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Abstract Metal value recoveries in extraction are the key

issue for sustainability of metals. The distributions of

precious metals (Ag, Au, Pd, Pt, and Rh) between copper

matte (a Cu–Fe–S–O melt) and silica-saturated iron silicate

slag were determined at 1250–1350 �C, under controlled

oxygen and sulfur pressures and at fixed partial pressure of

sulfur dioxide, in silica saturation for target matte grades of

55, 65, and 75 wt% Cu. High-temperature equilibration/

quenching was performed followed by electron probe

X-ray microanalysis and laser ablation–inductively coupled

plasma–mass sectrometry for measuring the major ele-

ments of the matte and slag, and trace elements of the slag,

respectively. The distribution coefficient of silver at 65 %

matte was found to be 150, which agrees well with the

most recent studies in the literature. The other values

obtained were gold 1500, palladium 3000, platinum 5000,

and rhodium 7000–8000. The distribution coefficients

increased along with matte grade, and for palladium it was

approximately 1000 at 50 % Cu and 4000–5000 at 70 %

Cu. The distribution coefficients decreased along with

temperature but its impact was small. The distribution

mechanism of the trace elements between iron silicate slag

and copper matte appear to be dominated by properties of

the matte phase.

Keywords Platinum group elements � Gold � Silver �
Copper smelting � Nickel smelting

Introduction

The platinum group metals are typical high carbon foot-

print materials of our current society [1, 2] and also among

the critical metals of EU [3]. The challenges in their

extraction are related to their characteristic features of

being rare, occurring in the ore from which they are

extracted at low concentrations (3–20 ppm total PGE), as

well as in end-of-life man-made objects at trace concen-

trations of typically 0.1–5 ppm (g/t) [4]. Thus their mate-

rial flows in various extraction and refining processes are

not easily traceable until in the final stages of the entire

processing chain. This allows PGEs to be easily lost in non-

recoverable side streams, such as gangue, gases, and slags

as well as effluents.

Precious metals are important by-products of copper and

nickel smelting [5, 6]. Due to the increasing slag volume in

primary copper production, metal losses in the discarded

slag are becoming increasingly important in terms of

recoveries and a critical issue of the resource efficiency.

The recovery of precious and platinum group metals from

the end-of-life products is favorably carried out in the

current copper-making circuits [7] and thus this issue is

emphasized also in secondary raw materials processing.

Silver is the most extensively investigated precious trace

metal in the literature in terms of its behavior in sulfide

smelting. Although older experimental data show disagree-

ments regarding the level of solubility as well as the dissolu-

tion mechanism of silver in slags, recent experiments have

shown that they are in good agreement with each other.

Roghani et al. [8–10] did extensive research on the distribution
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of silver between copper matte (0–80 % Cu) and an iron sil-

icate slag, equilibrated in MgO crucibles. The experiments

were carried out at 1250 or 1300 �C, under varying sulfur

dioxide partial pressures (0.1, 0.5 and 1.0 atm). The results

were nearly identical and follow the same trend: the distri-

bution coefficient of silver Lm/s[Ag] increases linearly up to

&200 at a matte grade of&65 % Cu, then drops drastically at

higher Cu contents. The distribution coefficients of silver

obtained in other Roghani’s studies [9, 10] at a matte grade of

65 wt% Cu were between 150 and 250.

Louey et al. [11] also investigated the distribution of

silver between a copper matte (50 % Cu) and an iron sil-

icate slag. The experiments were carried out at 1250 �C
under an inert N2 gas atmosphere in MgO crucibles. The

distribution coefficient of silver Lm/s[Ag] was found to be

120 ± 40. Kashima et al. [12] studied the distribution of

silver in a three-phase equilibrium system of copper, white

metal, and an iron silicate slag. The distribution coefficient

between a Cu2S matte (&80 wt% Cu, ‘white metal’) and

the slag was Lm/s[Ag] &20 at 1200 �C, but a considerable

scatter can be found in their experimental data.

The distributions of precious metals among phases in the

flash smelting process are surprisingly poorly studied. We

carried out an experimental series using electron probe X-ray

microanalysis techniques (EPMA) from equilibrated and

quenched samples [13]. In that study, the sensitivity of

EPMA for precious metals in slag restricted the reliability

and success of the analyses. The most comprehensive study

on distribution coefficients between copper matte and slag

for Au, Pd, Pt, and Rh before that was made by Henao et al.

[14]. Their experiments were done in MgO crucibles, under

fixed partial pressure of sulfur dioxide (0.1 atm) for matte

grades between 40 and 70 wt% Cu. It was found that the

distribution coefficients Lm/s[M] were &1000 for gold,

platinum, and palladium, and 100 for rhodium. A relatively

large scatter was typical in the results, but the trends

observed indicated that the distribution coefficients were

constant in the matte grades 40–65 wt% Cu, after which they

had tendency to decrease with the increasing matte grade.

The aim of the present study was the improvement of our

knowledge on precious metal deportments to the iron silicate

slags during smelting and converting. The previous data

obtained by EPMA techniques from the equilibrated slag and

matte [13] are refined in thiswork bya novel analytical technique

allowing more accurate determination of the trace metal con-

centrations in the slag, with detection limits well below 1 ppm.

Experimental

The experimental techniques were based on the use of

high-temperature equilibration at controlled temperature

and gas atmosphere, followed by quick quenching to an

ice–water mixture and direct phase analysis using EPMA

and laser ablation–inductively coupled plasma–mass

spectrometry (LA-ICP-MS). Although the equilibration

technique applied has been used widely for slag or even

slag/matte studies [14–16], this was the first time when it

was adopted to study the distributions of trace elements.

The LA-ICP-MS technique adopted for the slags has much

lower detection limits than the EPMA used earlier [13].

Moreover, this is the second study to investigate the effect

of temperature on the distribution coefficients of precious

metals [13].

The main features of the experimental setup were a ver-

tical high temperature tube furnace (Lenton PTF 15/-/450)

using Eurotherm PID controllers, the gas inlet system using

mass flow controllers (Aalborg 052-01-SA), and accurate

temperature measurement (a calibrated S-type thermocou-

ple) with Keithley data logging. Details of the experimental

setup are available elsewhere [13]. Copper matte and iron

silicate slag were equilibrated at 1250, 1300, or 1350 �C
under controlled CO–CO2–SO2–Ar gas atmospheres, in pure

silica crucibles. CO–CO2–SO2–Ar gas mixtures were used to

generate specific partial pressures of SO2, O2, and S2 in the

furnace at the experimental temperature. The partial pressure

of SO2 was held constant (0.09 ± 0.015 atm), and the partial

pressures of O2 and S2 were fixed to a certain target matte

grade (55, 65, or 75 wt% Cu), in each experiment, see

Table 1. Argon was added to the gas mixture in order to

increase the flow rate. Nitrogen gas was used as purge gas

after the experiments. The oxygen and sulfur partial pres-

sures were defined from Yazawa diagram [17] for certain

matte grades at p(SO2) = 0.1 atm and 1300 �C. Then the

temperature dependence and CO/CO2/SO2 ratios were

scaled and calculated using the MTDATA software [18] and

SGTE pure substance database [19] to correspond with the

defined partial pressures of Yazawa diagram. As the target

matte grade was known, it was possible to verify the success

of the calculations from the obtained results.

The matte analyses were done with EPMA using a

Cameca SX100 equipped with five Wavelength Dispersive

spectrometers (WDS). The matte had its own special fea-

tures [13]—in spite of using a quick quenching process, the

precious metals nevertheless segregated as very fine

exsolution blebs and lamellae. Attention was paid to this

feature when attempting to get analyses of the true bulk

equilibrium matte composition. To reintegrate the PGE

exsolution features, a broad 100 lm electron beam spot

was used and 10 analyses per matte were averaged, giving

reliable bulk analyses with an estimated instrumental

uncertainty of analyses of \±0.5 wt%. Cameca uses the

PAP correction [20] for the matrix effects [21] to perform

accurate quantitative analyses (Table 2).

Laser ablation single collector ICP-MS analyses of

experimental slags were performed using an Nu AttoM SC-
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ICPMS (Nu Instruments Ltd., Wrexham, UK) and an Ana-

lyte G2 193 nm ArF laser ablation system (Teledyne

CETAC Technologies, Omaha, USA). The laser was run at a

pulse frequency of 10 Hz and a pulse energy of 4 mJ at 48 %

attenuation to produce a energy flux of 2.65 J/cm2 on the

sample surface with a 50-lm spot size. The laser was auto-

matically switched on for 60 s for signal acquisition and then

off for 20 s for background levels to be attained and mea-

sured. Analyses were made using time-resolved analysis

(TRA) with continuous acquisition of data for each set of

points (2 standards, 10 unknown glasses, 1 quality control

standard). The USGS reference glass BHVO-2G was used

for quality control although PGE contents are relatively

inhomogeneous in this glass [22]. Synthetic NIST SRM 612

glass (concentrations reported in Jochum et al. [23]) and 29Si

have been used, respectively, as external and internal stan-

dards for quantification. The measurements were performed

over 26 elements (Li, Si, Fe, Sr, Rh, Pd, Ag, La, Ce, Pr, Nd,

Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Pt, Au, Pb, Th, U) at

low resolution (DM/M = 300) using the fast scanning mode.

Baseline reduction of the trace element data was performed

using Iolite v. 2.5 software [24] run within the Igor Pro 6.32A

host environment. Quantification was then proceeded by

Excel spreadsheet data handling using known concentrations

in the NIST SRM 612, the measured Si29 signal, which

corrects for the differences in laser absorption of glasses of

varying color, and the SiO2 concentration of each individual

glass, measured previously by the electron microprobe. The

instrumental uncertainty of the LA-ICP-MS technique was

±5–10 wt%. The slag analyses were done from well-quen-

ched areas avoiding the segregations of matte droplets;

nevertheless, slag inhomogenities contributed to elemental

standard deviations in excess of 20 % in some samples.

Two series of experimental runs were carried out in

order to determine distribution coefficients for the precious

metals Rh, Ag, Pt, Au, and Pd between the slag and copper

matte in silica-saturated conditions. The specimens for

microanalysis were prepared by breaking the crucibles and

mounting the samples in epoxy resin. The polished sections

were prepared using traditional wet metallographic meth-

ods (grinding, polishing, and an optical microscope). The

polished surfaces were carbon coated. Their microstruc-

tures and phase compositions were pre-examined using

SEM–EDS techniques before the EPMA and LA-ICP-MS

measurements.

Results

The primary analytical results from the experiments are

listed in Tables 2 and 3. Each experimental point in the

tables is an average value of 10 independent measurements

for the slag and matte, respectively. The matte grade in

most of the experiments was approximately 5 wt% lower

than that expected. In our previous paper [13], we sug-

gested this was caused by the added precious metals which

replaced other metals (Fe, Cu) in the structure of the

molten matte.

Oxygen was analyzed in the first series only and the

values for the second series were estimated based on iron

concentrations. The matte grades in the following fig-

ures are normalized analytical data calculated from the

primary results.

Trace Metal Concentrations in the Silica-Saturated

Iron Silicate Slag

The precious metal concentrations dissolved in silica-sat-

urated iron silicate slags in equilibrium with sulfidic copper

mattes were typically between 5 and 20 ppm. Silver is an

exception, exhibiting significantly higher solubility than

the other trace elements studied, but in all experiments

Table 1 Gas atmospheres (flow rates, STP) and temperatures in the experimental points studied

Experimental

temperature �C
Target matte

grade (wt-% Cu)

Target Log

PO2 atm

Target Log

PS2 (atm)

CO flow rate

(mL/min)

CO2 flow rate

(mL/min)

SO2 flow rate

(mL/min)

Ar flow rate

(mL/min)

Equilibration

test: code

1250 55 -8.4 -2.3 10 50 35 300 Ka33, Ka50

1250 65 -8.2 -2.7 7 50 35 300 Ka34, Ka51

1250 75 -7.9 -3.4 4 50 35 300 Ka41, Ka53

1300 55 -8.1 -2.2 12 15 40 300 Ka36, Ka46

1300 65 -7.9 -2.6 12 55 40 300 Ka31, Ka47

1300 75 -7.6 -3.3 6 55 40 300 Ka32, Ka48

1350 55 -7.8 -2.1 12 5 40 300 Ka38, Ka43

1350 65 -7.6 -2.5 12 34 45 300 Ka39, Ka44

1350 75 -7.3 -3.2 8 55 45 300 Ka40, Ka45
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remaining below 100 ppm. Results for Ag as a function of

the matte grade are shown in Fig. 1. The uncertainties

given in the graphs are standard deviations (±1r) of the

measurements by LA-ICP-MS. The temperature depen-

dencies of the precious metals concentrations were in

general small, except in the case of silver. The solubilities

decrease as a function of increasing Cu% in the matte in all

cases.

As the trend lines at 1250 and 1350 �C indicate, the

temperature dependence of silver solubility in silica-satu-

rated iron silicate slags from copper matte is large. One

factor influencing this feature may be the observed high

volatility of silver, decreasing systematically the silver

concentration of the studied mattes at high temperatures

[13]. For example, through volatilization, experiments

Ka38 and Ka39 lost over half of their initial silver, drop-

ping from an initial &1 % [Ag]matte to final compositions

with only &0.47 % [Ag]matte. However, the amount of

silver deported in the slag is negligible compared to the

silver concentration in the matte in all experiments.

The concentrations of gold, palladium, platinum, and

rhodium in the slag as measured by the LA-ICP-MS

technique are shown in Figs. 2, 3, 4, and 5. The scatter of

the observed concentrations between the experiments in

same conditions is about ±20 % of the measured concen-

tration. The Ka36 sample at 50 % matte grade and 1300 �C
shows systematically lower solubilities for all trace

elements, except for silver. Laser Ablation time-resolved

analysis profiles for this sample were exceptionally noisy

reflecting heterogeneities and potential matte inclusions.

Table 3 LA-ICP-MS results for iron silicate slags at various temperatures and copper grades

Target: T/�C,

[%Cu]

Experiment

label

Average ±standard deviation (ppm)

Rh Pd Ag Pt Au

1250, 55 Ka33 1.78 ± 0.33 5.72 ± 0.62 70.8 ± 11.1 4.91 ± 0.92 8.85 ± 1.41

Ka50 1.31 ± 0.31 5.43 ± 1.06 77.3 ± 15.2 3.58 ± 0.79 19.19 ± 5.29

1250, 65 Ka34 1.03 ± 0.23 3.29 ± 0.64 66.1 ± 8.2 1.59 ± 0.30 6.96 ± 1.07

Ka51 0.89 ± 0.13 3.62 ± 0.44 64.0 ± 6.3 1.20 ± 0.14 5.58 ± 0.64

1250, 75 Ka41 0.73 ± 0.04 2.41 ± 0.19 54.2 ± 14.4 0.42 ± 0.05 1.24 ± 0.12

Ka53 0.75 ± 0.04 2.60 ± 0.36 65.1 ± 7.7 0.51 ± 0.05 3.15 ± 0.16

1300, 55 Ka36 1.50 ± 0.28 4.50 ± 1.30 41.3 ± 11.2 3.90 ± 0.90 9.30 ± 2.00

Ka46 2.63 ± 0.69 9.26 ± 2.61 68.9 ± 23.3 6.31 ± 1.67 20.80 ± 6.21

1300, 65 Ka31 1.61 ± 0.18 6.09 ± 0.76 56.4 ± 9.7 3.47 ± 0.48 11.42 ± 1.79

Ka47 1.30 ± 0.28 4.24 ± 1.01 53.7 ± 12.1 3.34 ± 0.73 5.59 ± 1.22

1300, 75 Ka32 1.25 ± 0.23 4.02 ± 0.83 51.5 ± 12.3 3.17 ± 0.61 5.34 ± 1.18

Ka48 0.98 ± 0.14 3.17 ± 0.48 74.5 ± 13.3 0.66 ± 0.08 2.03 ± 0.25

1350, 55 Ka38 3.26 ± 0.60 10.30 ± 1.83 39.9 ± 11.5 14.62 ± 3.95 12.17 ± 3.10

Ka43 2.30 ± 0.50 8.37 ± 2.07 59.3 ± 13.8 7.34 ± 1.58 20.43 ± 4.6

1350, 65 Ka39 1.77 ± 0.17 5.58 ± 0.51 46.1 ± 11.7 3.50 ± 0.34 13.52 ± 1.19

Ka44 1.79 ± 0.25 6.07 ± 0.83 51.9 ± 12.0 4.55 ± 0.65 17.24 ± 3.18

1350, 75 Ka40 1.08 ± 0.19 3.50 ± 0.73 37.7 ± 8.7 0.91 ± 0.12 2.84 ± 0.40

Ka45 1.10 ± 0.07 3.47 ± 0.39 41.5 ± 6.0 1.00 ± 0.04 2.37 ± 0.30

Data represent averages and standard deviations on 10 analytical points per sample

Fig. 1 The measured silver concentrations in the silica-saturated iron

silicate slag at 1250–1350 �C as a function of the matte grade, i.e.,

wt% Cu in matte; the initial silver concentration prior to the

equilibration was &1 % [Ag]matte; the trend lines (solid line at

1250 �C and dotted line at 1350 �C) were calculated for two

temperatures only; the error bars give standard deviations of the

measurements (±1r)
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As Figs. 1, 2, 3, 4, and 5 indicate vividly, the solubility

of the studied precious metals in the silica-saturated slag in

slag–matte equilibrium decreased systematically when the

matte was enriched by copper. The only exception in the

present study is silver where concentration versus matte

trade plot shows no clear trend due to the large deviations

in Ag contents measured from each sample. In general, the

standard deviations of Ag concentrations in the slags are at

least two times higher than the deviations for other pre-

cious metals. This is despite the higher concentration of

Ag, and hence more precise measurements of Ag concen-

trations. This observation may indicate a difference in the

matte–slag distribution behavior of Ag relative to the PGEs

and Au.

Figures 2, 3, 4, and 5 indicate that the solubilities of the

studied platinum group elements (PGEs) in the slags are

clearly lower than that of gold over the entire composi-

tional range of matte studied in this work. Gold distributing

from high-iron mattes with about 50 % Cu is about an

order of magnitude higher than from white metal compo-

sitions, close to blister copper saturation (Fig. 2). The same

trend is visible in the studied PGEs, as shown in Figs. 3, 4,

and 5, but the effect is not as large as in the case of gold.

Distribution Coefficients

The trace element distribution coefficients are linked with

their thermodynamic properties in the matte and slag

phases. They were calculated from the measured concen-

trations based on the definition:

Lm=s Me½ � � ppm Me½ �= ppm Með Þ; ð1Þ

where the brackets [] and () refer to the matte and slag

phases in equilibrium, respectively. The trace element

distribution coefficients were calculated from the primary

measurement data separately at each experimental point of

the slag-to-matte equilibrium. The results with a different

symbol for each temperature are shown in Figs. 6, 7, 8, 9,

and 10 with matte grade as the x-axis variable.

Fig. 2 Gold concentrations in the silica-saturated iron silicate slag at

1250–1350 �C as a function of the matte grade; the initial gold

concentration prior to the equilibration was &1 % [Au]matte; the trend

line (solid line) has been drawn based on the experimental points,

omitting sample Ka36

Fig. 3 Palladium concentrations in the silica-saturated iron silicate

slag at 1250–1350 �C as a function of the matte grade; the initial

palladium concentration prior to the equilibration was &1 %

[Pd]matte; the trend line (soild line) has been drawn based on the

experimental points, omitting sample Ka36

Fig. 4 Platinum concentrations in the silica-saturated iron silicate

slag at 1250–1350 �C as a function of the sulfide matte grade; the

initial platinum concentration prior to the equilibration was &1 %

[Pt]matte; the trend line (solid line) has been drawn based on the

experimental points, omitting sample Ka36
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Figure 6 shows the distribution coefficient of silver

L[Ag] according to the definition of Eq. (1) as a function of

the matte grade at 1250, 1300, and 1350 �C. The trendline

shown in the figure is based on the experimental points at

1350–1250 �C. The distribution of silver favors the matte

phase when the oxygen pressure of the sulfide matte–slag–

gas system gets higher and thus the matte grade increases.

The distribution coefficient is roughly doubled when the

matte grade grows from &50–70 % Cu. Although the

temperature dependence is small, the results indicate that

the deportment of silver to the sulfide matte is favored by

low-temperature processes.

The corresponding distribution coefficients for gold,

palladium, platinum and rhodium calculated from the

measured average concentrations in the matte and slag are

depicted in Figs. 7, 8, 9, and 10, respectively. They all show

a clear increasing trend as a function of the matte grade.

Although temperature dependencies of the distribution

Fig. 5 The observed rhodium concentrations in the silica-saturated

iron silicate slag at 1250–1350 �C as a function of the matte grade;

the initial rhodium concentration prior to the equilibration was &1 %

[Rh]matte; the trend line (solid line) has been drawn based on the

experimental points, omitting sample Ka36

1.0

1.5

2.0

2.5

3.0

45.0 55.0 65.0 75.0

Di
st

rib
u�

on
 o

f s
ilv

er
 L

og
10

[L
m

/s
(A

g)
]

Ma�e grade [% Cu]

1350 °C

1300 °C

1250 °C

Fig. 6 Logarithmic distribution coefficient of silver between silica-

saturated iron silicate slag and copper matte at 1250–1350 �C and in

P(SO2) = 0.1 atm as a function of the analyzed matte grade of the

sulfide matte; the trend line (solid line) has been drawn based on the

experimental points, omitting sample Ka36

Fig. 7 Logarithmic distribution coefficient of gold between silica-

saturated iron silicate slag and copper matte at 1250–1350 �C and in

P(SO2) = 0.1 atm as a function of the analyzed matte grade of the

sulfide matte; trendline shows the behavior of the 1350 �C data

Fig. 8 Logarithmic distribution coefficient of palladium between

silica-saturated iron silicate slag and copper matte at 1250–1350 �C
and in P(SO2) = 0.1 atm as a function of the analyzed matte grade of

the sulfide matte; trendline shows the behavior of the 1350 �C data
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coefficients are generally relatively small, as a general

trend, low temperature favors partioning of the trace ele-

ments into the matte phase.

In Fig. 10, the trend lines have been drawn for the

experimental points obtained at 1250 and 1350 �C, indi-

cating the effect of process temperature on the distribution

coefficient Lm/s of rhodium. In the other cases, the tem-

perature dependence obtained was too small to indicate any

significant impact of the process temperature.

Discussion

The results of this study show that the solubility of precious

metals in slag is almost negligible. Thus, it can be deducted

that in the flash smelting copper-making process, the losses

of precious metals are dominated by matte entrainment, i.e.

mechanical losses rather than chemical dissolution.

The trace element solubility values in the slag from

dilute solutions in copper mattes obtained in this work,

Figs. 1, 2, 3, 4, and 5, indicate that the growing distribution

coefficients between matte and slag result from deportment

of the trace elements in the matte by depletion of the slag.

The experimental range of this study covered the entire

range of matte flash smelting conditions from very lean

copper mattes of 50 % Cu to rich mattes with 70 % Cu, at

typical temperature from 1250 to 1350 �C. As the oxidic

solubility of the elements increases along with the growing

oxygen partial pressure of the system [25, 26] when the

copper sulfide matte is enriched in copper, the increase in

Lm/s is evidently not due to the properties of the slag, but

rather conditions in the sulfide matte wherein iron and

sulfur concentrations as well as sulfur-to-metal ratios are

decreasing.

The observed concentrations of the precious metals in

the silica-saturated iron silicate slags in our experiments

are lower than those reported by previous authors [13, 14].

The distribution coefficients between copper matte and the

silica-saturated slag increased systematically as a function

of the matte grade in our study. Thus, no decrease in Lm/s

[Me] was seen at high matte grades close to the white metal

compositions, or iron-free copper sulfide [8], prior to

copper saturation. The highest matte grade in the present

study was &72 % Cu and our results indicate systematic

increase in Lm/s[Me] as the matte was depleted in iron and

its oxygen partial pressure increased. This confirms the

qualitative trends reported earlier [13].

The behavior of the distribution coefficients derived in

this study cannot be explained by conventional oxidation–

sulfidation equilibria [13] as the present observations

clearly indicate that the slag is depleted in trace elements

with the increasing matte grade. This is evidently a result

of the properties of copper matte when its sulfur-to-metal

stoichiometry changes. Its behavior is characterized by the

gradual oxidation of sulfur from the matte as the iron

concentration decreases [27, 28]. Lynch et al. [27] intro-

duced the concept of sulfur deficiency SD and the number

of ‘vacant electronegative sites in the (oxygen-free) matte’

as

SD � xS � xCu=2 � xFe; ð2Þ

where xi are the molar fractions of sulfur, copper and iron,

respectively. It is approximately zero on the Cu2S–FeS

quasibinary join of the Cu–Fe–S system, negative for matte

Fig. 9 Logarithmic distribution coefficient of platinum between

silica-saturated iron silicate slag and copper matte at 1250–1350 �C
and in P(SO2) = 0.1 atm as a function of the analyzed matte grade of

the sulfide matte; trendline shows the behavior of the 1350 �C data

Fig. 10 Logarithmic distribution coefficient of rhodium between

silica-saturated iron silicate slag and copper matte at 1250–1350 �C
and in P(SO2) = 0.1 atm as a function of the analyzed matte grade of

the sulfide matte; the trend lines have been calculated at 1250 �C
(solid line) and 1350 �C (dotted line)
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compositions on the metal-rich side of the join and positive

on the sulfur-rich side. It was proposed by Lynch et al. [27]

that the excess metal species in sulfur-depleted mattes

interact with copper and iron of the matte which thus

modifies their properties. Thus the thermodynamic features

of trace elements in matte–copper equilibrium may be very

different from those in the copper mattes elsewhere within

its stability range [29, 30], typically along the quasibinary

Cu2S–FeS join or in sulfur-rich mattes. Therefore, we

modified the equation of sulfur deficiency for the current

equilibrium case and used the variable SD00 as

SD00 � xS þ xO � xCu=2 � xFe � RxMe; ð3Þ

where xS, xO, and xMe are the molar fractions of sulfur,

oxygen, and the trace elements of the matte phase,

respectively. This variable was used for the correlations of

the present data in order to indicate qualitatively the trends

in the (logarithm) of the activity coefficient of the trace

elements in the matte, see Figs. 11, 12, 13, 14, and 15. As

shown in the figures, the studied mattes have a slight excess

of sulfur as their estimated sulfur deficiencies were posi-

tive, around SD00 = 0.02–0.06. The values were calculated

from the normalized data of Table 2.

In case of silver, the distribution results of this investi-

gation and the recent studies in the literature [8–10, 13]

agree well with each other but techniques with slow

cooling result in much higher distribution coefficients [31].

Some earlier authors [12, 32, 33] suggested that silver

exists in iron silicate slags as metallic species. According

to Richardson and Billington [32], neutral silver atoms in a

molten silicate slag are located in holes of the silicate

network. It was also proposed [9, 34] that at low matte

grades, silver exists in the slag as silver sulfide species,

typically AgS0.5. When matte grade increases, sulfur

activity and SD decrease, sulphidic silver solubility to

matte gradually decreases. In studies between metallic

copper and iron silicate as well as calcium ferrite slags, the

dependency between distribution coefficient and oxygen

partial pressure indicated [10, 35] that silver dissolves to

the slag as monovalent silver oxide species (as Ag2O or

AgO0.5) in the partial pressures PO2 = 10-11–10-5 atm.

The limiting silver–copper system is essentially an ideal

Fig. 11 The behavior of the matte-to-slag logarithmic distribution

coefficient of silver as a function of the sulfur deficiency of the copper

matte at 1250–1350 �C; the linear trend lines calculated at 1250 (solid

line) and 1350 �C (dotted line) show the slopes of the experimental

points

Fig. 12 The behavior of the matte-to-slag logarithmic distribution

coefficient of gold as a function of the sulfur deficiency of the copper

matte at 1250–1350 �C; the linear trend lines show the slopes of the

experimental points calculated at 1250 (solid line) and 1350 �C
(dotted line)

Fig. 13 The behavior of the matte-to-slag logarithmic distribution

coefficient of platinum as a function of the sulfur deficiency of the

copper matte at 1250–1350 �C; the linear trend lines show the slopes

of the experimental points calculated at 1250 (solid line) and 1350 �C
(dotted line)
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solution [36] but the activity coefficient of silver is about

10 in copper sulfide [37]. This experimental finding indi-

cates the role of matte and its stoichiometry to the ther-

modynamics of trace element it contains.

According to the present study, the distribution coeffi-

cient clearly increases and the solubility of gold decreases

as the matte grade is enriched at all temperatures studied.

The distribution coefficient of gold in this study, &400 at

50 % and 3000 at 70 % matte grade, was close to the

results obtained by previous authors [8, 13, 38]. In some

studies, the distribution coefficient decreased as a function

of the matte grade [14], and in the others gold solubility in

the slag increased as a function of the growing oxygen

partial pressure [13, 38]. However, the distribution coeffi-

cient between Ni and Cu matte and iron silicate slag

showed an increasing trend along with the growing matte

grade [38–40]. Copper–gold system shows a negative

deviation from ideal behavior for gold in dilute copper

alloys [36].

The distribution coefficients obtained for platinum were

larger than those reported by Henao et al. [14] and in our

previous paper [13]. According to Yamaguchi [41], the

solubility of pure platinum in a FeOx–SiO2 slag (i.e., slag in

equilibrium with pure platinum) was 3–7 ppm at PO2 =

10-8–10-6 atm, and it was 100–1000 ppb at PO2 = 10-8–

10-7 atm in silicate melts of basaltic composition [42–44].

These data fit well with the results of this study. In the

previous studies, the Lm/s[Pt] distribution coefficient

decreased along with the increasing matte grade [14] and

the distribution coefficient between metal and slag, LCu/

s[Pt], decreased with the increasing PO2 [45]. Such features

were not detected in this study. However, according to

Mungall and Brennan [25], the solubility of platinum in

basaltic melts depends on the oxygen partial pressure, e.g.,

in the PO2 range of 10-8.5–10-5.5 atm, the solubility sys-

tematically increased from 9 to 97 ppb as a function of

temperature at 1200–1500 �C. The iron matte–basalt dis-

tribution data at 1200 �C and QFM-1 gave Lm/s[Pt] [105

which is much higher than the present value. There is also

evidence that Pt solubility increases in the presence of

sulfur [19]. Platinum in dilute solutions of copper shows

negative deviation from Raoult’s law [46].

The trend of palladium distribution obtained, an

increasing distribution coefficient with the increasing matte

grade, is in conflict with the previous studies of copper

smelting and geological low-iron (silicate) systems, except

[13]. In those studies, the distribution coefficients Lm/s [Pd]

and LCu/s [Pd] decreased along with the increasing matte

grade and oxygen partial pressure [8, 45], respectively, and

palladium content of the slag increased [42–45]. The sol-

ubility of palladium in basaltic melts (i.e., sulfur free in

equilibrium with pure palladium) at 1200–1500 �C was

found to be 1.6–13 ppm at PO2 = 10-8.5–10-5.5 atm (close

to the QFM equilibrium buffer, i.e., the solid quartz–fay-

alite–magnetite equilibrium) [42–44], which fits well with

the observations of this study. Recent LA-ICP-MS data by

Mungall and Brenan [25] at QFM-1 (i.e., at oxygen pres-

sure of Log10 PO2 = -9.40) at 1200 �C produced an iron

matte–basalt distribution coefficient Lm/s[Pd][ 105. Pal-

ladium–copper alloys deviate negatively from Raoultian

behavior in the dilute palladium systems [47].

The solubility of rhodium in the silica-saturated silicate

slag was the lowest among the PGEs studied in this work,

showing a minimum concentration of around 0.7–0.8 ppm

Fig. 14 The behavior of the matte-to-slag logarithmic distribution

coefficient of palladium as a function of the sulfur deficiency of the

copper matte at 1250–1350 �C; the trend lines calculated at 1250

(solid line) and 1350 �C (dotted line) show the slopes of the

experimental points

Fig. 15 The behavior of the matte-to-slag logarithmic distribution

coefficient of rhodium as a function of the sulfur deficiency of the

copper matte at 1250–1350 �C; the linear trend lines show the slopes

of the experimental points calculated at 1250 (solid line) and 1350 �C
(dotted line)
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(Rh) at 70 % matte grade. In the study of Henao et al. [14],

the matte-to-slag distribution coefficients of rhodium were

approximately 100. In the geological literature for hap-

lobasaltic melt (the anorthite–diopside eutectic), the solu-

bility of rhodium (i.e., in equilibrium with pure rhodium) at

1300 �C was only 10–100 ppb at PO2 = 10-9–10-6

atm[48–50]. Iron matte–slag–basalt distribution data [25]

at 1200 �C and QFM-1 provided a rhodium distribution

coefficient Lm/s[Rh][ 105 which is about one order of

magnitude higher than the values presented here. The

thermodynamic properties of rhodium in dilute liquid

copper–rhodium alloys show positive deviation from the

Raoultian behavior [36].

The current results indicate that the precious metals are

increasingly distributed into the copper matte relative to the

silica-saturated iron silicate slag when the prevailing oxy-

gen pressure during the process systematically increases.

The natural ability of the slag phase to dissolve more

efficiently (oxidic) precious metals species [25, 43] at

increasing oxygen partial pressure is compensated and

even superseded by changes in the thermodynamic prop-

erties of the matte, depleting the matte in iron and simul-

taneously increasing its sulfur deficiency. The trace

elements studied in this paper also strongly favor the metal

phase in copper–matte equilibria [48] which supports the

observed behavior of matte–slag equilibria when the met-

allization degree of the matte increases as the matte com-

position approaches the blister copper saturation.

The very low PGE concentrations of silicate melts

reported in some recent papers [49–51] are obviously due

to too slow quenching and the precipitates not included in

the LA-ICP-MS analyses. The lowest oxygen pressure of

this study at 1250 �C was as low as Log10PO2 = -8.4. It is

not far from the experimental conditions of Ertel et al. and

Amossé et al. [49–51], when extrapolated to 1200 �C,

where the experimental point Log10PO2 = -9.0 was used.

This paper gives new and accurate data on precious and

platinum group metal distributions in copper smelting and

the results can be used in more accurate estimations of their

recoveries in the primary and secondary raw material

processing [52, 53]. The results indicate that the matte–slag

distribution equilibria are dominated by properties of the

sulfide matte, in spite of the obvious dissolution of the trace

elements in the slag predominantly as oxide species [44].

Conclusions

The distributions of precious metals (Ag, Au, Pd, Pt and

Rh) between copper matte and slag in flash smelting are

poorly known. This work gives new valuable experimental

data about the distributions of the precious metals between

copper matte and silica-saturated iron silicate slag at three

temperatures (1250, 1300, and 1350 �C) and under con-

trolled CO–CO2–SO2–Ar gas atmospheres. An advanced

experimental method (equilibration–quenching–EPMA/

LA-ICP-MS) was applied in this study, which improved

the accuracy and reliability of the solubility observations.

This is the first report of the LA-ICP-MS analysis method

being adopted to detect minor elements in metallurgical

iron silicate slags.

Silver solubility in slag varied between 40 and 80 ppm

and the distribution coefficient between 100 and 200 in the

matte grade range of 50–70 % Cu. These results agree well

with the previous results [8, 13]. For other precious metals,

the solubilities in iron silicate slags were only between 1

and 20 ppm and the trend was decreasing with matte grade.

The distribution coefficients in a matte grade of 65 % Cu

were gold 1500, palladium 3000, platinum 6000, and rho-

dium 10,000. The distribution mechanism of the trace

elements between iron silicate slag and copper matte

appear to be dominated by properties of the matte phase.
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