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Abstract
With the purpose of recovering the metal values, in this study the copper slag was reduced by coke and biochar at 1250 °C 
in an argon gas atmosphere using the isothermal reduction/drop quenching technique. The phase compositions of metal, 
matte, and slag were determined using electron probe microanalysis (EPMA). The effects of reduction time and amount 
of reductant were investigated. The distribution of elements between metal/matte and slag was ascertained based on the 
elemental concentrations determined by EPMA. It was found that copper concentration in slag can be effectively decreased 
to approximately 0.4–0.6 wt% within 5 min by coke and biochar. Copper and nickel can also be successfully recovered into 
the copper alloy phase once settling has been accomplished.
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Introduction

With the continuously increasing demand for copper in 
equipment manufacturing, building construction, and infra-
structure, it was estimated that global primary copper pro-
duction would grow by 2.9% to approximately 22 million 
metric tons in 2022 which means the generation of 60–70 Mt 
pa of slag [1]. This is in addition to the forecasted major 
growth of copper demand as a result of the electrification 
of society and the utilization of renewable energy sources. 
Copper is mainly extracted from sulfide mineral ores through 
pyrometallurgical techniques [2, 3], among which more than 
50% of annual output comes from Metso flash smelting tech-
nology [4]. The copper slag produced in flash smelting fur-
naces contains valuable metals (e.g., Cu, Co, Ni, and Zn) and 
heavy metals (Pb, As, and Sb) which require slag cleaning 
[1, 5, 6] before being landfilled. The cleaning of copper slag 
has attracted increasing attention due to the benefit of envi-
ronmental protection and circular economy [7–12] but the 
use of slags in other areas is limited [1, 13].

The carbothermic reduction of copper slag is one of 
the efficient techniques for copper slag cleaning and 
recovery of its metal values [1]. Table 1 summarizes the 
recent studies [9, 11, 12, 14–29] on copper slag reduc-
tion using different reductants as carbon sources. In most 

previous studies, the slag was slowly cooled after reduc-
tion [9, 11, 15, 16, 19, 20, 24, 27, 29]. The slow cooling 
of the reduced slag leads to the redistribution of elements 
between the phases, which means the metal concentrations 
in slag do not represent the situations at high temperatures. 
Moreover, the chemical analysis techniques used in most 
previous studies [9, 14–22] may cause inaccuracies in 
measuring the metal concentrations in slag and their dis-
tributions due to incomplete separation of metal and slag. 
The behaviors of elements in the carbothermal reduction 
of copper slag have not been systematically investigated. 
To determine the optimal operating conditions for copper 
slag cleaning, it is critical to understand the elemental 
distributions in copper slag reduction.

In this study, the effects of the reduction time and 
the amount of reductant on the distribution of elements 
between metal/matte and slag were investigated using 
high-temperature isothermal reduction followed by the 
drop quenching technique [30, 31]. The concentrations of 
metals in all phases were analyzed by EPMA. The present 
work helps to understand the behaviors of various ele-
ments in copper smelting slag cleaning using coke and 
biochar. The main motivation for the investigation was to 
find out the potential of biochar as a replacement for fossil 
coke as the reductant in the slag cleaning process.

Table 1  Recent studies on copper slag cleaning by carbothermic reduction

SEM scanning electron microscopy, EDS energy dispersive spectrometry, XRD X-ray diffraction analysis, XRF X-ray fluorescence analysis, 
EPMA electron probe microanalysis, TG thermogravimetric analysis, DTA differential thermal analysis, FTIR fourier transform infrared spec-
troscopy, ICP inductively coupled plasma spectroscopy, AAS atomic absorption spectrometry, AES atomic emission spectroscopy, OES optical 
emission spectrometry

Carbon source Temperature/°C Cooling rate/(deg/min) Analytical methods Reference

Graphite 1300–1450 2 SEM–EDS, XRD, TG–DTA, and ICP-OES [9]
Walnut shell char 900–1300 Not reported SEM–EDS, TG, EPMA, XRD, and FTIR [11]
Waste cooking oil 600–1300 Not reported SEM–EDS, XRD, EPMA, and FTIR [12]
Graphite 1500 Rapid quenching XRD, SEM–EDS, and Chemical analysis [14]
Coal 1100–1300 Cooled in  N2 XRD, SEM–EDS, EPMA, and Chemical analysis [15, 16]
Coal 1500 Rapid cooling in Ar XRD, Chemical analysis [17]
Anthracite 1500–1600 Not reported XRD, Chemical analysis [18]
Coal 1100–1300 Cooled in  N2 XRF, XRD, EPMA, and Chemical analysis [19]
Coke 1100–1300 Cooled in  N2 XRD, XRF, SEM–EDS, Chemical analysis [20]
Coke 1250–1480 Not reported AAS and Chemical analysis [21]
Anthracite 900–1300 Not reported XRD, SEM–EDS, ICP-AES, FTIR, XPS [22]
Biochar 25–1450 – TG, XRD [23]
Charcoal, Bamboo char, 

and Straw fiber
600–1300 Cooled in  N2 SEM, TG, and XRD [24]

Activated carbon 1400–1600 Not reported XRD, XRF, EDS [25]
Waste cooking oil 1230–1290 Not reported AAS, SEM–EDS, and EPMA [26]
Coal 1100–1300 Cooled in Ar XRD, SEM–EDS, XRF [27]
Graphite 25–1300 – XRD, TG [28]
Anthracite 1200 Cooled in air XRD, SEM–EDS, and XPS [29]
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Methodology

Thermodynamic Analysis of Carbothermic 
Reduction Reactions

To confirm the feasibility of the carbothermic reduction 
of copper slag at high temperatures, the possible reduction 
reactions of oxides in copper slag with solid carbon, as listed 
in reactions Eqs. 1–9, were analyzed using equilibrium cal-
culations by MTDATA in open system mode by removing 
the gas phase from the system after each carbon addition 
step and equilibration. The ferric oxide in copper slag was 
expected to be reduced into wüstite and further dissolve in 
the copper before forming a solid iron alloy. The details of 
the initial slag compositions (see Table S1) and the bound-
ary conditions used in the calculations are presented in the 
online Supplementary Material file.

Figure 1 shows the calculated changes in slag and gas 
compositions as a function of the reduction degree. The 
lower content of  FeO1.5 in liquid oxide, shown as the X-axis 
in Fig. 1, represents a higher reduction degree. The equilib-
rium calculation was carried out stepwise in an open system 
where the formed gas phase was removed from the calcula-
tion prior to the following coke addition. The thermody-
namic data for the computational equilibrium were retrieved 
from the Mtox and SUB_SGTE databases of MTDATA soft-
ware [32]. The reduction generated two alloy phases so that 
LIQUID(1) was a sulfide matte and LIQUID(2) was a low-
sulfur speiss-related alloy with high arsenic and iron content 
(see details in Fig. S1 and Fig. S2 of the online Supplemen-
tary Material file). For simplicity, the coke was assumed to 
be pure carbon.

(1)Cu2O + C = 2Cu + CO(g)

(2)ZnO + C = Zn + CO(g)

(3)NiO + C = Ni + CO(g)

(4)CoO + C = Co + CO(g)

(5)PbO + C = Pb + CO(g)

(6)2FeO1.5 + C = 2FeO + CO(g)

(7)FeO + C = Fe + CO(g)

(8)1∕3Sb2O3 + C = 2∕3Sb + CO(g)

(9)1∕3As2O3 + C = 2∕3As + CO(g)

Figure 1a indicates that the concentrations of copper, 
nickel, and arsenic in copper slag increase when the reduc-
tion has proceeded to some extent, due to the preferential 
reduction of  FeO1.5 to FeO. The calculated total mass of 
matte and alloy decrease and increase, respectively, with 
an increasing reduction degree, as shown in Fig. 1b. The 
predicted copper and iron concentrations in the copper alloy, 
as shown in Fig. 1c, remain almost constant when the  FeO1.5 
in slag varies between 0.1 wt% and approximately 0.03 wt%. 
However, with the increase in reduction degree, the fractions 
of copper decrease and the iron fractions in the copper alloy 
increase simultaneously. Figure 1d shows that the amount of 
 CO2 generated in the gas phase decreases with an increasing 
reduction degree, whereas the concentration of CO in the 
gas phase displays the opposite increasing trend compared 
with  CO2. The concentration of  SO2 in the gas phase drops 
dramatically at the very beginning of the reduction process. 
The calculation indicates that zinc preferentially evaporates 
into the gas phase.

Materials

The copper slag used in this study was provided by Metso 
Research Center, Pori, Finland. The chemical compositions 
of the copper matte-making slag are listed in Table 2 and the 
mineralogical cross-section and XRD pattern are shown in 
Fig. 2. The micrograph of the copper slag indicates that it 
mainly consisted of fayalite, magnetite, intergranular glass, 
and physically entrained copper matte. The fayalite and mag-
netite phases were also identified by XRD. However, the 
intergranular glass was not detected by XRD since it was 
amorphous.

Coke (Boliden Harjavalta) and biochar (Carbons Finland 
Oy, Kouvola, Finland) were used as reductants in the reduc-
tion experiments. The coke was crushed in an agate mor-
tar from a particle size of 8–20 mm into smaller particles 
(< 1 mm) and the biochar was dried at 100 °C for 20 h to 
reach a moisture content of approximately 23 wt%, which 
was calculated by weighing the biochar before and after dry-
ing. The compositions of coke and biochar and the amount 
of reductant with the different stoichiometric amounts for 
each experiment used in this study are displayed in Table 3. 
The specific surface area of biochar reported by the sup-
plier was > 500  m2/g. The particle size of 500–1000 µm for 
the pretreated coke and biochar was selected to represent 
the typical particle size in industrial practice. Cone-shaped 
fused silica crucibles (> 99.998%, Finnish SpecialGlass Oy, 
Espoo, Finland) were used for the experiments.

Experimental Setup and Procedures

The experiments on the high-temperature isothermal reduc-
tion of copper slag were conducted in a vertical Lenton tube 
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furnace (Lenton PTF 15/45/450, UK) heated using SiC heat-
ing elements, as described in detail in our previous studies 
[33–35]. Figure 3 shows a schematic diagram of the reduc-
tion furnace. The sample temperature was measured by a 
calibrated S-type Pt/Pt-10% Rh thermocouple placed on the 
top of the sample. In each experiment, approximately 1 g of 
copper slag was mixed manually with one or two stoichio-
metric amounts of coke/biochar before being placed into 
the silica crucible. The stoichiometric ratio of carbon was 
calculated based on the aim of reducing all metal oxides 

of interest into pure metal. The mixing of copper slag and 
reductants was only conducted by the initial manual mixing, 
without employing a lance to blow gas into the molten slag.

The experiment was started by introducing the samples 
into the cold zone of the furnace using Kanthal A1 wire 
before charging pure Ar (300 mL/min, 99.999 vol%, Woiko-
ski Oy, Finland) into the furnace. The bottom of the furnace 
reaction tube was sealed using a rubber cork. After stabiliz-
ing the gas atmosphere for 15 min, the sample was lifted into 
the hot zone for reduction. The sample was then quenched in 

Fig. 1  Development of the equilibrium in coke reduction of cop-
per slag at 1250  °C: a composition of the minority components in 
the molten slag, b amounts of metallic reduction products, c average 

composition of liquid alloy phases, and d outlet gas composition as a 
function of the ferric oxide  (FeO1.5) concentration of the slag
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an ice-water mixture after annealing the sample at 1250 °C 
for a certain time. Preliminary experiments indicated that 
the reduction of copper slag with biochar occurred within 
5 min, although it took a longer time for copper slag reduc-
tion using fossil coke. Therefore, the experiments with a 
reduction time of 5 min were only conducted when using 
biochar.

Analytical Methods

The quenched samples were dried in ambient air and then 
mounted in epoxy. The cross-sections of the samples were 
prepared by grinding and polishing using the wet metal-
lographic method. The polished cross-sections were 
coated with carbon using a carbon evaporator (JEOL IB-
29510VET). The microstructures and major compositions 
were determined using a scanning electron microscope 
(SEM, Tescan MIRA 3, Brno, Czech Republic) equipped 
with an UltraDry silicon drift energy-dispersive X-ray spec-
trometer (EDS, Thermo Fisher Scientific, Waltham, MA, 
USA).

The elemental concentrations were obtained accurately 
using a Cameca SX100 electron probe microanalyzer 
(EPMA, Cameca SAS, Genevilliers, France) with wave 
dispersive spectroscopy (WDS). An accelerating voltage 
and beam current of 20 kV and 20 nA, respectively, were 
employed in the EPMA analyses. Both a focused and a defo-
cused beam diameter set to 5 µm, 10 µm, and 20 µm were 
used. At least six points were randomly selected from those 

areas without precipitations in each phase. Natural and syn-
thetic minerals and metals were used as standards, as shown 
in Table 4. The analytical results have been corrected using 
the PAP online correction program [36].

Results and Discussion

Figure 4 shows the microstructural evolution of the copper 
alloy and matte as a function of reduction time. The metal-
to-matte ratio was increased by extending the reduction 
time. The increase in the stoichiometric ratio of reductant 
to slag also led to an increase in the metal-to-matte ratio 
with the same reduction time. The matte and slag phases 
were relatively more homogenous than the metal phase due 
to the segregation of arsenic- and lead-rich phases during 

Table 2  Chemical composition of industrial copper slag

Component Method Concen-
tration/
wt%

Na ICP 0.42
Mg ICP 1.19
Al ICP 2.14
K ICP 0.89
Ca ICP 0.81
Fe ICP 38.30
Co ICP 0.06
Ni ICP 0.05
Cu ICP 1.19
Zn ICP 1.78
As ICP 0.19
Sb ICP 0.10
Pb ICP 0.31
Bi ICP  < 0.05
S Combustion method 0.47
SiO2 Colorimetry 33.00
Magnetite Satmagan 11.70

Fig. 2  Representative microstructure (a) and XRD pattern (b) of the 
industrial copper slag used in this study
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quenching. After reduction, no solid phases were observed 
in the quenched molten slag, indicating that most of the 
magnetite had reduced to ferrous oxide and dissolved in the 
slag.

Concentrations of Metals in the Alloy

Figure 5 shows the concentrations of various metal ele-
ments in the alloy phase determined by EPMA. The copper 
concentrations in the metallic copper alloy increased from 
approximately 50 wt% to 70 wt% when extending the reduc-
tion time, as shown in Fig. 5a. Biochar and coke had almost 
the same reduction effect on the copper concentration in 
the copper alloy. However, the amount of coke and biochar 
had no appreciable influence on the copper concentration in 
the copper alloy. To investigate the effect of the initial slag 
amount on the reduction, an experiment with 3 g of copper 
slag and one stoichiometric amount of coke was conducted. 
The initial slag amount used for the experiment had no obvi-
ous effect on the copper concentration in the copper alloy, 
similarly to the results for other elements in the copper alloy 
investigated in this study.

The concentrations of iron in the copper alloy displayed 
different trends against reduction time, as shown in Fig. 5b. 
As for the samples reduced by one stoichiometric amount 
of coke, the iron concentration of the copper alloy remained 
almost constant at approximately 1.6 wt% over the entire 
reduction range investigated in this study. The increase of the 
stoichiometric ratio of coke from one to two led to a small 
increase of iron in the copper alloy at a given reduction time. 
However, the iron concentration in the copper alloy obtained 
using one stoichiometric amount of biochar increased when 
extending the reduction time. By increasing the stoichiomet-
ric ratio of biochar from one to two, the iron concentration 
in the copper alloy increased from approximately 3 wt% to 
7 wt%, which was much higher than that obtained using the 
stoichiometric ratio of biochar of one, indicating that biochar 
is a much stronger reductant than coke.

Figure 5c indicates that the nickel concentration in the 
copper alloy decreased from approximately 12 wt% to 5 wt% 
when extending the reduction time, regardless of the type 
and amount of reductant used for the experiments. The con-
centration of cobalt in the copper alloy displayed similar 
trends to iron as a function of reduction time, as shown in 
Fig. 5d. However, the results for cobalt were lower than 
those for iron, varying between approximately 0.2 wt% and 

Table 3  Compositions of coke 
and biochar used in the present 
study

Reductant Concentration/wt% Stoichiometric ratio

Carbon Ash Volatiles Moisture 1 2

Coke 86 11–12  < 1  < 1 0.0126 g 0.0253 g
Biochar 90 3 4 – 0.0157 g 0.0315 g

Fig. 3  Schematic diagram of the experimental setup

Table 4  Average detection limits of EPMA for matte, alloy, and slag 
phases

Element Standard X-ray line Detection limits of 
EPMA/ppm

Slag Matte Metal

O Obsidian Kα 2437 1450 1183
Si Quartz Kα 272 288 355
Al Almandine Kα 241 330 387
Mg Diopside Kα 297 446 492
K Sanidine Kα 126 148 153
Fe Hematite Kα 259 249 262
Co Metal Kα 333 266 282
As GaAs Kα 2995 3581 3836
Bi BiSe Lα 2399 2840 3131
Ni Metal Kα 300 341 371
Cu Metal Kα 347 480 481
Zn Sphalerite Kα 411 523 519
Ca Diopside Kα 117 139 –
S Sphalerite Kα 156 198 206
Sb Sb2Te3 Lα 405 467 566
Pb Galena Mα 497 821 654
Na Tugtupite Kα 360 344 –
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0.6 wt%. Biochar was more effective in reducing cobalt into 
the copper alloy. The increase of the amount of biochar and 
coke also led to an increased cobalt concentration in the 
copper alloy.

The lead concentration in the copper alloy shown in 
Fig. 5e varies between approximately 0 and 1 wt% against 
reduction time. Biochar seems to have a better impact than 
coke on reducing lead into the copper alloy. The results for 
antimony in the copper alloy were also scattered, fluctuat-
ing between approximately 6 wt% and 16 wt%. The effect 

of the type of reductant was not obvious in this study, 
similarly to that for arsenic in copper alloy.

The results for antimony in Fig. 5f show that the con-
centration of antimony increased when extending the 
reduction time. With one stoichiometric amount of reduct-
ant, the results obtained using biochar and coke were close 
at the fixed reduction time. The increase of the stoichio-
metric ratio of reductant favored the reduction of antimony 
into the copper alloy phase.

Fig. 4  Microstructural evolution of copper alloy and matte versus reduction time after quenching; a–c coke with stoichiometric ratio of 1; d–g 
biochar with stoichiometric ratio of 1; h coke with stoichiometric ratio of 2; i biochar with stoichiometric ratio of 2
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Arsenic was highly enriched into the copper alloy, rang-
ing from approximately 10–27 wt%, as shown in Fig. 5g. 
The concentration of arsenic in the copper alloy decreased 
when extending the time, regardless of the type of reductant. 
The decreasing trend can be ascribed to the volatilization of 
arsenic into the gas phase. The concentration of zinc in the 
metal phase was lower than the detection limit of EPMA 
(about 520 ppm).

Concentrations of Metals in Matte

Figure 6 shows the concentrations of various elements in 
matte as a function of reduction time. The concentration of 
copper in matte in Fig. 6a obtained using coke and biochar 
displays a decreasing trend with reduction time. The results 
obtained using biochar were lower than those obtained using 
coke. The increase in the stochiometric amount of reduct-
ant led to a decrease of copper in matte at a given reduction 
time. The initial amount of slag had no obvious effect on 

the copper concentration in matte, similarly to that of iron, 
nickel, cobalt, antimony, and arsenic in matte.

In contrast to the concentration of copper in matte, the 
concentration of iron in matte, shown in Fig. 6b, increased 
when extending the reduction time. The iron concentration 
in matte obtained using biochar was higher than that using 
coke with the stochiometric amount. The increase of the 
stoichiometric ratio of reductant from one to two contrib-
uted to the increase of iron in matte. The results for nickel 
and cobalt in matte, as shown in Fig. 6c and d, respectively, 
displayed similar increasing trends as for iron in matte. How-
ever, the results for cobalt were much lower than those for 
iron and nickel. As for nickel in matte, the use of coke seems 
to favor its deportment to matte. Biochar favored the deport-
ment of cobalt to matte and the use of two stoichiometric 
amount of reductant increased the cobalt concentration in 
matte.

The concentrations for antimony in matte shown in 
Fig.  6e are scattered, varying between approximately 
0.2 wt% and 1.2 wt%. The effect of the type of reductant on 
antimony in matte was not clear in this study. The concentra-
tion of arsenic in matte in Fig. 6f determined in this study 
decreased when extending the reduction time. Similarly to 
the results for antimony, the scatter of the results led to dif-
ficulties in analyzing the effect of the type of reductant. The 
concentration of zinc in matte was too low to be detected 
by EPMA.

Fig. 5  Concentrations of Cu (a), Fe (b), Ni (c), Co (d), Pb (e), Sb 
(f) and As (g) in the metal phase as a function of reduction time at 
1250 °C for different reductants used in this study

Fig. 6  Concentrations of Cu (a), Fe (b), Ni (c), Co (d), Sb (e) and As 
(f) in the matte phase as a function of reduction time
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Concentrations of Metals in Slag

The concentrations of various elements in the reduced 
copper slag against reduction time are plotted in Fig. 7. 
Figure 7a indicates that the copper concentration in slag 
can be reduced to approximately 0.4  wt% to 0.6  wt% 
within 5 min. A longer reduction time was beneficial for 
the reduction of copper from the slag. Compared with 
coke, the reduction behavior for copper in slag using bio-
char was better, since the copper concentrations in the 
biochar-reduced slag were on the lower side of the results 
obtained using coke. The copper concentration in slag 
decreased with an increasing amount of reductant. It has 
been reported in the literature [33, 34, 37–40] that the 
copper concentration in iron silicate slags can be reduced 
by adding basic oxides such as  Al2O3, MgO, and CaO into 
the slags. The basic oxides in iron silicate slags also break 
the polymeric silicate network, resulting in a decrease in 
slag viscosity and physical copper loss in slags. In effect, 

 Al3+,  Ca2+, and  Mg2+ cations replace the copper cations in 
the silicate network, which leads to a decrease in chemi-
cal copper dissolution in slag. The variation of the metal 
concentrations in the slag in the present study was affected 
by three types of reactions in the slag. The first was the 
reduction of ferric oxide to ferrous, which decreased the 
mass and thus increased the concentrations of other oxides 
in the initial stage. The second was the dissolution of silica 
from the crucible, which diluted the oxides. The third was 
the actual reduction of copper and other oxides to matte 
and metal.

The nickel concentration in the slag shown in Fig. 7b 
obtained with one stochiometric amount of coke decreased 
when extending the reduction time. The nickel concentra-
tion in slag reduced by biochar was lower than the detec-
tion limit (about 300 ppm) of EPMA, indicating that bio-
char worked better than coke for the reduction of nickel.

The concentrations of lead and zinc in slag displayed a 
similar nonlinear decreasing trend curve against reduction 
time, as shown in Fig. 7c and d, respectively. The decreas-
ing trend became less steep after 40 min of reduction time. 
The concentrations of lead and zinc in slag went down to 
approximately 0.1 wt% and 0.5 wt%, respectively, after 
being reduced for 180 min. The type and total amount of 
the reductant had no significant effect on the lead and zinc 
concentrations in slag.

The concentrations of “FeO”,  SiO2, and the corre-
sponding Fe/SiO2 ratio in the slag are shown in Fig. 7e–g, 
respectively. The iron concentration in the slag was calcu-
lated as “FeO” for ease of presentation [41, 42]. Regard-
ing the “FeO” concentration in the reduced copper slag, it 
displayed a nonlinear decreasing trend against reduction 
time, which was attributed to the reduction of magnetite. 
The concentration of silica in the reduced slag showed 
the opposite increasing trend when extending the reaction 
time. The dissolution of the silica crucible into the cop-
per slag together with the reduction of ferric oxide are the 
reasons for the increased silica concentration in the slag 
and also for the decrease of the Fe/SiO2 ratio in the slag, 
as shown in Fig. 7g. The results for the Fe/SiO2 ratio in 
the slag reduced by biochar was on the higher side of the 
data obtained using coke. The Fe/SiO2 ratios in the slag 
that was reduced by twice the stoichiometric amounts of 
coke and biochar were slightly higher than those obtained 
with the stoichiometric amount of reductant.

The increase of silica concentration shown in Fig. 7f 
suggests that the dilution effect of silica is about 10% at 
the endpoints of reduction. This means that the concentra-
tions of the reducible elements would be about 10% higher 
than the experimental values in Fig. 7.

Fig. 7  Concentrations of a Cu, b Ni, c Pb, d Zn, e “FeO”, f  SiO2 and 
g Fe/SiO2 ratio in the reduced copper slag as a function of the reduc-
tion time at 1250 °C in silica crucibles
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Distribution of Elements Between Copper Alloy 
and Slag

The elemental distribution behavior in copper slag reduc-
tion can be determined using the distribution coefficients 
between phases. The logarithmic distribution coefficients 
of an element Me between e.g., metal and slag, can be 
calculated based on the following Eq. (10):

where [Me]in metal and (Me)in slag refer to the elemental con-
centrations of Me in metal and slag, respectively. The calcu-
lated logarithmic distribution coefficients of copper, nickel, 
and lead are shown in Fig. 8. As for other metals, the distri-
bution coefficients could not be determined accurately based 
on the present EPMA results due to their concentrations in 
metal or slag being lower than the EPMA detection limits. 
However, because of the lack of EPMA data for nickel but 
simultaneously its importance for this study, it was decided 
to calculate the distribution coefficient for nickel using the 
detection limit of EPMA. We are aware of the problem that 
such calculated distribution coefficients based on detection 
limits represent at best the minimal distribution results into 
the metal phase and that they are only qualitative. The true 
nickel concentration in slag may be orders of magnitude 
smaller than the detection limits, thus the interpretation 
derived from them is purely speculative; even the opposite 
case could be possible. Further studies regarding the dis-
tribution of nickel need to be carried out in order to obtain 
the true nickel concentrations in the phases, probably by 
using the laser ablation-inductively coupled plasma-mass 
spectrometry technique, which has lower detection limits 
than EPMA.

The kinetic behavior of slag cleaning was evaluated 
based on the distribution coefficients and a comparison 
of the different reductants was made on the same basis. 
Figure 8a shows that copper can be effectively reduced 
to copper alloy. The use of biochar and the increase in 
the amount of reductant for the reduction experiments 
favored the recovery of copper into the copper alloy phase, 
although the effects were minor. The distribution of cop-
per between copper alloy and slag was independent of the 
initial amount of slag used for the reduction experiments, 
as for nickel and lead. Similarly to the behavior of cop-
per, nickel was recovered to a high degree into the metal-
lic copper alloy phase, as shown in Fig. 8b. When coke 
was used as reductant, the increase in the stoichiometric 
amount led to an increase in the distribution coefficient of 
nickel between the copper alloy and slag. However, the 
increase of the stochiometric amount of biochar had an 
opposite impact from coke on the distribution of nickel 
between metal and slag.

(10)Log10L
Metal∕Slag(Me) = Log10

{

[Me]in metal∕(Me)in slag

}

Fig. 8  Development of logarithmic distribution coefficients of Cu 
(a), Ni (b) and Pb (c) between copper alloy and slag during carbon 
reduction with different reductants and stoichiometric C/slag ratios at 
1250 °C
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Figure 8c indicates that the distribution of lead between 
copper alloy and slag was highly dependent on the type of 
reductant used. Lead could not be effectively recovered into 
the metal phase when one stoichiometric amount of coke 
was used, since the logarithmic distribution coefficient was 
lower than zero. However, the use of twice the stoichiomet-
ric amount of coke favored the recovery of lead from slag 
to the metal phase and the distribution coefficient displayed 
an increasing trend as a function of reduction time. Biochar 
worked better than coke in recovering lead into the cop-
per alloy phase and the recovery rate of lead by biochar 
increased when extending the reduction time, whereas the 
opposite trend was obtained for the stoichiometric amount 
of coke.

Distributions of Elements Between Copper Matte 
and Slag

The distribution coefficients of copper and nickel between 
matte and slag displayed in Fig. 9 were calculated from the 
EPMA data. The distribution coefficients for other elements 
were not calculated because their concentrations either in the 
matte or slag were too low to be detected reliably by EPMA.

Figure 9a shows that, compared with the slag phase, cop-
per was preferentially enriched in the matte phase. Biochar 
had a stronger impact than coke on enriching copper into 
matte from slag. The higher amount of reductant used for the 
copper slag reduction in this study favored the incorporation 
of copper into matte rather than slag. The distribution of 
nickel between matte and slag, as shown in Fig. 9b, indicates 
that nickel preferentially deported to matte rather than slag. 
The distribution results for nickel increased when extending 
the reduction time and when increasing the stoichiometric 
amount of reductant. The initial slag amount used for the 
experiments had little effect on the distribution of copper 
and nickel between matte and slag, indicating a modest scale 
independence of the present experimental technique.

Distributions of Elements Between Copper Alloy 
and Matte

Figure 10 shows the logarithmic distribution coefficients of 
various metals between copper alloy and matte. The dis-
tribution of copper into the copper alloy increased slightly 
with extended reduction time, as shown in Fig. 10a. The fast 
reduction kinetics of antimony and arsenic from the slag and 
their deportment to the alloy was also evident. The type of 
reductant and the amount of the total reductant used had no 
evident effect on the distribution of copper between copper 
alloy and matte.

Figure 10b indicates that iron was preferentially incor-
porated into matte rather than copper alloy. Biochar favored 
the distribution of iron into copper alloy rather than matte 

when compared with coke. The use of two stoichiometric 
amounts of reductant had little effect on the distribution of 
iron between copper alloy and slag. The logarithmic distri-
bution coefficient of nickel between copper alloy and matte, 
as shown in Fig. 10c, displayed a decreasing trend with an 
extended the reduction time, independent of the type of 
reductant. Compared with the matte phase, nickel was pref-
erentially enriched in the copper alloy phase. The effect of 
the type of reductant used in this study was not very clear 
due to the scatter of the results, which is the same case for 
cobalt, antimony, and arsenic.

Figure 10d shows that the logarithmic distribution of 
cobalt between copper alloy and matte decreased slightly 
with extended reduction time, varying between approxi-
mately 0.4 and 1.0. The distribution of antimony and arse-
nic between copper alloy and matte, as shown in Fig. 10e–f, 
respectively, displayed similar trend as a function of 

Fig. 9  Development of logarithmic distribution coefficients of cop-
per (a) and nickel (b) between copper matte and slag during carbon 
reduction of an industrial copper smelting slag at 1250 °C
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reduction time. Their logarithmic distribution coefficients 
between copper alloy and matte fluctuated between approxi-
mately 0.8 and 1.4, indicating that antimony and arsenic 
the preferentially deported to the copper alloy rather than 
the matte.

The distribution kinetics of copper and the trace ele-
ments show only minor variation as a function of reduction 
time. Nevertheless, there is a general trend of an increasing 

distribution coefficient as a function of time. Notably, sub-
stantial differences exist among various reductants, espe-
cially in the case of cobalt and nickel oxides, which undergo 
only slight reduction prior to iron. Although EPMA analyses 
were conducted on numerous alloy droplets in each sam-
ple, helping to mitigate variations, the scatter across dif-
ferent samples within the experimental series remained 
considerable.

Fig. 10  Development of logarithmic distribution coefficients of copper (a), iron (b), nickel (c), cobalt (d), antimony (e) and arsenic (f) between 
copper alloy and matte during carbon reduction of an industrial copper smelting slag at 1250 °C
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Conclusions

The high-temperature isothermal reduction kinetics of cop-
per slag using coke and biochar was investigated by a drop 
quenching technique using different contact times. The 
experiments were conducted at 1250 °C in silica crucibles 
under a flowing Ar gas atmosphere. The direct phase com-
position analyses were made using EPMA. The effects of 
time and the amount of reductant on the copper slag clean-
ing were investigated in this study and a large variation was 
found in the deportment of elements in the case of cobalt, 
nickel and iron, depending on the type of reductant.

The matte mostly originated from physically entrained 
droplets in the initial slag. The copper concentration in 
metal was found to increase when extending the reaction 
time when copper was depleted from the slag. An increase 
in the stoichiometric amount of coke and biochar led to an 
increase of iron and copper in the metal alloy. However, the 
nickel and arsenic in the metal alloy displayed the opposite 
downward trend. The concentrations of copper and arsenic in 
the matte decreased when extending the reaction time. The 
increase in the stoichiometric amount of coke and biochar 
led to an increase of iron in the matte although, due to the 
high matte-to-metal distribution coefficient [43], the corre-
sponding increase of iron in the metal alloy was within the 
experimental scatter of EPMA. The concentrations of nickel, 
lead, zinc, “FeO”, and the Fe/SiO2 ratio in slag decreased 
with extended reaction time, showing the progress of reduc-
tion in the slag and dissolution of the silica crucible.

The reduction kinetics were evaluated based on the matte/
metal-to-slag distribution coefficients. The present study 
shows that copper concentration in the slag can be reduced 
to 0.4–0.6 wt% (Cu) within a short reduction time. Gener-
ally, biochar exhibited kinetically superior behavior in the 
reduction of metals from slag, as indicated by the large vari-
ations in the distribution coefficients of the trace elements 
and iron. Copper and nickel can be effectively recovered 
into the metal phase. In addition, antimony and arsenic were 
effectively dissolved in the alloy. The use of biochar also 
favored the deportment of lead to the metal phase. A signifi-
cant amount of zinc deported to the gas phase. The distribu-
tion coefficients of the trace elements were found not to be 
particularly dependent on time.
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