclei for crystargvth are present in the melt and the
undercooling is small, the value afkis almost equal togk This is not the case, if the

undercooling is large. If the cooling rate is highough or the temperature gradient
lowered, dendritic growth occurs due to constitogiloundercooling [12].

ELEMENTAL DISTRIBUTION - EXPERIMENTAL RESULTS

The reported varying metal composition (e.g. vaoret of Pb and Ni content of
up to 30 % and 20 %, respectively [11]) betweenfilst and last amounts of molten
copper poured from the anode furnace was not foGudsamples were taken from the
launder during the casting process at a secondagpper producer to investigate the
elemental variations over casting duration. It dsn seen from Figure 3, that the
implementation of gas purging in the anode furnassures constant chemical anode
quality within one charge. Compared to data befonplementation of gas purging
(January to June 2006 - see Table 3 without puygamgignificant improvement in
chemical quality during the casting process, i.ghiw one batch, can be seen (July to
December 2006 - see Table 3 with purging). For @temwithout purging, the Ni
content would rise from e.g. 0.3 % at the staf.821 % at the end of the batch, whereas
with purging the value remains relatively const@ng. decreases slightly from 0.3 % to
0.299 %). The variation of analysis especially dased with Sn, Zn and Fe within the
batches as the gas purging improves melt homogamsa he improvement expressed
as the average of the absolute relative deviatidratches without and with gas purging

Is with Sn: 94 % 26 %, Zn: 145 % 51 % and Fe: 116 % 41 %. Thus the variation
could be decreased by 3 to 4 times.

Table 3 - Average of deviations between chemicalyesis from start to the end of the
batches in 2006

g ¢ N % 2 3 3

= g & 8 & £ £ £ £ £ £ £

S S S S S o oy = oy = oy =

Without Purging  0.021_0.020 0.000 0.002 0.024 3.029 192 617 27 13 06 2.0
With Purging  -0.001 0.000 0.000 0.000 0.007 1.458 -125 137 27 -11 00 05
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Figure 3 - Chemical quality during casting process

The anode samples were cut from the anodes (hatoked in Figure 4), ground
and polished, and etched with ammoniumpersulfatenttallographic investigations.

Air

777 W 775 1157 WO 7/ W /7

X.5 x.b x.3 x.2 x.1
Mould

Figure 4 - Anode samples



The chemical analysis over anode thickness was diynepectrometer and
quantitative scanning electron microscope (SEM)yaiea Figure 5 shows the elemental
distribution over anode thickness in one anode &anmfis these analysis methods
mentioned measure the concentrations in a defimaeiled area, deviations in elemental
distributions occur when certain phases, e.g. @idee present in this area. To overcome
these effects, average values were used, so teat data point in Figure 5 represents an
average value of 3 measurements. Figure 6 showsubege concentrations of 10
samples taken from one anode. The dotted linegsept the general chemical analysis
of the anode copper. It is obvious, that — corliyda literature statements [7,10] — the
contents of impurities are relatively constant owamode thickness, except the
concentrations of oxygen and Cu. On the airsidghdr oxygen and lower Cu contents
were detected. This is consistent with the higheédeo content on the airside, due to the
contact with air during cooling. If the elementastdbution is relatively constant, the
inhomogeneous anodic dissolution behaviour may amlgncaused by varying physical
quality, i.e. grain size, over anode thickness (depter 3.1).
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Figure 5- Elemental distribution over anode thidse
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Figure 7 and Figure 8 show the distribution of @saen the airside. It can be
seen, that the accompanying elements are accumidatereen the Cu crystals. This is in
accordance with the theory of the distribution @icefnts and previous studies. The
phases detected were generally the same on aasmienouldside and agree very well
with previous studies [4,6,9,13-19]. A closer asayshowed that the dark parts in
Figure 7 and the light ones in Figure 8, respebtjveonsist of pure Cu (primary Cu
dendrites), which makes up the majority of the cttrre. A eutectic phase (Cu-£),
which is also described as dark spherical particidgerature [11,13-16] (see Figure 8
and Figure 9), is found between the Cu dendritbs. dxidic particles do not only consist
of Cu and O, but also contain a certain contertdtoér accompanying elements (Ni, Pb,
Sn), as described by Chen et al. [9,11,13]. Oraitsgde, the C3O particles also occur in
elongated form next to the surface of the anode Fsgure 9). The higher oxide content
of the airside compared to the mouldside is cleaidjble from the oxide layer on the
surface and the higher amount of interdendriticsphia Figure 10. The GO particles
are often partially rimmed with PbO. Pb was onlyedéed as PbO, often also containing
some Sh, as separate phase or rim eOQur other complex oxides. Ni is present mainly
as NiO and in complex oxides, especially on thei@da: In Figure 8 and Figure 9, the
oxide layer on the surface, resulting from the aohtvith air during the casting process,
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and also the NiO layer on the airside are cleaible. Sn is found as oxide in form of
needles or angular crystals, whereby the needbdtes filled with other oxidic phases.
Besides these relatively small spherical particlsesme pm) also some larger
"inclusions" were found, which seem to be gas isids trapped during solidification.
Various oxides, containing Sn, Zn, Ni, As, Sb, IRd &e have formed in these areas (see
Figure 9 and Figure 11). These pores are alsol@isitthout a microscope on the ground
and polished samples. They appear as black spor tihe microscope. Ag was only
found in solid solution in the Cu — no separatecAgtaining phases were detected. This
agrees with statements in literature [13,19,20].a88 As was found in various oxides,
e.g. Cu-Pb-As oxide and and Cu-As-Sbh-Pb oxide. A=eted from the anode analysis
and literature statements concerning area of exstéSb contents > 0.05 wt.-% and Ni
contents > 0.25 wt.-% [14]), no kupferglimmer wasetted.

Figure 7 - SEM-micrograph of anode sample — distiim of phases on the airside
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Influence of Physical Anode Quality

As the chemical composition over anode thickness feand to be relatively
constant, the big differences in anodic dissolutbmhaviour and hence performance
during electrorefining must result from variatiansphysical anode quality, i.e. structure
and grain size, respectively (see Figure 12 andrid3). The different structural areas
described in literature [8,11,21] (see Figure I2)cearly visible:

mouldside: thin zone with fine grains (blue linesHigure 12)

towards centre: columnar crystals (area 3)

centre: last solidified part with high amount ofctei - very fine globulitic
structure (area 2)

airside: solidified in contact with the atmosphé), usually cooled with
a spray of hot water - equiaxial, coarse grainsgdr)

The dissolution rates and also the necessary erfergjissolution are different
for each of the anode areas. The dissolution sértise grain boundaries and is always
more intense around impurities or inclusions [8,2&nce, the anodic structures (as well
as anode-cathode spacing) would request diffeahbdic crops.

Figure 12 - Zones and structures in a casting wéweedle (schematic) [8,11,21]

As the grain size in the central area (area 2) shwariations from air- to
mouldside (see Figure 13), it is divided into "afea mould" and "area 2 — air". The
grain sizes detected in the different anodic asgagiven in Table 4.
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Figure 13 - Macrostructure over anode thickness

Table 4 - Grain sizes in the different anodic areas

Area Grain size [um]

1 2240.27
2 - air 533.80
2 - mould 1127.39
3 2719.19

Another indication for the importance of anode afinee and grain size is the
distribution of the current density at the cathoithespposite of the air- and mouldside of
the anodes see Figure 14). In other investigatib@scurrent density was determined on
the air- and the mouldside during the anodic cromne cell. The produced cathodes
were weighed separately and the current densitdsulated afterwards. Figure 14
shows, that the current density and the standarctiten are higher on the mouldside in

16



both cathodic crops. The relation of airside andultside is very similar in both
cathodic crops. This result, which is represengator those of 10 investigations in total,
is contradictory to literature statements. Accogdia literature, there should not be any
differences between air- and mouldside after tflecathodic crop, as the chemical
inhomogeneities are no longer present. Howevergadifference in current density
distribution was detected also in th& 2athodic crop (see Figure 14). The obvious
deviations between air- and mouldside in Figurantidcate that the chemical influence
seems not to have that big influence directly sogloduced cathode sheets.

These findings agree well with the different graizes detected over anode
thickness. Using the estimated dissolved anodiasarmearked in Figure 13 and the
corresponding grain sizes (see Table 4), the demgtin the i' cathodic crop can be
explained by the different dissolution behaviouaoéa 1 and 3, those in th& 2athodic
crop by the difference in grain size within aref'@&ea 2 — air" and "area 2 — mould").
The mean values and standard deviation of theidd&&ure 14 are given in Table 5.
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Table 5 - Mean values and standard deviation & oaFigure 14

AS 1CC MS 1CC AS 2CC MS_2CC
Mean current density 290 327 303 330
Standard deviation 34 42 32 38

SUMMARY AND CONCLUSIONS

Due to the use of gas purging in the anode furntme,chemical composition
within one charge of anodes, i.e. during the cgspirocess, was found to be relatively
constant.

According to literature, elements with k < 1 (O, Bim, Sb, As) concentrate in the
liquid phase during solidification and are foundvien the Cu dendrites, where they
form separate phases at the end of solidificatidlthough Ni has a distribution
coefficient > 1, it is found in oxides and espdgiain the airside, which agrees very well
with literature, as Ni should be found in oxidiarfo at Ni contents > 0.3 %. Here, the
distribution coefficient of NiO, which is differeritom that of Ni has to be taken into
account. Ag was only found in solid solution in the phase — no separate Ag containing
phases were detected. This is in accordance watviqus studies. Contrarily to literature,
the chemical composition over anode thickness wasd to be relatively constant. If the
elemental distribution is relatively constant oaeiode thickness, variations in physical
anode quality, especially grain size, may be thdnnwause for irregular anodic
dissolution.

Areas of different grain sizes were detected owerda thickness. Therefore, it is
vital to investigate the casting process and thaimg conditions, which determine the
evolving structure, more closely, in order to fadvay of producing anodes with a more
homogeneous structure and hence dissolution belravio

REFERENCES

[1] Ch. Wenzl, A.Filzwieser and H.AntrekowitsciRéview of Anode Casting - Part
I: Chemical Anode Quality”, In Press, 2007, XX -+ XX

[2] Ch. Wenazl, A.Filzwieser and H.AntrekowitsciRéview of Anode Casting - Part
[I: Physical Anode Quality", In Press, 2007, xxx X

[3] T. Robinson, J.Quinn, W.Davenport and G.Kay¢asectrolytic copper refining -
2003 world tankhouse operating data”, Copper 2003obre 2003, Vol. 5,
Santiago, Chile: 2004, 3 — 66.

18



[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

T.T. Chen and J.E.Dutrizac, "A mineralogicaudy of the deportment of
impurities during the electrorefining of secondagpper anodes”, Copper 99 -
Cobre 99, Phoenix, AZ: USA, 1999, 437 — 460.

A. Filzwieser, J.Kleicker and K.Caulfield, "MEKIN® - A Gas Purging System
f or Metallurgical Smelting Furnaces”, European dlergical Conference 2003,
Hannover, Germany: 2003, 69 — 82.

E. Buhrig, K.Hein and H.Baum, "Verteilung voRremdelementen bei der
Kristallisation von Kupfer”, Metall, 33.Jg , 197892 — 596.

F.M. Chernomurov, T.G.Kalinovskaya, F.S.Kudlaand V.N.Krivenko,
"Crystallization features for copper anodes whesinging the design and cooling
conditions for molds”, Tsvetn. Met. (Non-ferroustislg), No. 3 , 1986, 23 — 25.

H. Antrekowitsch, K.Hein, P.Paschen and D.Z&aViEinfluss der Struktur und
Elementverteilung auf das Auflosungsverhalten varpféranoden”, Erzmetall,
52,1999, 337 — 345.

T.T. Chen and J.E.Dutrizac, "Mineralogical Cheterization of Anode Slimes.
VII. Copper Anodes and Anodes Slimes from the Chugigmata Division of
Codelco-Chile", Canadian Metallurgical Quarterl9, 2991, 95 — 106.

I. Filzwieser, "The analysis and mathematicabdelling of the parameters
influencing cathodic deposits in copper refiningottolysis”, Ph.D. Thesis,
Montanuniversitat Leoben, Leoben, 2005.

G. Brugger, "Anodenpassivierung in der Kupdéfinationselektrolyse", Diploma
thesis, Montanuniversitat Leoben, Leoben, 1992.

K. Hein and E.Buhrig, "Kristallisation aus I8uelzen", VEB, Deutscher Verlag
fur Grundstoffindustrie, Leipzig, 1983.

Chen T.T. and J.E.Dutrizac, "The MineralogyGopper Electrorefining”, JOM,
1990, 39 — 44,

19



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

O. Forsen and K.Lilius, "Solidification andleetrolysis of copper anodes
containing nickel, arsenic, antimony and bismutfihe Electrorefining and
Winning of Copper, Denver, Colorado, USA: 24.-26bF, 1987, 47 — 69.

H. Antrekowitsch, "Grundlagenuntersuchungerei bder Erstarrung der
Nichteisenmetalle Aluminium und Kupfer im rotiereamd Magnetfeld sowie
Anwendungsmoglichkeiten in der Industrie”, Ph.D.eSis, Montanuniversitat
Leoben, Leoben, 1998.

G. Brugger, F.Jeglitsch and H.Wdbking, "Chaeaisierung intermetallischer
Phasen im Anodenkupfer”, Fortschritte in der Meggaphie (Advances in
Metallography), Leoben, 1995, 179 — 190.

T.T. Chen and J.E.Dutrizac, "Mineralogical a&acterization of Anode Slimes.
IV. Copper-Nickel-Antimony Oxide ("Kupferglimmer')n CCR Anodes and
Anodes Slimes", Canadian Metallurgical Quarter, 2989, 127 — 134.

G. Brugger, F.Jeglitsch, H.Wo6bking and J.Waeail "Ursachen von
Passivierungserscheinungen  wahrend der Kupferadifbinselektrolyse”,
Erzmetall, 48 , 1995, 691 — 702.

T.T. Chen and J.E.Dutrizac, "Mineralogical Cerization of a Copper Anode
and the Anode Slimes from the La Caridad Coppelineef of Mexicana de
Cobre", Met. and Mat. Trans. B, 36B , 2005, 22918.2

U. Meyer, "Untersuchungen lber das Verhaliesbesondere von Silber und
Selen bei der Kupferraffinationselektrolyse”, Ph.Dhesis, TU Clausthal,
Clausthal, 1993.

C. Vargas, G.Cifuentes, O.Bustos, R.Moraled &.Rodriguez, "Characterization
and electrechemical behaviour of commercial copgpasdes under simulated
electrorefining conditions”, Copper 2003 - Cobréd20Santiago: Chile, 2006,
327 — 338.

T.T. Chen and J.E.Dutrizac, "Mineralogical a&cterization of Anode Slimes
from the Kidd Creek Copper Refinery", The Electforieg and Winning of
Copper, Denver, Colorado: USA, 1987, 499 — 525.

20



