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The distribution coefficients of minor elements Co, Ni, Zn, Pb, Bi, Sn, Sb, As,
Te, Se, Ga, Ge, and In between slag, matte, and spinel phases in industrial
copper converting slag samples have been determined by the microanalysis
method using the combination of electron probe microanalysis (EPMA) with
laser-ablation inductively coupled plasma mass spectrometry (LA-ICP-MS).
The major factors affecting analysis accuracy, including analysis precision,
detection limits, background correction, beam damage, and standard selec-
tion, are discussed. The determined minor elements distributions show good
consistency with most recently published literature data. The present study
demonstrates that minor element distributions with precision close to that of
controlled laboratory studies could be obtained by direct measurement of plant
samples upon careful sampling, microstructural examination, and the appli-
cation of customized analytical routines. The advantages and limitations of
using microanalysis techniques for industry slag assay are also discussed.

INTRODUCTION

Current primary copper production via the
pyrometallurgical route typically involves smelting
of copper sulfide ore concentrate to produce copper
matte, which is then converted to blister copper by
removing impurities in the form of slag (e.g., Fe, Pb,
and Zn) and gas (mainly SO,). Careful control of the
distribution of minor elements during the process
has been of ongoing interest to copper producers
because of both economical and environmental
considerations. Harmful elements such as As and
Pb must be removed from the matte/metal and
transferred to the slag, where they can be disposed
of, while valuable elements such as Ni, Au, and Ag
should be reserved in the matte/metal phase for
subsequent recovery.

(Received July 28, 2021; accepted September 15, 2021;
published online October 14, 2021)

Conventionally, the minor element deportments
in smelting/converting products, namely slag,
matte, copper metal, and flue dust, are determined
by x-ray fluorescence (XRF) and/or solution induc-
tively coupled plasma optical emission spectroscopy
(ICP-OES)/atomic emission spectroscopy (AES)/-
mass spectrometry (MS). However, at industrial
sites, these materials are often cross-contaminated
due to crude sampling procedures and incomplete
phase separation, e.g., finely suspended Cu matte
particles in slag phase. Therefore, such bulk chem-
ical analysis methods are often incapable of deliv-
ering accurate information on the minor element
distributions.

With the development and application of a variety
of microanalysis techniques, including electron
microprobe x-ray analysis (EPMA) and laser-abla-
tion inductively coupled plasma mass spectroscopy
(LA-ICP-MS), in situ quantitative measurement of
chemical compositions of both crystalline and amor-
phous phases has become possible. The major
advantage of these microanalysis techniques is that
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sampling is carried out on an area of 1 um to 100 um
in the region of interest, so that contamination from
mixing of phases is avoided, or at least minimized.
Among the microanalysis techniques that are read-
ily available, LA-ICP-MS' is becoming widely used
for trace elements (< 0.1 wt.% or 1000 ppm) due to
its superior detection limit for most elements (sub-
ppm). However, there are a number of issues
associated with LA-ICP-MS that have limited its
applicability to metallurgy research. In particular,
its analytical accuracy relies heavily on the use of
matrix-matched standards, but the availability of
sulfide and metal standards is at present limited.
Secondly, the poor spatial resolution (> 20 um)
relative to EPMA (~ 1 ym to 2 ym) makes mea-
surement of small features correspondingly chal-
lenging. Notwithstanding its superior spatial
resolution, EPMA has often been perceived as
reliable only for major elements (>1 wt.%). In fact,
recent advances in EPMA instrumentation such as
the field-emission electron gun, large-size diffrac-
tion crystals, and automation of aggregated inten-
sity from multiple spectrometers have made it
feasible to use EPMA to measure at least the more
abundant trace elements (> 100 ppm) on a routine
basis.

Previously, Avarmaa et al.? studied the equilib-
rium distribution of the precious metals Au, Ag, Pd,
Rh, and Pt between iron silicate slag and copper
matte at SiO, saturation at 1250 °C to 1350 °C
using high-temperature equilibration, rapid
quenching, and microanalysis techniques. The
authors determined distribution coefficients by
measuring the precious metals in the slag and
matte phase at very low levels (down to ~ 1 ppm) by
combining EPMA and LA-ICP-MS.

Shishin et al.>® experimentally determined the
distribution of various minor elements including Ag,
Au, As, Sn, and Sb between slag, matte, and copper
metal phase under equilibrium conditions relevant
to the copper smelting/converting process using
experimental and analysis methods similar to those
of Avarmaa et al.? The studies resolved the signif-
icant discrepancies in minor element distribution
coefficients found in literature data, which were
mostly determined by bulk chemical analysis
methods.

While quantitative microanalysis techniques
have been successfully applied to study minor
element distributions at the laboratory scale, exam-
ples of their direct application to industry samples
have rarely been reported. In this study, we deter-
mined distribution coefficients of minor elements
Co, Ni, Zn, Pb, Bi, Sn, Sb, As, Te, Se, Ga, Ge, and In
during an industrial copper converting process
between slag, matte, and spinel phase by combining
EPMA with LA-ICP-MS. In particular, we focused
on developing a suitable analytical routine to
address the complex nature of the samples.
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EXPERIMENTAL PROCEDURES
Sampling

The copper converting process involves two major
steps: the slag blow and the copper blow. During the
slag blow, air (or oxygen-enriched air) is injected via
submerged tuyeres in the Pierce—Smith converter
(PSC) to oxidize Fe and S from the molten matte,
taken from a flash smelting furnace (FSF). This
produces white metal (having approximately 77
wt.% to 78 wt.% Cu). Silica flux is added continu-
ously during the oxidation process to form the slag
phase. At the end of the slag blow step, slag is
tapped. During the copper blow step, most of the
remaining S and other impurities in the white metal
are then removed by further air injection, and
blister Cu is formed (Cu > 98.5 wt.%).

In this study, slag samples were collected from
the PSC of a primary copper production process at
different stages during the slag blow step. A pre-
heated spoon was used to collect slag samples at
tapping, which were then quickly poured into cold
water to preserve the phase assemblage at high
temperature. The sampling temperature was esti-
mated to be between 1250 °C and 1350 °C. The
concentration of major elements of an industrial
PSC slag determined by XRF is presented in
Supplementary Table S1.

Analytical Setup
EPMA

A small fraction of randomly selected granules of
each sample was mounted in epoxy resin and
ground/polished using conventional metallography
methods. A 20-nm-thick C coating was applied to
the polished sample surface. Microstructure exam-
ination and quantitative elemental analysis were
performed on the slag samples using a JEOL 8530F
Plus field-emission electron microprobe at the Cen-
tre for Advanced Microscopy, Australian National
University. The x-ray emission lines used for anal-
ysis and the standards used for calibration are
presented in Supplementary Table S2. To determine
the major and minor elements (> 0.5 wt.%) in all
phases, an acceleration voltage of 20 keV and a
probe current of 20 nA were used; for trace elements
(< 0.5 wt.%), a probe current of 100 nA for matte
and 150 nA for slag and spinel were used. Spot size
was 5 um for spinel and 30 um for slag and matte.

Unlike the synthetic experimental samples pro-
duced in most laboratory-scale studies with known
chemical components, samples taken from an indus-
trial site are expected to have significantly more
complex chemical compositions. Such complexity is
likely to cause extra uncertainties in the analysis
results when routine analytical protocols are
adopted. Therefore, in the present study, additional
measures were taken to evaluate and minimize the
uncertainties during the analysis.



Measurement of Minor Element Distributions in Complex Copper Converting Slags Using

Quantitative Microanalysis Techniques

Wavelength Scans

Before quantitative EPMA analysis, a full spec-
trometer wavelength scan was performed on the
observed phases in selected samples. This step is
essential for samples with complex chemistry for a
number of reasons:

1. Identifying all the major and minor elements at
level above 0.1 wt.% in the phase of interest.
Missing elements at level above 0.1 wt% in the
subsequent quantitative analysis would impact
on the analysis quality control, i.e., low analyt-
ical totals, and potentially cause erroneous
matrix corrections in quantification.

2. Assisting selection of appropriate characteristic
x-rays to be measured, identification and eval-
uation of potential spectral interferences, and
developing necessary correction strategy

3. Assisting the development of background cor-
rection method for elements to be measured

For example, Fig. 1 shows detailed wavelength
scans around Co K emission lines on both slag and
matte phase. It can be seen that the characteristic x-
rays of Co (K, and Kj) fall between the emission
lines of other transition metals occurring at much
higher concentrations in the sample. For the slag
phase, although the Co K, line is more intense
compared with the K; line, it suffers from strong
interference from the Fe K; line, Therefore, Co Ky
was selected for the analysis despite the need for a
much longer counting time to obtain the necessary
detection limit and statistically reliable results. One
the other hand, Co K, was selected for analysis in
the matte phase as the level of interference of Co K,
line by Cu K, is much higher.

Detection Limit and Beam Damage

The detection limit of an element in EPMA is
affected by many factors, among which accelerating
voltage, beam current, and background counting
time can be easily adjusted.® Figure 2 shows how
the beam current and background counting time
affect the detection limit of Ni in the slag phase at
fixed electron accelerating voltage. It can be seen
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that a detection limit of a few ppm level is achiev-
able for Ni within a reasonable timeframe by using
a significantly elevated probe current. However,
despite the fact that EPMA is usually promoted as a
nondestructive analytical method, extra care needs
to be taken when adopting extreme analytical
conditions. Figure 3 shows the Ni K, counting rates
at different beam currents over an analysis period of
300 s. It can be seen that the count rate of Ni K, on
the slag phase increases in proportion to the beam
current and remains constant within the whole
analysis period when using all three beam currents
tested. In contrast, the count rate of Ni on matte
phase drops significantly within the first few sec-
onds after exposure to a beam current of 500 nA,
indicating severe beam damage. In the present
study, a suitable set of analytical parameters was
chosen and the characteristic x-ray counts of mea-
sured elements were monitored throughout the
analytical session to ensure no obvious error was
found caused by beam damage using selected ana-
Iytical conditions.

LA-ICP-MS

A selection of trace elements in the samples
collected were determined by LA-ICP-MS at the

EPMA detection limit of Niin slag

150
£ &\
3
— 100
=
€ OnA
-
f
o
§ 50 j\\E
3 Glﬂéﬁﬁfi_{ 3_____—_—_‘""““‘—————E]
©~2000nA
0
0 50 100 150 200

Background couting time (s)
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Fig. 3. Effect of beam current on stability of Ni in slag and matte phase.
Research School of Earth Sciences, ANU using an Slag Phase

Agilent Technologies 7700 ICP-MS coupled to an
ANU HelEX laser-ablation system with a 193-nm-
wavelength EXCIMER laser (110 (ArF) COMPex,
Lambda Physik) following the method of Jenner and
O’Neill”. The elements determined and the isotopes
used for these determinations were *°Co, °Ni, ¢Zn,
75AS, 69Ga’ 70Ge, 7889, 113111, 118811, IZISb, 207Pb, and
209Bi. Data acquisition involved a 30-s background
measurement followed by 30 s of ablation, with a 10
Hz repetition rate. The laser spot size was 82 ym. Si
and S concentrations determined by EPMA were
used as internal standards, and NIST SRM 610%,
USGS MASS-1, IMER-3, and a sulfide glass con-
taining Ga and Ge were used as external reference
standards. The latter standard was supplied by
Allan Pring from Flinders University; its element
concentrations are presented in Supplementary
Table S3. Unknowns were bracketed by analyses
of reference standards every five to ten analyses, to
correct for instrument drift. Data were processed
using the Iolite v3.1 software package.’ The element
detection limits obtained are reported in Supple-
mentary Table S4.

RESULTS AND DISCUSSION
Microstructural Analysis

Typical microstructures of selected samples are
presented in a set of SEM micrographs in Fig. 4A-F.
As can be seen from the sample overview in Fig. 4A,
the sample consisted of spinel and matte phases
suspended in a slag matrix. Despite the fact that the
received samples were collected by quenching
directly into water at room temperature, recrystal-
lization/precipitation of secondary phases was still
observed in the slag phase. It is therefore critical to
distinguish the primary phases (stable at high
temperature) from those formed upon quenching
prior to quantitative analysis.

As can be seen from Fig. 4B, which shows a
magnified microstructure of Fig. 4A, the slag phase
immediately adjacent to the surface of the sample
particle was generally found to be preserved best as
it is expected to come into direct contact with water
first and quench at the highest rate. Even so, very
fine precipitates (~ 100 nm) of Cu-S-rich particles
from the slag phase can be seen at high magnifica-
tion, with a spatially random distribution indicative
of precipitation during quenching. More precipita-
tion and coarser precipitates from the slag phase
were observed when moving further into the center
of the sample, presumably due to slower cooling, as
shown in Fig. 4C, D.

Matte Phase

Unlike the slag phase, the entrained matte phase
recrystallized more readily upon quenching. Some
minor elements exsolved from the sulfide matrix,
and segregated to form metal-rich veins (Fig. 5).
Therefore, more points were analyzed in the matte
phase to reduce the chance of nonrepresentative
sampling. The entrained matte and precipitated Cu-
S-rich particles from the slag phase can normally be
identified without too much difficulty: the precipi-
tated sulfide particles from the slag phase during
cooling were wusually less than 10 pm, while
entrained matte droplets were typically from 10
um to a couple of millimeters in diameter, as shown
by Fig. 4E.

Spinel Phase

The primary spinel crystals in the slag samples
were often found to have a euhedral shape, with
typical sizes ranging from 10 um to 50 ym, while the
recrystallized spinel phase usually exhibited den-
dritic structure with size less than 5 ym, as shown
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Fig. 4. Typical microstructures of copper converting samples.

in Fig. 4C. Occasionally, spinel particles with a core
having high Cr and Mg were observed (Fig. 4F).
They generally appear darker compared with pri-
mary spinels under SEM in backscattered electron
mode and are likely relics of refractory materials
entrained by slag erosion.

In the present study, the primary phases (that is,
those stable at high temperature) in the samples
were all clearly identified before quantitative mea-
surements were carried out.

Measurement Uncertainties
EPMA

To account for the submicron-scale heterogeneity
observed in the slag and matte phase, analyses were
made with a defocused electron beam of 30 um in
the areas of the samples where quenching was
deemed to be most effective. Such approach has
been controversial because the matrix correction
procedure in EPMA analysis assumes the sampling
volume is homogeneous. Barkman et al.’° measured
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Fig. 5. Detailed microstructure of entrained matte phase and selected elemental mapping by WDS.

the average composition of a region of interest in a
natural silicate rock using different electron beam
sizes. They reported up to 6% error for Mg, Al, and
Gd when using a defocused beam. By contrast,
Fallah et al.!! measured the Cu concentration in
slag samples with finely precipitated Cu-rich parti-
cles from gas/slag/matte/tridymite phase equilib-
rium experiments using EPMA with different beam
sizes. The authors observed improved analysis
precision, while the analysis accuracy was not
affected when using larger beam sizes.

This potential source of error was evaluated by
measuring the areas of slag phase with different
extents of quench crystallization. White circles
labeled Al to A3 in Fig. 4A show where the
measurements were performed. The average minor
element concentrations of four analysis spots are
reported in Supplementary Table S5 with their
relative standard deviations. It can be seen that, for
all measured minor elements, the results from all
three areas agree well, suggesting that the potential
error in minor element concentration measurement
in slag phase due to heterogeneity within the
sampling volume is negligible.

LA-ICP-MS

The sampling depth of LA-ICP-MS analysis is
typically around 30 um, as opposed to 1 um to 3 ym
for EPMA. This adds to the possibility of error due
to the increased chance of sampling inclusions of
another phase beneath the sample surface.

Figure 6a shows a ~ 25-um-deep pit formed in the
slag phase after 30 s of ablation using a beam size of
80 um. An entrained matte particle at the bottom of
the pit can be seen exposed, indicating that part of it
was sampled/analyzed during the analysis of the
slag phase. Figure 6b shows a raw time-resolved
LA-ICP-MS downhole spectra of an analysis spot on
the slag phase. Two obvious “spikes” on the %Cu
and %°Ni signals occur coincident in time during
ablation, suggesting the presence of an inclusion of
matte phase within the sampled volume. It is an
advantage of LA-ICP-MS that this type of error can
be identified by examination of time-resolved abla-
tion spectra, allowing their effects to be minimized
by removing the affected time segments for these
elements.

Another source of error comes from not using
matrix-matched standards. This is a particular
concern for measuring the matte phase. It has been
well documented that sulfides ablate very differ-
ently from oxide minerals/glasses during laser
ablation, thus the use of commercially available
silicate standards could cause significant systematic
errors in sulfide analyses.'®! In present study, ~
10% difference was observed between the analyses
results for some elements when using two different
sulfide standards (Supplementary Fig. S1). To
resolve the discrepancies, further development of
matrix-matched sulfide standards for copper matte
analysis is needed.
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Minor Element Concentrations in Slag, Matte,
and Spinel Phases

A total of 15 elements in the slag, matte, and
spinel phase were measured by EPMA and LA-ICP-
MS and are reported with their respective standard
deviations in Supplementary Table S6. The concen-
trations of Pb, Co, Ni, Sn, Sb, and As in the slag
phase analyzed by EPMA are compared with the
analyses by LA-ICP-MS in Supplementary Fig. S2.
The results for Pb, Co, and Ni are in excellent
agreement over the entire range of relevant con-
centrations, lying between ~ 500 ppm and 25,000
ppm. The concentration of Sn, Sb, and As measured
by LA-ICP-MS appears to be consistently higher
than that obtained by EPMA. This difference could
be due to the limitations of the linear interpolation
background correction method applied in the pre-
sent EPMA analyses. An example is shown in
Supplementary Fig. 3, where the background inten-
sity of Sn L, line was determined by linear inter-
polating background intensity at spectrometer
positions corresponding to a lower (point B) and
higher energy (point A) than the characteristic x-
ray. This method overestimated the background
intensity in this specific case because the back-
ground is curved, leading to the measured net
intensity for Sn being lower than the true net
intensity. More sophisticated background determi-
nation methods including exponential and multi-
point polynomial fitting may improve the analysis
accuracy, but these have not been tested in the
present study due to the lack of supporting
software.

Distribution Coefficients

The distribution coefficients, L, of the minor
elements were calculated using Eq. 1,

Lelementi(Phase A/phase B)
wt%elementiinphaseA

= (1)

~ wt% element i in phase B

The average values obtained from the EPMA and
LA-ICP-MS analyses were used for the calculation
wherever possible.

Distribution of Minor Elements Between Slag
and Matte Phase

The distribution coefficients of Pb, Zn, Co, Sn, Sb,
As, Ni, Bi, Se, and In between slag and the matte
phase are plotted against matte grade (wt.% Cu in
matte phase) together with literature data in Fig. 7.
With increasing matte grade, the distribution coef-
ficients of Pb, Zn, Co, Sn, Ni, Bi, and In between slag
and matte were found to increase, with the largest
changes being observed at matte grades above 75
wt.%. These results are in good agreement with
recent laboratory studies by Shishin et al.>® and
Sukhomlinov et al.'* despite the fact that those
were conducted at silica saturation. The difference
in results becomes more noticeable at high matte
grade, which may be due to some replacement of Cu
in the matte phase in the industry samples by Pb,
Zn, and Ni, thus decreasing the amount of Cu in the
matte phase compared with that in stoichiometric
Cu,S. By contrast, the distribution coefficient of Sb,
As, and Se reduces with increase of matte grade.
The distribution coefficient of Sb was consistent
with that reported by Shinshin et al., but signifi-
cantly higher than reported by Yazawa et al.'® or
Roghani et al.’® However, As was found to show
higher affinity to the matte phase than measured by
Shinshin et al.’ For Se, the present study shows
that it strongly partitions into the matte phase,
which is consistent with the findings of Desai et al.*”
It was suggested that, at high matte grade, Se
dissolved in the matte phase oxidized to form SeO,,
which was expected to enter the gas phase. Excel-
lent agreement was found between the present
study and Sukhomlinov et al.'* in terms of the In
distribution behavior between slag and matte.
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Distribution of Minor Elements Between Spinel
and Matte Phase

Since many current Cu smelting/converting pro-
cesses are operated at temperatures below the
liquidus of the slag, spinel phases are commonly
found, and sometimes constitute a large proportion
of the discarded slag materials. Despite the fact that
the spinel phase is capable of hosting significant
amounts of 2+ or/and 3+ metal cations, which
ultimately affects the deportment of some of the
minor elements, it is often overlooked and system-
atic investigations of its chemical compositions have
been few. Klemettinen et al.'® experimentally stud-
ied the equilibrium distribution of trace level of Ni
between iron aluminum silicate slag, Cu metal, and
iron aluminum spinel phase at 1300°C under oxy-
gen partial pressures between 107!° atm and 107*
atm; the authors found that the nickel concentra-
tion increased with increase of the oxygen partial
pressure. Later, a similar equilibrium study with
MgO addition by Darczak et al.'® also reported an
increased Ni concentration in the spinel phase when
the oxygen partial pressure was increased from 10~
1 atm to 10® atm. The distribution coefficients of
minor elements between spinel and matte measured
in the present study are plotted against the matte
grade in Fig. 8. The distribution coefficients of Ni,
Zn, and Co between spinel and matte show similar
trends to those between slag and matte, increasing
with higher matte grade. Ni preferentially enters
the matte phase over the slag phase throughout the
matte grades investigated, with the spinel phase
taking up more Ni than the matte phase at matte
grade above 75 wt.%. The effect of matte grade on
the distribution coefficient of Sn between spinel and
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matte does not show a clear trend due to larger
standard deviation of the Sn concentration in the
spinel phase, but Sn concentrations in the spinel
phase were at least five times higher than in the
matte phase for all samples.

Advantages and Limitations of Chemical
Assay by Microanalysis Methods

Controlled laboratory equilibrium studies provide
fundamental information on the effects of process
conditions on the distribution behavior of minor
elements. However, the important factors affecting
the process output include that the reaction kinetics
and complex feed compositions that are particular to
a specific operation are generally not taken into
account. Moreover, developing experimental tech-
niques to study systems with volatile species has
proven challenging, limiting the relevance or appli-
cability of small-scale laboratory studies.

Analyzing samples taken directly from smelt-
ing/converting/refining processes using microana-
Iytical techniques reveals the elemental
distributions between phases under the actual
process conditions. Combined with other routine
on-site measurements such as process temperature
and bulk chemical assay of slag/matte/metal/off-gas,
it can provide quantitative information on not only
the process mass balance but also the mechanisms
by which valuable elements are lost in discarded
slag material. Furthermore, the distribution behav-
ior of minor elements of potential economic interest
in the future can be followed through the process
flow, even at trace level (~ 1 ppm). This information
is central to future process optimization and
development.
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Fig. 8. Minor element distribution between spinel and matte phase determined in present study. Red solid lines are trend lines for the present
study; error bars (20) calculated based on standard deviations of measured concentrations of corresponding elements (Color figure online).
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The successful application of microanalysis tech-
niques on industry samples depends heavily on
developing sampling strategies to ensure that the
samples taken for analysis are representative, and
that their mineralogy and microstructures after
quenching can be related to those obtaining at the
high-temperature conditions of the process. At
present, the lack of well-characterized sulfide and
metal standard materials for LA-ICP-MS in partic-
ular limits the accuracy of microanalysis of trace
elements in sulfide and metal phases.

CONCLUSION

A quantitative microanalysis method using
EPMA and LA-ICP-MS has been developed to
measure minor element concentrations in complex
copper converting slag samples taken from an
industrial site. It was demonstrated that, by avoid-
ing contamination from mixing of phases, accurate
and precise minor element distributions between
slag, matte, and spinel phase can be obtained using
microanalysis techniques by direct measurement of
representative plant samples.

It was also found in the present study that,
although LA-ICP-MS is capable of measuring ele-
ments at sub-ppm levels, its analysis accuracy
heavily relies on the use of matrix-matching stan-
dards. Future development of matrix-matching
standards, particularly for matte, speiss, and metal,
is essential to extend the application of LA-ICP-MS
in metallurgy research.
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