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THERMODYNAMIC MODELING OF SUSTAINABLE NON-FERROUS METALS PRODUCTION

Control of Platinum Loss in WEEE Smelting
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1.—Department of Chemical and Metallurgical Engineering, School of Chemical Engineering,
Aalto University, P.O. Box 16100, 00076 Aalto, Finland. 2.—Geological Survey of Finland, Vuo-
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In spite of significant economic value, the solubilities of the platinum group
and precious metals in metallurgical copper smelting slags are not well
known. Recent experimental information on iron-free and low-iron silicate
melts indicates that the chemical solubility of platinum is very low,< 1 ppmw
(part per million weight). In this study, the concentration of platinum in
alumina spinel-saturated iron silicate slags in equilibrium with a solid iron-
platinum alloy was measured as a function of oxygen partial pressure at
1300�C. The results were converted to unit activity of platinum by the ther-
modynamic properties of the iron-platinum alloy formed. This allowed the
mechanism of dissolution of platinum in the slag and the forms of platinum
species in alumina-rich iron silicate slags in copper scrap smelting and
refining conditions to be obtained. Our findings explain some inconsistent
results in the geochemical literature by proposing an anionic dissolution
mechanism at low oxygen partial pressures in iron-containing silicate slags.

INTRODUCTION

Recovery of platinum group elements (PGE) is
difficult due to their low or very low concentrations.
The question concerning which route various end-
of-life articles should take to be recycled for the
recovery of their metal values is a key question for
the circular economy of metals. Due to the signifi-
cant complexity of modern electronic devices, their
separation into simple monometallic fractions is
virtually impossible, and the shredded and sorted
material flows contain a complex mix of elements.
The ultimate goal is recovery of as close as possible
to 100% of these metals because they are rare, have
unique properties and hence highly valuable. In this
context, the chemical solubilities of, e.g., PGEs in
smelting slags are very important. Only a few
papers have dealt with platinum dissolution in
metallurgical slags, but there is more information
available in geological silicate systems.

BACKGROUND INFORMATION

Bennett et al.1 presented an analysis and sum-
mary of platinum solubility at 0.1 MPa and high
pressures in iron-free silicate melts at high temper-
atures, from 1800 to 2300�C. Mann et al.2 assessed

the metal-silicate distributions of several highly
siderophile elements (HSE), and observed only a
minor impact of pressure in the case of platinum.
The reported concentrations of platinum at low
oxygen pressures, e.g. Ertel et al.3,4 at pO2< 10�11.9

and 10�5 atm, Amossé et al.5 at pO2< 10�6 atm,
have been assumed to be distorted by the presence
of very small (< 100 nm) metal inclusions, ‘nano-
nuggets’, as a result of an insufficient cooling
rate.1,6,7

Different analytical techniques were used in
measuring the solubility of platinum. Borisov and
Palme8 used neutron activation analysis, Dable
et al.9 and Amossé et al.5 used chemical analysis
after total dissolution, whereas Ertel et al.,3,4 Ben-
nett et al.1 as well as Malavergne et al.7 used in situ
LA-ICP-MS (laser ablation–inductively coupled
plasma–mass spectrometry) analysis. The quench-
ing rates in the above studies varied from slow air-
cooling to direct quenching in water, with a dura-
tion from more than tens of minutes to a few
seconds. It is considered that the in situ phase
composition measurements generally provide a
more accurate analysis of the chemically dissolved
elements without errors from contamination and
entrainments.
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Ertel et al.3,4 adopted a metal (80Pt20Rh) crucible
for the silicate melt and sampling with an alumina
dip-rod, quenched in water outside the furnace, in
air. In their oxygen partial pressure series, the
equilibration time between the points was several
hundred hours, in spite of mechanical stirring of the
melt during equilibration. This was due to the large
(80–100 g) mass of the anorthite-diopside eutectic
melt (50 wt.% SiO2, 23 wt.% CaO, 11 wt.% MgO and
15 wt.% Al2O3) used. Bennett et al.1 used low-iron
basalts with 4–9 wt.% FeO in their 0.1 MPa exper-
iments, and Amossé et al.5 and Dable et al.9 high-
alumina calcium silicates.

The common conclusion of the oxidation degree of
platinum in iron-free anorthite-diopside eutectic
melts (Pt2+ or Pt+, PtO or PtO0.5), as reported, e.g.,
by Borisov and Palme8 and Ertel et al.,3,4 is that the
observations are rather scattered, not only as a
function of temperature2 but also as a function of
oxygen activity.1 Farges et al.,10 however, using a
room-temperature XANES (x-ray absorption near-
edge spectroscopy) technique proposed tetravalent
Pt4+ (PtO2) as the predominant form of platinum in
the iron-free, low-SiO2 (CAS or CaO-Al2O3-SiO2)
melts in air. A discrepancy has been discussed
recently by Borisov and Danyushevsky11 and Bor-
isov12 who concluded tetravalent platinum was
prevented, due to fast electron exchange during
cooling,

Pt2þ ¼ Pt4þ þ 2e� ð1Þ

with other cations in the slag matrix. The discrep-
ancy comes from the studies of Akai et al.13 who in
their spectrometric measurements concluded that
divalent platinum is the prevailing chemically dis-
solved species of platinum in melts equilibrated in
air.

In metallurgical slags, the measurements on
platinum distribution and solubility reported in
the literature14–16 are on the high end of the
available experimental values, probably due to
errors in sampling and entrainment of metal or
matte in the slag. Yamaguchi17 claimed that the
concentration of platinum in metallurgical FeOx-
SiO2 slags is a function of its copper concentration,
which in isothermal, isobaric conditions and at
constant oxygen activity is violating the Gibbs
phase rule. However, a closer analysis of his data
indicates the relationship arising from the activity
of platinum in the alloy.

The thermodynamic properties of Fe-Pt alloys
have been studied by several research teams. Lar-
son and Chipman,18 Taylor and Muan,19 Heald,20

Petric et al.,21,22 Gudmundsson and Holloway,23

Kessel et al.24 and Henao and Itagaki25 measured
iron oxide-platinum equilibria in controlled oxygen
partial pressures. Alcock and Kubik,26 Petric
et al.21,22 and Fredriksson and Seetharaman27 used
an emf technique with oxygen-conducting zirconia
electrolytes for measuring the oxygen activity. The

phase diagram measurements have been summa-
rized by Nosé et al.28 and Okamoto.29 Fredriksson
and Sundman and Fredriksson30,31 made a critical
thermodynamic assessment of the system but they
did not include recent geochemical data, e.g.
Ref. 23, 24 in their study.

The aim of this study was to confirm the dissolu-
tion mechanism of platinum in iron-alumina spinel-
saturated iron silicate slags and to measure the
solubility of platinum at 1300�C, as a function of
oxygen partial pressure. This will allow us to verify
the dissolution mechanism investigated earlier in
copper-saturated slag systems of WEEE smelting
(waste electric and electronic equipment) for dilute
platinum concentrations.32–34

EXPERIMENTAL

The experimental technique employed involved
sample equilibration at a controlled temperature,
1300�C ± 3�C, and in flowing gas atmosphere,
followed by rapid quenching and direct elemental
analyses of the equilibrium phases with EPMA
(electron probe x-ray microanalysis) and LA-ICP-
MS.

The materials used in the experiments have been
collected in Table I. The gas mixtures used to
generate the different oxygen partial pressures at
1300�C were prepared using thermal mass flow
controllers (DFC 26; Aalborg, USA) of different flow
ranges, with an accuracy of ± 1% of the full range
(Table II). The pure gas components were premixed
at room temperature using an alumina pebble
column. The chemically pure gases CO (99.97
vol.%), CO2 (99.9992 vol.%), and Ar (99.999 vol.%)
used were supplied by AGA-Linde (Finland). Argon
was used to flush the work tube post-experiments.
The raw materials were mixed and homogenized by
grinding in an agate mortar with a metal-to-oxide
ratio of 1:9 (w/w) and a Fe/SiO2 ratio of 1.3 (w/w)
using pure substances as given in Table I.

The experimental apparatus and its gas train
have previously been described in detail in the
literature.35–37 Dense commercial alumina crucibles
(AL23; Friatec, Germany) were used as the solid
substrate to support the molten slag and solid
platinum in the furnace.

The gas flow rates at room temperature used in
the experiments have been collected in Table II. The
prevailing partial pressures of oxygen given in the

Table I. The materials used in the experiments

Substance Purity (wt.%) Supplier

Al2O3 crucible > 99.5 Friatec, Germany
Fe2O3 powder 99.99 Alfa-Aesar, Germany
Pt powder 99.98 Alfa-Aesar, Germany
SiO2 powder 99.99 Umicore, Germany
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table were calculated from thermodynamic data of
the SGTE pure substance database of the MTDATA
software package.38

The sample and the alumina crucible as sample
holder in the hot zone of the experimental furnace
are shown in Fig. 1. The mass of the alumina
crucible (OD 10 mm) was 1.7 g and the sample size
used in the study was 0.18 g slag and 0.02 g metal,
which ensured fast quenching in the ice-water bath.
The sample was dropped into an ice-water mixture
directly from the hot zone within the furnace work
tube, and it cooled from the experimental conditions
to room temperature in less than 5 s.

To secure the time necessary for equilibrating the
system and its phases, a series of experiments with
durations of 16 h, 24 h, and 48 h was conducted. In
the pre-study, an identical starting composition and
gas atmosphere were utilized, i.e., CO-CO2 gas
mixture producing an oxygen partial pressure of
10�9.0 atm at 1300�C. No significant difference was
observed in the elemental compositions of the slag
and platinum alloy between 24 h and 48 h. Never-
theless, to ensure the equilibrium was reached at all
partial pressures, the experimental series was
accomplished using the 48-h equilibration time.
Two series of experimental runs were conducted in
order to reliably measure the distribution coefficient

of the platinum and the concentration of iron in the
alloy as a function of the prevailing oxygen partial
pressure.

After quenching, the samples were dried at room
temperature and mounted in epoxy resin (EpoFix;
Struers, Denmark). The polished sections, prepared
by metallographic wet-polishing methods, were
coated with carbon for SEM (scanning electron
microscopy) and EPMA analyses using a Leica EM
SCD050 sputter-coater (Leica Mikrosysteme, Aus-
tria). A Tescan Mira 3 SEM (Tescan, Brno, Czech
Republic) was used for the surface quality and
microstructure observations.

EPMA

The elemental compositions of quenched metal
and slag were analyzed with a Cameca SX100
EPMA (Cameca, France) equipped with five wave-
length dispersive spectrometers of which one spec-
trometer was used for oxygen analyses. The number
of measurements in each phase was a minimum of
eight. The beam diameters used were 1 and 100 lm
for the alloy/spinel and the slag, respectively. The
beam focus size was based on the size of each phase
area in the samples (see Fig. 2). The accelerating
voltage and the beam current employed were 20 kV
and 60 nA, respectively.

The materials employed as external standards
and the respective x-ray lines analyzed were pure
natural minerals, i.e., SiO2 for Si Ka, Fe2O3 for Fe
Ka and O Ka, Al2O3 for Al Ka, and Fe2O3 as well as
pure Pt metal for Pt La in the alloy. Totals of the
individual phase analysis after PAP-ZAF correc-
tion39 varied between 97% and 99%. Oxygen was
removed from the alloy analyses as surface
contamination.

LA-ICP-MS

The slag and spinel phases were examined with
the LA-ICP-MS technique, since the concentrations
of platinum were below the detection limit of EPMA.
A Photon Machines Analyte Excite Laser Ablation
System with 193-nm wavelength ArF excimer laser
(Teledyne CETAC Technologies, USA) coupled to a
Nu AttoM single collector sector field ICP-MS (Nu
Instruments, UK) was employed for elemental
analysis of the slag and spinel phases. The laser
energy was set to 30% of 4.0 mJ, resulting in a
fluence of 1.98 J/cm2 on the sample surface with an
85-lm spot. The laser was operated at 10 Hz
frequency starting with 5 pulses of pre-ablation for
removal of the carbon coating and potential con-
tamination from the surface, followed by 300 or 400
analysis pulses for the spinel and slag, respectively.
The analyses were conducted in a low-resolution
mode (DM/M = 300) to maximize sensitivity. Spot
sizes of 40 lm were selected for the spinel analyses
and 85 lm for the slag. The number of identical
composition measurements for the slag was a

Table II. The gas mixtures and flow rates of the
components used in the experiments

Log10 pO2 (atm) v(CO) (mL/min) v(CO2) (mL/min)

� 5.0(0) 1.3 298.7
� 6.0(1) 4.1 295.9
� 7.0(1) 12.6 287.4
� 9.0(1) 91.5 208.5
� 10.0(1) 174.5 125.6

Fig. 1. Hot zone of the experimental furnace with measuring
thermocouple next to the sample.
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minimum of 8, while it was 5–7 for the spinel
depending on the size of the spinel crystals.

For the slag analysis, NIST 612 SRM40 was
employed as the external standard and 29Si as the
internal standard. NIST 610, BHVO-2G and
BCR-2G were analyzed as unknowns for monitoring
the analysis accuracy. The Glitter software pack-
age41 was applied for the raw data processing, i.e.,
the baseline reduction and quantifications.

The platinum concentrations with the LA-ICP-
MS technique were calculated using the averages of
the 194Pt, 195Pt, and 196Pt isotopes, with natural
abundances of 32.864%, 33.775% and 25.211%,
respectively.42 The detection limits of both the
analytical techniques employed in this study are
summarized in Table III.

Only minor non-homogeneities in some time-
resolved MS spectra were observed in the samples,
as indicated by the uncertainties in Table IV. The
time-resolved MS-signals were generally smooth as
a function of time, and only occasional spikes were

present, as indicated in Fig. 3. This indicates that
only a few nanonuggets of platinum were possibly
present in the iron silicate slags prior to or after the
quench. The quantification was, however, made by
eliminating the large single channel spikes in the
MS signals.

RESULTS

The EPMA data obtained for the Fe-Pt alloy and
the platinum concentrations of the slag by LA-ICP-
MS are set out in Table IV. The LA-ICP-MS results
for platinum in the slag and their experimental
uncertainties (± r) were plotted graphically in
Fig. 4. The uncertainty of the oxygen partial pres-
sure, estimated from the accuracies of the thermal
mass flow controllers, was< ± 0.2 log units.

Figure 4 indicates that the concentration of plat-
inum in alumina spinel-saturated iron silicate slags
is very low, 80 ± 6 ppbw, even at the highest oxygen
activities of copper-making conditions, around pO2 =
10�5 atm at 1300�C. The concentration in the most

Fig. 2. SEM backscattered electron micrographs showing typical sample microstructures at oxygen partial pressures of 10�7 atm (a) and 10�5

atm (b). In reducing conditions, the spinel was only formed as a layer on the slag–crucible interface (a), whereas in oxidizing conditions (‡ 10�6

atm), larger individual spinel grains were also observed (b).

Table III. Detection limits of EPMA and LA-ICP-MS
measurements for the alloy, spinel and slag (ppmw)

Element phase O Al Si Fe Pt

EPMA
Slag 1230 190 200 200 500
Spinel 1060 180 130 190 500
Pt-alloy 1970 150 140 160 1800
LA-ICP-MS
Slag 194Pt: 0.0015

195Pt: 0.0016
196Pt: 0.0019

Spinel 194Pt: 0.0080
195Pt: 0.0080
196Pt: 0.0090

Table IV. The primary data of alloy and slag
concentrations at spinel saturation

Alloys Slag
log10 (pO2/atm] Pt/wt.% Fe/wt.% Pt/ppbw

� 5.0 96.0 ± 0.07 4.0 ± 0.06 80.4 ± 5.6
95.4 ± 0.1 4.6 ± 0.05 77.4 ± 6.6

� 6.0 92.6 ± 0.2 7.4 ± 0.2 54.8 ± 4.5
� 7.0 90.1 ± 0.1 9.9 ± 0.1 32.5 ± 5.2

90.3 ± 0.1 9.7 ± 0.08 29.0 ± 3.1
� 9.0 82.0 ± 0.1 18.0 ± 0.08 11.0 ± 5.2

81.9 ± 0.1 18.1 ± 0.08 8.4 ± 3.4
� 10.0 75.9 ± 0.2 24.1 ± 0.04 6.1 ± 3.6

74.9 ± 0.1 25.1 ± 0.06 5.7 ± 3.1
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reducing conditions of this study, pO2 = 10�10 atm,
was also measured with good repeatability, and a
value obtained was 6 ± 3 ppbw.

The composition of the platinum alloy particles
was strongly affected by the prevailing oxygen
partial pressure of the system due to iron dissolu-
tion in it during equilibration. The EPMA data of
the solid alloy obtained is shown in Fig. 5. Using
these data, the solubility of platinum (*c(Pt)), i.e.,
from pure metal and excluding the effects of dis-
solved iron from the slag, can be evaluated from the
relationship:

�c Ptð Þ ¼ c Ptð Þ=a½Pt� ð2Þ

where a[Pt] is the activity of platinum in the
metallic Fe-Pt alloy, referred to as the pure solid
platinum, and c(Pt) is the measured concentration
of platinum in the slag at that activity.

The activity of iron in the silicate slag can be
estimated based on the iron solubility in the alloy,
once the activity versus composition relationship of
the Fe-Pt system is known, as a result of the general
equilibrium property of heterogeneous systems:

lalloy Feð Þ ¼ lslag Feð Þ: ð3Þ

The apparent distribution coefficient of platinum
between the metal alloy and molten slag was
defined as:

Lm=s Ptð Þ � wt �%Pt½ �alloy= wt �%Ptð Þslag ð4Þ
where [%Pt]alloy and (%Pt)slag are the measured
concentrations of platinum in the phases. The
functional relationship between L and the oxygen
partial pressure can be obtained using the dissolu-
tion reaction of platinum in the slag, which can be
written as

Pt½ �alloyþn=2O2 gð Þ ¼ PtOnð Þslag ð5Þ
where n refers to the oxidation degree of the forming
platinum oxide (�2 9 n) in the molten slag. The
dissolving platinum in Eq. 5 was written as an
alloy, due to the dissolution of iron from the slag.
Using the equilibrium constant of Eq. (5) and
organising logarithmic form of Eq. (3), we obtain:

Fig. 3. A time-resolved analysis signal for platinum (194Pt) of the LA-
ICP-MS measurements on the slag of a sample equilibrated at 10�5

atm oxygen partial pressure and 1300�C; the ablation started
approximately at 20 s.

Fig. 4. The experimental concentrations of platinum in alumina
spinel-saturated iron silicate slags as a function of the oxygen
partial pressure at 1300�C, as a mean value of three Pt isotopes.

Fig. 5. Measured molar composition of the solid Pt-Fe alloy at
different oxygen partial pressures in equilibrium with alumina spinel-
saturated iron silicate slags at 1300�C; the literature data refer to
selected pure iron oxide-platinum equilibrium measurements.
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log 0Lm=sðPtÞ ¼ logLm=sðPtÞ þ log f ½Pt�=nT½alloy�
� �

¼ log 1=K � f ðPtOnÞ=nTðslagÞ
� �

� n=2
� logpO2

ð6Þ

where ‘Lm/s (Pt) is called the thermodynamic distri-
bution coefficient and Lm/s (Pt) is the apparent
distribution coefficient (see Fig. 6). In this case, the
composition of the platinum alloy, the activity
coefficient of platinum, and the number of moles in
the alloy nT[alloy] vary so significantly that they
must be taken into account when calculating the
oxygen activity slope of the metal-slag distribution
coefficient. In Eq. (6), the symbols nT (slag) and nT

[alloy] refer to the numbers of moles in 100 g slag
and alloy, respectively, K is the equilibrium con-
stant of reaction (5), and f(PtOn) and f[Pt] are the
Raoultian activity coefficients of platinum oxide in
the slag and platinum in the solid alloy, respec-
tively. The treatment is similar to that used earlier,
e.g., by Bennett et al.,1 Mann et al.,2 Médart et al.6

and Fortenfant et al.43 Equation (2) can be easily
converted to Eq. (6) as ‘Lm/s (Pt)= 100/*w (Pt), where
*w (Pt) is the solubility of platinum in the slag as
weight fraction.

The standard state of metallic platinum is solid,
pure platinum, and that of platinum oxide PtO may
be either solid or liquid oxide, due to the fact that its
solubility never reaches values beyond very dilute
solutions. Thus, the thermodynamic distribution
coefficients of platinum between iron-platinum alloy
and molten iron silicate slag, ‘Lm/s (Pt), were
obtained by plotting the second member of Eq. (6)
as a function of log pO2 (see Fig. 7). The error bars of
the distribution coefficients given in Fig. 6 were
estimated from the experimental uncertainties (1r)
of the EPMA and LA-ICP-MS data, as proposed
earlier by Strengell et al.44

The activity coefficients of platinum in iron-
platinum alloys, used for the evaluation of Eq. (6),
were obtained from the assessment of Kessel et al.24

They were based on their experimental iron activity
data of a wide concentration range in platinum-rich
alloys (xPt > 0.5) at 1200–1400�C. Their experimen-
tal data are in good agreement with Gudmundsson
and Holloway23 (see Fig. 4), but show slightly lower
activity coefficients of iron at 1300�C than Petric
et al.21 and Fredriksson.31 The data of Larson and
Chipman,18 Taylor and Muan,19 Heald20 and Alcock
and Kubik26 were also rather scattered and deviate
systematically from recent observations.

The behavior of the metal-to-slag (thermody-
namic) distribution coefficient in the experimental
range of this study is shown in Fig. 7. Its oxygen
partial pressure dependency forms a maximum at
around log10 pO2 = � 7, suggesting the iron silicate
slag dissolution of platinum as an anionic species at
low oxygen pressures and as a cationic species at
high oxygen partial pressures. We can assume that
the oxidation degree of platinum in iron-bearing

slags at high oxygen partial pressures is the same as
in iron-free or low-iron silicate slags,1,2,4,7 and thus
the dissolution mechanism and its reaction can be
written as:

Pt½ � þ 1=4O2 gð Þ ¼ PtO0:5ð Þ: ð7Þ

The oxide species PtO0.5 (or Pt2O) is not a
stable form of platinum oxides. In reducing condi-
tions, the slope refers to an anionic dissolution
mechanism of platinum and can be written as:

Fig. 6. The apparent distribution coefficient of platinum between
FePt alloys and alumina spinel-saturated iron silicate slag as a
function oxygen partial pressure obtained in the present study.

Fig. 7. The thermodynamic distribution coefficient of platinum
between metal and slag as a function of oxygen partial pressure;
the triangles represent the slopes of + ¼ and � ¼.
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1=2 FeOð Þ þ Pt½ � ¼ 1=2 FePt2ð Þ þ 1=4O2 gð Þ ð8Þ

in the case where the intermetallic platinum species
that forms is the platinum-rich member of the Fe-Pt
alloy system.30 Thus, both dissolution mechanisms
result in a log ‘Lm/s (Pt) versus log pO2 slopes of ¼
but with different signs, and the solubility of
platinum in iron-bearing silicate slags has a mini-
mum value. The oxygen partial pressure range of
this study does not allow accurate determination of
the slopes due to the relative narrow stability range
of molten iron silicate slags at 1300�C, i.e., slightly
below 10�10 atm, the slag will be saturated by
metallic iron, while above 10�5 atm, it decomposes
to solid silica and solid magnetite.

The distribution coefficient of platinum between
the molten slag and solid iron alumina spinel was
measured at a few points only, due to the small
crystal size of the spinel precipitates in the slag
matrix. The measurements at pO2 = 10�5–10�6 atm
gave an average value of Ls/sp (Pt) = 3 ± 1.5 for the
slag-to-spinel distribution coefficient of platinum.

DISCUSSION AND CONCLUSION

The measured concentration of platinum in alu-
mina spinel-saturated iron silicate slags in equilib-
rium with pure metallic platinum at 1300�C was
very low, in general < 0.1 ppmw in the copper
smelting and refining conditions, which greatly
favors the pyrometallurgical route for PGE recy-
cling. In reducing conditions, close to the saturation
of the slags by solid iron, the concentration
decreased towards values close to the limits of
current analytical methods. In this study, in contact
with FePt alloys, the apparent solubility of 6 ± 3
ppbw was obtained at pO2 = 10�10 atm. The esti-
mated solubility of platinum in the slag, when
eliminating the effects of dissolved iron on the
activity of platinum in the solid alloy, at oxygen
partial pressures of 10�5–10�6 atm was
120 ± 10 ppbw. This is in good agreement with
the geochemical data on acidic silicate slags and
glasses.4,8

It is well known in the literature that multivalent
elements, such as sulfur or tellurium, may exist as
cationic and anionic species in silicate and other
melts, depending on the prevailing oxygen partial
pressure, e.g. Ref. 45, 46. The slag matrix also
affects the dissolution mechanism of cations at
constant oxygen activity, as shown by Nakamura
et al.,47 who, in the case of platinum, proposed
anionic and cationic dissolution mechanisms when
the slag basicity was adjusted from low-silica to
high-silica. In this study, the predominant form of
platinum in the slag apparently was the Pt+ ion, or a
PtO0.5 oxide species, above about 10�7 atm oxygen
partial pressure, and an intermetallic species,
FePt2, in more reducing conditions. The present
observations on the high-oxygen partial pressure
side are in good agreement with the previous results

from iron-free basalt (anorthite-diopside eutectic)
melts.4,8 Also, the data by Ertel et al.4 and Bennett
et al.1 on platinum solubilities at low oxygen
pressures support the anionic dissolution mecha-
nism of platinum, even if the presented dissolution
mechanisms were different. On the other hand,
Amossé et al.5 and Dable et al.9 found a minimum in
the platinum solubility, concluding it to be a
consequence of dissolution as a neutral platinum
species. This study indicated that such a minimum
in reducing conditions can be caused by anionic
dissolution as a FePt2 intermetallic species in iron-
containing silicate melts.

As shown experimentally by, e.g., Nakamura
et al.47 and Borisov and Danyushevskij,11 silica
concentration or the slag basicity have a great
influence on the solubility and dissolution mecha-
nisms of platinum and several other elements in
molten silicates. In general, low-silica compositions
dissolve orders of magnitude higher concentrations
of PGEs compared with the slags close to silica
saturation. This is also supported by the tendency of
platinum to form stable double oxides with alkaline
earth metals.48

It is, therefore, evident that, in the oxidising
process steps, platinum also dissolves as PtO0.5 in
copper-containing iron silicate slags used in sec-
ondary copper smelting and refining. Thus, the
recent experimentally determined concentrations of
platinum in metallurgical slags,33,34,36 as well as the
relationships obtained for platinum distributions
between the copper and the slag, were distorted by
the detection limits of the analytical techniques
used in the phase analyses, as considered earlier.34

In addition, the chemical dissolution of platinum in
the slag in this study is lower than stated in our
recent papers,34,36 where concentrations were
reported as upper limits only. However, the role of
anionic dissolution mechanisms at low oxygen par-
tial pressures in iron-bearing slags limits platinum
solubility in the slag to about 0.1 ppmw. The
observed behavior of platinum may have direct
consequences for the geochemistry of HSE species,
see, e.g., Fortenfant et al.43 and Mann et al.2 It also
suggests that chemically dissolving platinum con-
centration in sulfide smelting slags is very low, and
even in platinum concentrate smelting with
1000 ppm PGEs in the matte,49 platinum concen-
tration in the slag is below < 1 ppbw, as shown
earlier.50,51
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