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ABSTRACT

The increasing demand for metals and the tightening environmental restrictions on in-
dustries have led to a situation where improvements of new and existing process tech-
nologies for higher metal recoveries from primary and secondary resources are needed.
This, in turn, requires a better understanding of process chemistry. The present study
provides important fundamental information on the equilibrium reduction path and the
formation of metal alloy in an electric furnace under nickel slag cleaning conditions, as
well as the chemical properties of Ni, Co, Cu and P at these conditions. High-temperature
equilibration experiments were conducted on magnesia-iron-silicate slags at silica satu-
ration at 1400 C (1637.15 K) and in the oxygen partial pressure range of 10" **~10"7 atm
(1.01325 x 10~°—~102 Pa). The samples were analyzed by electron microprobe (EPMA) for
major and minor elements and laser ablation inductively coupled plasma mass spec-
trometer (LA-ICP-MS) for trace element compositions. Initially the slag contained 2 wt% Ni
and 1 wt% Cu, Co and P each, added as oxides, and at Po, = 10”7 atm, these metals were
only present in the slag with no metal alloy formed. At lower partial pressures, the alloy
formed and its composition changed from 90wt-% Ni-rich to 50 wt-% Ni — 40 wt% Fe alloy
as the Po, decreased. Copper vaporized to a great extent at all conditions. The minor metals
were shown to be present as NiO, PO, 5, CoO and CuQ 5 species in slag over the P, = 1072
—107'° atm range.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Circular economy, urban mining and sustainable metals pro-
cessing are critical concepts for securing our metals supply.
Currently, the metals used for electrical transportation and
renewable energy solutions, such as cobalt and nickel, are
facing sharply increasing demand requiring rapidly building
up their production capacities in the near future. It is esti-
mated that the demand for cobalt by 2030 will increase be-
tween 160 and 280 % from the world refinery capacity of 2016
[1], the nickel demand is forecasted to increase 215—-350 % by
2050 [2] and copper between 275 and 350 % by 2050 [3]. With
current technologies and resources, these production rates
cannot be satisfied, but we need new innovations and tech-
nological solutions alongside improved processing of primary
and secondary resources.

One important and critical process step in nickel process-
ing to avoid significant losses of valuable metals, is the slag
cleaning stage operated in an electric furnace. Recently, the
trend has been towards higher matte grades (low-iron mattes)
in the smelting stage, thus making the slag cleaning stage
even more important. Copper and cobalt are typical valuable
minor metals present in nickel sulfide ores and consequently
in the feed concentrates [4], making their high recoveries
especially important from the sustainability and smelter
profitability point-of-views. In addition, phosphorus is a
rather typical minor element in nickel ores and especially in
ferronickel production based on nickel laterites [4]. Moreover,
in Ni-bearing wastes, phosphorus is common element, espe-
cially in sludges from nickel plating [5]. The raw materials for
nickel matte smelting have often lower sulfide content and
higher MgO concentration compared to the copper smelting
concentrates. Additionally, the slag cleaning stage has been
shown to be a promising recycling process for Ni—Co-rich
scraps [6], and thus its use for recycling purposes will most
likely increase in the future.

Although the matte produced in nickel slag cleaning is
chemically closer to a metal alloy, it is called electric furnace
(EF) matte. The slags fed in the EF contain both mechanically
entrained matte/metal droplets and chemically dissolved
metals. Thus, appropriate reduction degree and sufficient
settling time are key factors for the efficient recovery of
metals. The aim of the process is to produce high-grade matte,
i.e. high concentrations of Ni, Cu, Co and other valuable
metals in EF matte, while keeping the iron concentration as
low as possible. Nevertheless, due to similar chemical prop-
erties of cobalt and iron, some losses of valuable metals in slag
and iron dissolution in matte are inevitable [7].

Literature on Ni, Cu and Co properties in matte/Ni alloy-
slag systems under nickel smelting and converting condi-
tions exist quite extensively. However, only a limited number
of studies cover the reducing nickel slag cleaning conditions
and have determined phosphorus properties in nickel pro-
cesses. Moreover, previous studies have not utilized direct
phase analysis techniques to measure the real chemical dis-
solutions of elements, but rather the bulk compositions
including possible segregations of other phase(s). Table 1
collects previous experimental studies on nickel matte/alloy
— iron-silicate slag systems investigating the distribution
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Reference

PO2/atm or matte grade

T/C

Crucible

Slag

Matte/alloy

+ other minors

Pagador et al. [8,9]

1072°-10°

1400—-1600
1500

MgO
MgO
MgO

Fe0,-Si0, + Ca0
FeO,-Si0,-Al,05

Fe0,-5i0,

Ni—Fe + Cu, P, Co
Ni—Fe + Co/Cu

Ni—Fe—Co

Henao et al. [10]

1049.541047

Li and Tsukihashi [11]

Takeda et al. [12]

10°-10""! (0—27 wt% Fe in alloy)
10~ "-10"8 (1-12 wt%Fe in alloy)
15—75 wt% Cu + Ni

0—65 wt% Fe
0—70 wt% Ni

1500—1600
1300, 1400

Fe and MgO

Sio,
MgO
MgO
MgO
Si0,
Si0,
MgO
Si0,

Fe04-SiO, + CaO

Cu—Ni—Fe + Co, P
Ni—Cu—Fe-S + Co

Choi and Cho [13]
Font et al. [14]

1250—-1300

1300
1300
1300
1250

FeO,-Si0, + Ca0, MgO, Al,O5

FeOx-SiO,

Ni—Fe—S/Ni—Fe—Cu—S/Ni—Cu—S + Co

Ni—Fe—S + Co, Cu

Ni—Cu—Fe—S

Font et al. [15]

Fe0,-5i0,

Font et al. [16]
Lee [17]

0—75 wt% Ni + Cu
5—60 wt% Fe
3—12 wt% Fe

1-20 wt% Fe
2—8 wt% Fe

FeOx-SiO,

FeO,-5i0,

Ni—Fe—S + Co

Piskunen et al. [18]

1350—-1450

1250
1400

FeOy-Si0,-MgO

Fe0,-5i0,

Ni—Cu—Fe-S + Co

Toscano and Utigard [19]

Sukhomlinov et al. [20]

Ni—Cu—Fe-S + Co

FeOx-SiO,

Ni—Cu—Fe-S + Co

+ K,0, MgO

Henao et al. [21]

1-25 wt% Fe

1500
1250
1300

MgO

FeOx-SiO,, FeOx-CaO

Ni—Fe—S

Celmer and Toguri [22]

0—70 wt% Ni (or Ni + Cu)

20—75 wt% Ni

SiO, and Al,O3

FeOx-SiO, + MgO, Al,03, CaO

FeOx-SiO,

Ni—Fe—S/Ni—Cu—Fe—S + Co

Ni—Fe—S + Co

Computational study, Sorokin et al. [23,24]
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Fig. 1 — FeO—SiO,—Fe,05-10 wt% MgO phase diagram with log;0Po> contours superimposed at 1400 C. The red trend line
represents the slag composition at tridymite saturation in the investigated Po, range. The phase label abbreviations in the
diagram: HL = halite, TRD = tridymite, SP = spinel, OL = olivine, OX_LIQ = oxide liquid and BCC = BCC-structured iron. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

coefficients of Ni, Cu, Co and P at similar experimental con-
ditions as those used in this study.

Additionally, some pilot scale experiments for industrial
slags and industrial sampling trials on nickel processes have
been performed. Jones et al. [7] executed pilot-plant test work
at Mintek achieving recoveries of 98 % for nickel and over 80 %
for cobalt, in the matte grade range from 10 to 65 wt% Fe and at
1500—1550 °C. Bustos et al. [25] executed converting simula-
tions at Falconbridge limited and presented industrial results
at a matte grade range of 0—35 wt% Fe. Additionally, Matu-
sewicz and Mounsey [26] investigated cobalt, nickel and cop-
per behavior in a pilot-scale Ausmelt furnace (100 kg/h) testing
different process conditions (reverberatory furnace, converter
and electric furnace). Furthermore, literature related to the
PGM [27] and ferronickel smelting [28] cover the same metals,
as especially Ni, Cu and Co are typical metals in PGM smelters
and P is a critical element to be removed during the ferronickel
process.

This study investigated the equilibrium between a sulfur-
free, Ni-rich alloy and magnesia-iron-silicate slag in the oxy-
gen partial pressure range of 10~ "'—10"7 atm at 1400°C, as well
as the chemical properties of Ni, Cu, Co and P. The experi-
ments were carried out employing a drop-quenching tech-
nique followed by direct spot analysis with electron
microprobe and laser ablation inductively coupled plasma
mass spectrometer [29] to quantify the phase compositions
and determine the distribution coefficients, as well as further
calculate the activity coefficients. MTDATA with the MTOX

[30], TCFE and pure substance databases were used to predict
slag equilibrium as well as to compare and interpret the
experimental results.

2. Materials and methods
2.1.  Thermodynamic calculations

MTDATA 6.0 with its MTOX [30] database was employed for
calculating and predicting the slag equilibrium at different
prevailing oxygen partial pressures. Figure 1 presents a phase
diagram of FeO-SiO,—Fe,03-10wt%MgO system super-
imposed with oxygen activity (partial pressure) contours at
1400 C.

According to the phase diagram calculated, the slag
composition is expected to stay relatively similar in the Po,
range studied in this work. At the lowest investigated Po,
(107! atm), the system does not seem to reach the slag-
tridymite boundary. The minor elements included in this
study will slightly change these boundaries.

2.2. Experimental procedure and analytics

The experiments were conducted employing a well-developed
drop-quench technique followed by electron probe micro-
analysis (EPMA) and laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS). The experimental equipment
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and procedure have been broadly presented in literature [31].
The equilibrium furnace employed was Nabertherm (Lilien-
thal, Germany) RHTV 120-150/18 with Nabertherm P310
temperature controller. Temperature was measured with a
calibrated S-type Pt/90 %Pt—10 %Rh thermocouple (Johnson-
Matthey, UK) and cold compensation junction by PT100
resistance thermometer (SKS Group, Finland) connected to
2010 DMM and 2000 DMM multimeters (Tektronix, Beaverton,
USA), respectively. The data were measured in real time and
logged with a Lab-view program.

The samples were equilibrated in CO—CO, gas mixtures
corresponding to specific Po, from 10~ to 107 atm at 1400C,
see Table 2. The flow rates were calculated based on the
equilibrium constant value of the reaction CO(g) + O,
(g) = CO,(g). CO and CO, gas flows were controlled accurately
by DFC26 thermal mass flow controllers (Aalborg, New York,
USA). Argon gas was used for flushing the furnace post ex-
periments. All gases were supplied by AGA-Linde (Finland)
with purities >99.98 vol-%.

Table 3 shows all the solid materials employed in the ex-
periments. Prior the slag mixture preparation, P,Os and Fe,03
were sintered with a P,Os/Fe,03 (w/w) ratio = 1/3 for 10 min at
900 C. These sintering conditions produced solid phases of
Fe,P,05 + FegP,014 according to P,Os—Fe, 03 phase diagram by
MTDATA-MTOX. The sintering was performed in order to
avoid vaporization of phosphorus during the equilibrium ex-
periments. The slag was prepared by weighing, crushing and
mixing the materials in an agate mortar to a homogeneous
powder mixture. The initial Fe/SiO, ratio of the slag was 0.82
(including FeO and Fe from the sintered Fe,03;—P,0s pellet),
MgO concentration 10 wt% and the concentrations of minor
elements: NiO = 2.55 wt% (Ni = 2 wt%), Cu,O = 2.26 wt%
(Cu = 1 wt%), CoO = 1.27 wt% (Co = 1 wt%) and P = 1 wt% as
sintered Fe,P,0g—FecP,014 powder. Slag pellets weighing 0.2 g
were pressed and used in the equilibrium experiments.

A slag pellet was equilibrated in a silica crucible (Heraeus
300 HQ glass, Finnish Special Glass, Espoo, Finland) for 18 h in
controlled CO—CO, gas atmosphere at 1400 C. The sample was
quenched in ice water mixture and prepared, employing wet
metallographic techniques, for SEM-EDS, EPMA and LA-ICP-
MS analyses. Imaging and preliminary elemental composi-
tion analyses were conducted with Mira 3 SEM (Tescan, Brno,
Czech Republic) equipped with an UltraDry Silicon Drift En-
ergy Dispersive X-ray Spectrometer (EDS) supplied by Thermo
Fisher Scientific (Waltham, MA, USA). The primary analyses
were conducted employing an SX100 microprobe (Cameca
SAS, France) equipped with five wavelength dispersive spec-
trometers (WDS), with an acceleration voltage of 20 kV and
emission current of 15 nA. The beam size was for slag 100 pm

Table 2 — The gas flow rates employed in the experiments

(ml/min NTP).

log10Pos co co,
—7 41 259
-8 100 200
-9 184 116
-10 250 50
-11 282 18

and for metal 1-20 um. The used standards were natural
minerals and synthetic metals: Mg K,, and Si K,, (diopside), Fe
K, (hematite), Co K, (cobaltite), O K, (quartz), Ni K,, (Ni), CuK,
(Cu) and P K, (apatite). The detection limits of EPMA for slag
and metal phases are presented in Table 4. Eight analysis
points per phase were taken from each sample and used to
calculate the concentration averages and standard deviations.
The results were corrected employing a PAP on-line matrix
correction program [32]. The totals were 100.5 + 1.1 wt% for
slag and 100.3 + 0.8 wt% for metal. The sensitivity of EPMA for
minor element measurements was sufficient, excluding for
copper in slag and for phosphorus in metal alloy at 10~ atm.

Due to the insufficient EPMA detection limits for Cu and P,
both metal alloy and slag phases were analyzed by LA-ICP-MS.
The slag phase was analyzed from all samples, and the metal
alloy phase from four samples (one at each oxygen partial
pressure between 10~''~107% atm). The laser ablation system
was equipped with a 193 nm ArF excimer laser (Teledyne
CETAC Technologies, USA) and it was coupled to a single
collector sector field ICP-MS (Nu Instruments Ltd, UK). The
laser spot size was chosen as 50 pm, and the laser was fired at
10 Hz frequency with 2.17 J/cm? fluence on the sample surface.
After 5 pre-ablation pulses, the gas background was analyzed
for 20 s, followed by 400 (slag) or 300 (metal) laser pulses for
signal acquisition. The mass spectrometer was operated in
low resolution mode (M/AM = 300), and data reduction was
performed using the Glitter software [33].

For the slag phase, NIST 610 [34] standard reference ma-
terial was used as the external standard. NIST 612 as well as
USGS BHVO-2G and BCR-2G [35] glasses were analyzed as
unknowns. Silicon (*°Si) was used as the internal standard,
with concentration values from EPMA measurements. For the
metal, UQAC FeS-1 pressed pellet [36] was used as the external
standard, while USGS MASS-1 [37] sulfide as well as BHVO-2G
and BCR-2G glasses were analyzed as unknowns. The internal
standard was iron (*’Fe). The phosphorus concentration in
UQAC FeS-1 was obtained by analyzing this material as an
unknown, using BHVO-2G as the external standard and *’Fe as
the internal. The average value obtained for phosphorus was
120.8 ppm. In this work, the LA-ICP-MS concentration results
were used for copper in the slag in all samples, and for
phosphorus in the metal at 1078 atm oxygen partial pressures.

3. Results

The alloy was formed during equilibration of the condensed
phases with the prevailing gas atmosphere. Reduction and
formation of the metal alloy from the oxide slag mixture were
investigated as a function of oxygen partial pressure. Figure 2
shows the formation of the metal alloy in a micrographic
sequence; in the highest Po, no metal alloy was found,
whereas as a function of decreasing Po,, the amount of the
alloy and the droplet size(s) seemed to increase. Based on the
micrographs, the metal was formed as round-shaped drop-
let(s), indicative of liquid formed at the experimental tem-
perature. Figure 3 presents high-magnification alloy
micrographs at three different oxygen partial pressures. At
1078-1077 atm, the alloys were entirely homogeneous (apart
from some holes). When the P, decreased to 10 *° atm, a net
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Table 3 — The solid reagent materials employed.

Chemical Supplier Purity (%)
FeO Sigma—Aldrich 99.7
Fe,0s3 Alfa Aesar 99.998
Sio, Umicore 99.99
MgO Sigma—Aldrich >99
NiO Sigma—Aldrich 99.99
CoO Sigma—Aldrich 99.95
Cu,0 Oxidized from copper 99.999
cathode material
(Boliden 99.999 %)
P,0s Alfa Aesar 99.99

structure, visible as darker grey areas in the micrographs,
appeared in the alloy and this net structure developed further
at 10 atm.

Slag composition results based on EPMA measurements
with their uncertainties (standard deviations +1c) are pre-
sented in Fig. 4. The composition of the slag, related to its Fe,
Si0, and MgO concentrations, stays relatively constant, as
predicted in the phase diagram in Fig. 1. A slight decrease in
silica and magnesia concentrations as a function of increasing
partial pressure was observed.

Figure 5 presents the concentration results of P, Co, Ni and
Cu in slag as a function of Pp, with their uncertainties (+1c).
The P, Co and Ni concentrations were based on the EPMA
measurements, and Cu concentrations were analyzed with
the LA-ICP-MS.

At the highest oxygen partial pressure investigated,
1077 atm, Ni, Co and P concentrations were close to their
initial concentrations in the slag mixture. Figure 5 shows how
nickel oxide started to reduce and form metal alloy at
1078 atm. An especially large decrease in Ni concentration in
slag occurred between 108 and 10 ° atm continuing to
10~ atm with only 0.1 wt% of nickel dissolved in the slag. On
the other hand, cobalt concentration exhibited only a small
decrease between 10~7 and 10~° atm, and the main decrease
occurred when Pp, was decreased to 10~ 1° atm. However, even
when the oxygen partial pressure was decreased to 10~ ** atm,
cobalt concentration in slag did not decrease below 0.4 wt%.
Phosphorus concentration stayed constant around 1.1 wt%
between 1077 and 10~ atm, and at more reducing conditions it
decreased slightly down to 0.9 wt%. Copper concentration in
the slag was very low throughout the entire investigated Po,
range, at maximum of 350 ppm at 10~ atm (average of the
repeated experiments), decreasing down to 50 ppm at
107" atm.

The metal alloy results with their uncertanties (+1c) as a
function of Po, are presented in Fig. 6. Metal alloy did not form
at 107 atm, but at 10 °® atm the alloy which formed was

extremely rich in nickel (90 wt%Ni). As the Po, decreased, the
nickel concentration in the alloy decreased simultaneously
with increasing iron, cobalt and phosphorus concentrations.
Typical iron concentration in EF matte after slag cleaning is
between 30 and 40 wt% [38]. The standard deviation of phos-
phorus was much greater than of the other elements, which
can be explained by its tendency to form stable nickel phos-
phides that might have segregated during quenching. More-
over, at these concentration levels at 1400 °C, the Ni—P phase
diagram showed a simultaneous existence of Ni alloy and
liquid alloy [39] in a similar way as indicated by the TCFE
database for Ni—Cu—Co—P alloys.

The alloy-slag system was investigated computationally
with MTDATA employing its MTOX and TCFE databases.
Special emphasis was placed on copper properties and its
evaporation tendency since copper concentration in the alloy
stayed constant at 0.4 wt% in the entire investigated P, range.
As oxygen is notincluded in the TCFE database, all the oxygen
carrier species in liquid alloy were excluded from the calcu-
lations. In the current experimental conditions, the solubility
of oxygen is very small and thus no major error was caused in
the equilibria by this simplification. Additionally, the alloy
was forced into metastable liquid form as micrographs
showing round-shaped droplets indicated to formation of a
liquid phase. Different computations were carried out and
their results and constrains are presented in the Supplemen-
tary file. The first calculation was done by varying the oxida-
tion degree of the system (added O,) i.e. as a function of partial
pressure of oxygen at 1400 °C, wherein the gas volume flow
rate (i.e. the gas/condensed phase ratio) was set to correspond
the experimental conditions used. Because of the MTDATA
user interface, the gas volume flow rate is presented as gas
mass during the experiment. The gas mass was evaluated
based on the densities of the gases (Ar, CO and CO,) and their
flow rates used in the experiments. Additionally, a calculation
to examine the influence of the total gas volume (as mass of
Ar) on copper vaporization was carrier out at constant Po,.
=10""*atm and T = 1400 °C by varying the gas mass from zero
to the amount used in the experiments.

The computational results predicted that a metal alloy will
form around 108 atm and below. The copper concentration
was at a maximum of 1 wt% in the alloy and 0.05 wt% in the
slag at 1078 atm, whereas its partial pressure was relatively
high at 107>’ atm and stayed constant throughout the
investigated Po, range. Copper was shown to be present
almost fully in the gas phase (as Cu(g) species) as a function of
Py, and its gaseous species become dominant quickly when
the gas mass increased. It was the only metal species whose
partial pressure in gas and concentration in slag and metal
showed a decreasing tendency when Ar mass, i.e. the gas
mass/flow, increased in the system at constant

Table 4 — EPMA and LA-ICP-MS detection limits in ppmw.

Mg Si Fe Co (o) Ni Cu P
Slag 484 343 292 347 1294 331 455 194
Metal 819 402 259 394 443 578 222
Slag (laser) %5Cu 0.01
Metal (laser) 31p 7.908
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108 atm

10 atm

101 atm

Fig. 2 — Microstructural formation and evolution of metal alloy as a function of decreasing oxygen partial pressure at 1400 C.

Po, = 1072 atm. The biggest difference between experimental
and computational results was the iron concentration in the
alloy at reducing conditions; MTDATA predicted approxi-
mately 90 wt% Fe at 10~'! atm and the experiments showed
35—40 wt%.

4, Discussion and conclusions

The recovery opportunities and removal efficiency of valuable
metals Ni, Cu, Co and impurity element P in the slag cleaning
process at different oxygen partial pressures were evaluated
with distribution coefficients. In this study, the distribution
coefficient was defined as the ratio of metal M in wt% between
the nickel alloy a and slag s:

Wt%MaIIuy

(Wt%M) g,

La/s —

(1)

The investigated metals were considered to dissolve in the
slag via the following reaction:

e
-~ >
; o0
\‘ ‘\ < 5 - <
o oy : e
[ 2 -
; .~ 2
D #
2 v
R ¥ o P
50%m ‘ 50 pm

10°1° atm

M + x/2 O, (g) = MOy 2

When the metal oxides are in monocationic form
(amo= YmoNmo= Ymonm/nt), the distribution coefficient can be
presented in thermodynamic equilibrium by employing the
equilibrium constant of reaction (2) and organizing the vari-
ables as follows:

nr(Ymox) 3)

LY*M = x/2
K(nr)ymPo,

When the total number of moles nr in 100 g alloy and (slag),
as well as the activity coefficients y in alloy and (slag) are
constant, the slope of the curve for long"/S as a function of
logi0Po, reveals the oxidation degree of the metal M. The
parantheses () in equations 1 and 3 indicate to slag phase.

The distribution coefficient is independent of scale of the
system and thus applicable as such in industrial processes
with corresponding conditions. On the other hand, it does not
provide information on the element losses in gas, dust, fume
or possible solids present/formed in the process, ie. the
overall recoveries. The distribution coefficients with trend

" 107 atm

50um

Fig. 3 — Microstructures of the alloys as a function of decreasing oxygen partial pressure.
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Fig. 4 — SiO,, Fe and MgO concentrations in the slag as a
function of Py, at 1400 C.

lines fitted in the Po, range between 10~8 and 107'° atm are
presented in Fig. 7 (a). Additionally, equations for the trend
lines are included to show the slopes of the curves; these
indicate the oxidation degree of the elements in the slag.
Figure 7 (b) shows the distribution results as a function of
‘matte grade’, i.e. the iron concentration in alloy.

The distribution coefficients for all the investigated minor
elements decreased as the oxygen partial pressure, i.e. the
matte grade increased (lower Fe in alloy), and the values were
in the order Ni > Cu > Co > P. Nickel, copper and cobalt were
distributed preferentially into the alloy after the alloy began to
develop at 108 atm, whereas phosphorus distributed more
into the slag above 107 atm Py, and more into the metal, L¥
SP = 2—3, at Po, <107 1% atm. The distribution coefficient of iron
varied from 0.2 to 1.2 as a function of decreasing partial
pressure of oxygen.

Nickel was recovered effectively in the alloy, as the value of
the distribution coefficient L¥% was 60 at 10~% atm, and it
increased ten-fold, close to 600 at 10~'° atm. The slope of the

1.8
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Fig. 5

trend line (0.5) strongly indicates divalent Ni?*, i.e. NiO oxide
form in the slag. Although copper vaporized to a great extent,
the distribution coefficient L¥® Cu behaved as expected: cop-
per preferred the alloy over slag, and the distribution coeffi-
cient increased as the conditions became more reducing. The
slope of the trend line for copper (0.22) indicates monovalent
Cu*, i.e. CuOgs form in the slag. Cobalt was also distributed
more into the alloy, although presenting the lowest L% value
of these three valuable metals. The slope (0.45) indicates
divalent Co?*, i.e. CoO form in the slag. Phosphorous distrib-
uted more into the slag above Py, = 107*° atm, and slightly
more into the alloy at Po; < 107 '° atm. The slope of the ob-
tained curve (1.35) indicates pentavalent P>* form as PO,s
species in the slag. All the indicated valences based on the
trend line slopes are the most stable oxide forms considered in
the literature.

Henao et al. [10] investigated the Ni-alloy and FeOy-SiO,-
MgO-Al, 05 slag system with minor elements of Cu and Co at
1500 °C in the Py, range 107°—10"7 atm. Their distribution
coefficients for Ni, Cu and Co were one logarithmic order of
magnitude higher than in our study. Additionally, Pagador
et al. [8,9] investigated Ni/Ni—Cu alloy equilibrated with FeOx-
Si0,-MgO slag with and without CaO addition at 1400—1600 °C
in the Py, range 10-%°—10° atm. Their distribution results [9]
for Ni and Co, at corresponding experimental conditions as in
this study, are consistent with our results. The distribution
coefficient of copper was around 100 at 10~ atm and 1400 °C,
being on the higher side of our results, whereas the value for
phosphorus was somewhat lower in their study measured at
1500 °C [8]. They showed that the distribution coefficients of
Cu, Ni, Co and P in Ni-alloy — FeO-Si0,-MgO slag system
increased when CaO and Al,0; were added and when tem-
perature increased [9,10]. Li and Tsukihashi [11] reported also
Co and Ni distribution coefficients between Ni—Fe alloy and
Fe0,-Si0,-MgO slag at Py, = 107°-10"' atm and at
1500—1600 °C. Their results fit well with the results of Pagador
etal. [8,9]. Takeda et al. [12] presented distribution coefficients
for Cu, Ni, Fe, Co and P between Cu—Ni—Fe alloy and different
iron-silicate and calcium ferrite slags at MgO or Fe saturation
in the P, range 10~ ''—~108 atm (although only 0—12 wt% Fe in
alloy) at 1300—1400 °C. Copper was a prevailing metal in the
alloy, and their distribution coefficient results for Cu with
fayalite slag were somewhat higher than in this study. The
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Fig. 6 — Metal alloy composition as a function Py, at 1400 C.
The phosphorus concentration at 10~% atm P, are from
LA-ICP-MS, and the other results from EPMA
measurements.

distribution coefficients of Ni and Co with fayalite slag were
similar to ours in the reducing conditions and deviated
increasingly as Po, increased, whereas phosphorus distribu-
tion results at 1400 °C for fayalite slag fit with our results. All
the distribution coefficients were greatly dependent on the
slag type used in the experiments.

Font et al. presented the distribution coefficient of Co
increasing from 1 to 10 as Cu—Ni matte grade increased from

(@)

4
3 ° y=-0.50x - 2.31
2
< 1 y=-0.22x-0.42
-
S [ ]
[eTs]
B ° = 0.45x-3.17
S [ PYY p
1 Co ¢
cl y=1asx-1317
°
-2 ®Fe
oP
3
12 11 -10 -9 -8 7
10810Po;,

zero to 60 wt% Fe in matte [14] or decreased from 60 to 0 wt
% Ni in matte [15] at 1300 °C, i.e. slightly lower than our
results. Font et al. [15] presented the distribution coefficient
of Cu changing from 15 to 30 as matte grade increased from
0 to 70 wt% Ni in matte at 1300 °C, which is slightly on the
lower side compared to our results. Sukhomlinov et al. [40]
investigated Co, Ni and Cu distributions in the copper-slag
system and showed that the distribution coefficients LS
of these metals increased as a function of increasing tem-
perature, similarly as Choi and Cho [13] showed that tem-
perature and additives the Co distribution
coefficient. The results in the aforementioned studies were
on same level in high matte grades, but differentiated
increasingly as the process conditions became more
reducing. Additionally, the results by Celmer & Toguri at
1250 °C seem to be on the lower side of our results. In
general, the trend was that the previous Ni matte system
results fit better with those presented here at oxidizing
conditions but diverge at reducing conditions. It is also
important to note, the comparison of metal-slag results in
matte-slag studies where the matte grades are presented as
wt% Ni or Ni—Cu in stead of wt% Fe is not straightforward.

Equation (3) was employed to evaluate the activity co-
efficients of minor element oxides (ymox) in the slag. The
average total moles (nr) of slag in monocationic form per 100 g
of slag were calculated as 1.61 + 0.03 (1o) and for alloy as
1.74 + 0.03 (10). MTDATA-TCFE calculation for the alloy based
on EPMA results in the partial pressure range 1078-10"° atm
at 1400 °C were executed to evaluate the activities and activity
coefficients of elements (yy) in alloy. This Py, range was
chosen as the concentrations of metals in alloy varied almost
linearly in these conditions and the (logarithmic) distribution
coefficients and log;oPo, were linearly associated between
1078-107"% atm. The activity and activity coefficient results for
the alloy in the third MTDATA calculation are shown in the
Supplementary file.

influence
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Fig. 7 — The distribution coefficients between alloy and slag obtained for Ni, Cu, Co and P as a function of Py, (a) and matte

grade (b) at 1400 C.
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Table 5 — The activity coefficients of mono-cationic oxides in slag (standard state: pure, liquid oxide).

10g10P02 ’YCOO(].) ’YN]O(I) ’YPOzs(].) ’YCU.O()S(].) 7FeO(1)
-8 0.62 4.36 3.4E-07 2.20 1.12
-8 0.58 3.98 5.5E-07 3.09 1.02
-9 0.59 3.91 8.6E-06 2.70 1.12
-9 0.42 2.63 4.9E-07 1.65 0.87
-10 0.53 3.48 1.1E-05 1.24 0.81
-10 0.43 3.40 6.5E-06 2.30 0.73

The concentrations and activities of the elements in the
metal alloy changed as a function of the partial pressure of
oxygen. The Ni—Co—Fe system has been shown to behave
close to an ideal system [41—44] and also the MTDATA cal-
culations showed relatively constant behavior. Copper and
phosphorus exist as minor elements in alloy, and thus should
obey Henry's law, corroborated by their activity coefficients
remaining close to constant. The activity coefficients of
metals and their oxides always depend on the selected stan-
dard states. The reactions and standard states considered in
this study were their pure liquid forms, as shown in the
following equations (4)—(8):

Ni(l) 4 % O4(g) = NiO(l) — AG/k] = —92.863 — K = 7.932 x 10%(4)

Co(l) + ¥ O,(g) = CoO(l) —» AG/ k] = —106.546 —
K =2.121 x 10° (5)

2Gu(l) + % 0,(g) = Cu0(l) — AG/ kJ = —48.943 — CuOp3s:
K=7.238 6)

2P(1) + 2.50(g) = P,0s(l) — AG/ kJ = —660.880 — PO, s:
K =3.717 x 10" ?)

Fe(l) + % Oy(g) = FeO(l) — AG/ kJ = —157.530 —
K = 8.287 x 10* ®)

The Gibbs energy change of the dissociation reactions of
the general stoichiometric oxides to mono-cationic form was

1
0 ¢
-1
2
x
@)
S -3
e @ yNiO(l)
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Fig. 8 — Activity coefficients of oxides as a function of Nyoy.

defined zero. Therefore, their K values can be evaluated
employing general thermodynamic references, including the
database of HSC 9.4.1 [45] as used in this study. As shown by
Yazawa et al. [46], if expressing oxides in the mono-cationic
form their activity coefficients remain close to constant over
a large compositional range. They also showed that the total
number of moles of species, (nr) for typical non-ferrous
smelting slags is almost constant in 100 g of slag with the
mono-cation approach, as well as for mattes and alloys nr.
Although the activity coefficients of metals were relatively
constant based on MTDATA-TCFE calculation, their accurate
values shown in the Supplementary file were used to evaluate
the activity coefficients of the oxides.

The activity coefficients of NiO(l), CoO(l), CuOg s(l), PO 5(1)
and FeO(l) were calculated employing equation (3) and pre-
sented in Table 5 and in Fig. 8 as a function of molar fraction of
the mono-cationic oxides (Nyox)-

Activity coefficients of the oxides were constant as a
function molar fraction of the corresponding oxides,
although the activity coefficients of cobalt and nickel oxides
show a slight decrease as a function of oxygen partial pres-
sure (Table 5). The activity coefficient of phosphorus oxide
was very small, around 107, i.e. deviating negatively from
ideal behavior, also CoO(l) showed to a negative deviation
from ideal behavior.

Lu et al. [47] investigated activity coefficients of NiO(s) and
CoO(s) in Ca0—Al,03—Si0, slag and presented comprehensive
literature review on previously presented activity coefficient
values using pure solid standard states. The activity coeffi-
cient of NiO(l) calculated here was in the same level as in
many other studies, whereas y CoO(l) calculated by us was
lower compared to other studies [47]. Based on the HSC, the K
value for CoO, i.e. reaction (5) is more sensitive to the standard
state used, liquid or solid, than NiO. The study by Takeda et al.
[28] under ferronickel process conditions (Po, = 10~° atm,
T = 1550 °C) the activity coefficient of PO, s(l) was between
10>-10"° depending on the slag composition. The activity
coefficient of CuOg 5(1) was lower than in the most comparable
studies [8,10] in which also the distribution coefficient values
were higher.

5. Conclusions

To improve the recoveries of valuable metals in existing and
new process technologies, the chemical properties of target
elements and the overall chemistry of the processes need to
be better understood and accurately determined by experi-
mentation. Only limited well-defined studies exist on the alloy
formation in nickel EF slag cleaning. This study determined
the distribution coefficients of Ni, Co, Cu and P between
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forming Ni alloy and SiO,-FeOx-MgO slag based on true
chemically dissolved element concentrations, measured with
EPMA and LA-ICP-MS techniques. The systems were equili-
brated under typical Ni-smelting and slag cleaning conditions
in the oxygen partial pressure range of 10 ''~10"7 atm at
1400 °C.

In the most oxidizing conditions at 10~” atm, no Ni-alloy
formed. At lower oxygen partial pressures (10~** —10~% atm),
the distribution coefficients between Ni-alloy and slag were
determined, and the values were in the order Ni > Cu > Co > P.
Copper showed a high tendency to vaporize from the system
which could be deduced by its low initial concentration in slag
at 1077 atm and by the computational results of MTDATA. The
investigated elements were shown to be present as NiO,
CuOg s, CoO and PO, 5 species in the slag in the oxygen partial
pressures between 10 % and 107'° atm. Additionally, their
activity coefficients in the slag were calculated using solution
thermodynamics based on the experimental results and
available thermodynamic data (MTDATA-TCFE and HSC).
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