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Abstract
Large amounts of slag are generated during pyrometallurgical processing in copper production. Due to the presence of valu-
able elements, the improper disposal of huge quantities of copper slag produced, results in significant loss of resources as well 
as environmental issues. Analyses of the copper slag show that it contains valuable metals, particularly copper and nickel. 
In this work, four biochars were employed as fossil-free reducing agents to recover valuable metals from the slag. Reduction 
experiments were performed in a vertical furnace at temperatures 1250, 1300 and 1350 °C for 60 min in order to investigate 
the effect of temperature. Moreover, the effect of time on reduction progress was studied at 1250 °C and the concentrations 
of CO and  CO2 in the off-gas were measured with a gas analyzer. Copper slag was reacted with metallurgical coke for com-
parison and the products were analyzed with EPMA and LA-ICPMS. The results revealed that reduction rapidly progresses 
to the formation of metal alloy within 10 min. Valuable metals like copper, nickel and arsenic were the first to be reduced 
to the metal phase. As reduction time increased, iron was also reduced and combined with the metal droplet. The use of 
biochar as reductant was shown to be more effective than coke especially at lower temperatures. In addition, thermodynamic 
modelling was performed with FactSage  and HSC and compared with the experimental results. The simulations with HSC 
showed the sequence of reactions taking place and the calculations by FactSage  were in agreement with the experiments.

The contributing editor for this article was Hongmin Zhu.

 * Desmond Attah-Kyei 
 desmond.attah-kyei@aalto.fi

 Dmitry Sukhomlinov 
 dmitry.sukhomlinov@aalto.fi

 Lassi Klemettinen 
 lassi.klemettinen@aalto.fi

 Radoslaw Michallik 
 radoslaw.michallik@gtk.fi

 Hugh O’Brien 
 hugh.obrien@gtk.fi

 Pekka Taskinen 
 pekka.taskinen@aalto.fi

 Daniel Lindberg 
 daniel.k.lindberg@aalto.fi

1 Department of Chemical and Metallurgical Engineering, 
School of Chemical Engineering, Aalto University, 
Kemistintie 1, P.O. Box 16100, 00076 Aalto, Finland

2 Geological Survey of Finland, Vuorimiehentie 2, 
02150 Espoo, Finland

http://orcid.org/0000-0001-9188-0645
http://crossmark.crossref.org/dialog/?doi=10.1007/s40831-024-00885-4&domain=pdf


1171Journal of Sustainable Metallurgy (2024) 10:1170–1187 

Graphical Abstract

Keywords Thermal treatment · Non-ferrous slag · Non-fossil reductants · Thermodynamic simulations

Introduction

Copper slag is generated as an unavoidable byproduct during 
pyrometallurgical processing of copper production. The total 
worldwide mine production of copper has risen in the past 
decade, increasing from 16 Mt in 2010 to 22 Mt in 2022 [1]. 
It is reported that for every ton of copper produced, 2.2–3 
tons of slag is generated [2, 3]. Copper slag from industrial 
smelting usually contains 25–35 wt% silica, 1 wt% copper, 
40 wt% iron as well as varying concentrations of  Al2O3, 
CaO, and MgO. Minor amounts of elements such as Zn, As 
and Pb are present as well. Inappropriate disposal of copper 
slag causes environmental pollution due to the presence of 
hazardous elements. Despite its hazardous nature, copper 
slag possesses certain properties, such as high stability and 
abrasion resistance, which may be exploited in the manu-
facturing of cement, abrasive tools, asphalt concrete, cutting 
tools, glasses, and others [4–6]. The drawback of employing 
copper slags and other slags as construction material, e.g., 
in civil engineering, include the leachability of their minor 
elements, like zinc, arsenic and antimony, which are present 
as chemically dissolved oxides or within tiny mechanically 
entrapped sulfide matte or metal particles [7–9].

Copper slag also contains valuable elements and exten-
sive studies aimed at recycling and reusing copper slags 
have been conducted. These include physical, hydrometal-
lurgical, and pyrometallurgical separation methods either 

individually or in their combination, to recover valuable 
elements and help reduce impact on the environment [10, 
11]. The techniques include froth flotation [12–14], leaching 
of valuable elements [15–17], roasting followed by flota-
tion [18, 19] as well as magnetic separation [20–22]. Other 
studies conducted on carbothermic reduction of copper 
slag have investigated the recovery of valuable elements by 
pyrometallurgical processing [3, 20, 23, 24]. Carbothermic 
reduction typically employs coal, coke, diesel or natural gas 
as reductants. However, as energy shortages and environ-
mental pollution intensify, the metallurgical industry needs 

Table 1  Composition of copper 
slag by XRF and its *magnetite 
content

Fe SiO2 Al2O3 CaO Zn Cu S As Pb Ni Co Sb *Fe3O4

39.47 30.72 5.07 1.41 1.91 0.67 0.55 0.42 0.18 0.08 0.06 0.04 10

Fig. 1  XRD pattern of the copper smelting slag before reduction
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a clean and sustainable reductant to replace the traditional 
reductants. Li et al. [25] experimented with waste cooking 
oil as a reductant to reduce iron in electric furnace copper 
smelting slag and the results indicated that after a reduc-
tion time of 4 min, the reduction efficiency of magnetic iron 
was over 90% and iron content in the slag was reduced to 
less than 2%. Holland et al. [26] investigated the reduction 
behavior of copper smelting slag flotation tailings below its 
melting point at 700–900 °C using methane and hydrogen 
as reductants. The study showed complete reduction of mag-
netite within the first 30 min of the process and the harmful 
impurities such as antimony, arsenic, bismuth, lead and zinc, 

present as oxides in the slag were reduced and removed from 
the slag as flue dust in the process off-gas. Zhang et al. [27] 
conducted molten copper slag reduction with CO–H2–Ar 
mixed gas as a reductant and reported that the reduction rate 
of CO and  H2 mixture was higher than that of pure CO or  H2. 
Zhou et al. [28] employed walnut shell pyrolyzed at 600 °C, 
while Kumar et al. [29] used macadamia nutshell pyrolyzed 
at 500–1300 °C as reductant in waste copper slag reduction 
for iron recovery. The studies revealed that biochars derived 
from pyrolyzed walnut shell and macadamia nutshell are 
effective, environmentally friendly reductants to reduce iron 
from waste copper slags and realize the cleaner utilization of 

Fig. 2  Schematic of the vertical 
furnace used for copper slag 
reduction experiments

Table 2  The average detection limits for the metal and slag from EPMA, and for slag from LA-ICP-MS analysis in ppm

EPMA metal Si Co Ni As Na O Al Mg Ca K S Fe Zn Cu Ti Cr Sb Sn

215 300 260 4247 427 1249 288 246 78 83 107 174 354 308 212 176 382 472

EPMA slag Si Co Ni As Na O Al Mg Ca K S Fe Zn Cu Ti Cr Sb Sn

242 324 300 4925 619 580 385 224 90 95 124 203 414 409 221 189 406 540

LA-ICP-MS slag 29Si 59Co 60Ni 75As

9.778 0.014 0.119 0.114



1173Journal of Sustainable Metallurgy (2024) 10:1170–1187 

hazardous waste. Pyrolysis of biomass removes moisture and 
volatiles and increases the carbon content in biochar. This 
improves its reduction behavior, making biochar an ideal 
substitute for traditional reductants [30].

In this work, the reduction behavior of copper smelting 
slag with different biochars was studied in order to recover 
valuable elements such as copper and eliminate volatile 
impurities into gas phase. The study aims to also produce 
reusable slag which can be applied in other industries, such 
as road construction.

The kinetics of copper slag reduction were studied at dif-
ferent temperatures with several solid reductants. The con-
centrations of CO and  CO2 in the off-gas were monitored 
and the phase compositions of quenched samples were ana-
lyzed. Thermodynamic simulations were carried out with 
FactSage  and HSC and compared with the experimental 
results.

Experimental

Materials Used

Industrial copper smelting slag was used for the experi-
ments. The slag composition from XRF (X-ray fluorescence) 
analysis and magnetite concentration of the copper slag are 
shown in Table 1. Magnetite analysis was carried out using 
a Satmagan instrument (Outokumpu, Finland). The analysis 
revealed the iron content of 39.47 wt% and magnetite con-
tent of 10 wt%. X-ray diffraction (PANanalytical X’PERT 
PRO MPD Alpha 1) analysis was performed on the slag and 
is shown in Fig. 1. The main phases identified were fayalite, 
and magnetite.

Four (4) different kinds of reducing agents (L600, L1200, 
B600 and B1200), which were also used in our previous work 
for nickel slag reduction [31] were employed for reduction of 
the copper slag. The reductants consisted of lignin (L) and 

black pellet (B), which were each pyrolyzed at 600 and 1200 
°C. The proximate analysis showed that fixed carbon in lignin 
(L1200, 97.54 wt% and L600, 92.62 wt%) is higher than in 
black pellet (B1200, 83.19 wt% and B600, 76.16). Black pel-
let was shown to have higher ash content while volatile matter 
content was higher in biochar pyrolyzed at lower temperatures. 
The ultimate analysis also revealed that while biomass pyro-
lyzed at 1200 °C had virtually no hydrogen content, L600 and 
B600 contained nearly 2 wt% hydrogen. None of the biochars 
employed contained sulfur but had low concentrations of nitro-
gen [31].

The gases used in the high-temperature smelting experi-
ments were purchased from Woikoski (Finland) and their 
purities were 99.999 vol%  (N2) and 99.999% (Ar). During 
the experiments, the samples were contained in silica glass 
crucibles (manufactured by Finnish Special Glass Oy, Espoo, 
Finland; material fused quartz; purity > 99.998%; outer diam-
eter 25 mm, outer depth 15 mm).

Experimental Method

The experimental method used in this study is similar to that 
described in our previous study [31]. One gram of copper 
smelting slag was mixed with the calculated amount of each 
reductant in an agate mortar and the mixture was pelletized 
using a hydraulic press. The stoichiometric amount of carbon 
required for the reduction of the metal oxides (C/O) was cal-
culated using Eqs. (1)–(6). Excess biochar was used (C/O ~ 2) 
during the reduction experiments.

(1)Fe
3
O

4
+ C = 3FeO + CO

(2)NiO + C = Ni + CO

(3)Cu
2
O + C = 2Cu + CO

Fig. 3  Typical microstructure of the metal alloy from copper slag 
smelting showing a different areas visible, b image with adjusted 
thresholds for measuring the area percentage of Area 3 c image with 

adjusted thresholds for measuring the area percentage of Area 2, d 
image with adjusted thresholds for measuring the area percentage of 
Area 1
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(4)ZnO + C = Zn + CO

(5)CoO + C = Co + CO The pellet was placed in the crucible, which was in a 
basket shaped sample holder made from Kanthal A-wire 

(6)
1

3
As

2
O

3
+ C =

2

3
As + CO

a

b

c

d

e

f

Fig. 4  Concentrations of a CO at 1250°C, b  CO2 at 1250°C, c CO at 1300°C, d  CO2 at 1300°C, e CO at 1350°C, and f  CO2 at 1350°C in the off-
gas for 60 min during copper slag reduction with B600, B1200, L600, and L1200 biochar and metallurgical coke
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(diameter 0.5 mm). The reduction experiments were car-
ried out in a vertical tube furnace (Lenton, UK) and purged 
with 300ml/min Ar gas, which has been described in our 
previous article. Figure 2 illustrates the experimental setup. 
The off-gases were analyzed using Gasmet FT-IR gas ana-
lyzer model DX4000, (Gasmet Technologies Oy, Vantaa, 
Finland) to measure the CO and  CO2 concentrations dur-
ing the experiments. The flowrates of the input gasses were 
controlled by rotameters (R in Fig. 2) and the off-gas was 

filtered (F in Fig. 2) to prevent dust from entering the gas 
analyzer. Nitrogen gas was flushed constantly into the gas 
analyzer with a flowrate of 1400 ml/min to obtain sufficient 
total gas flowrates for reliable gas analyzer operation (see 
Fig. 2). The additional nitrogen was introduced to the gas 
line after the furnace, so it did not enter the furnace and 
thus did not influence the reactions. The intervals in which 
the off-gas composition was measured were 50 s long (30 
s of pumping gas to the chamber followed by 20 s of gas 

Fig. 5  SEM micrographs of 
polished sections of copper slag 
reduction samples with a B600 
for 60 min, b B600 for 30 min, 
c B600 for 15 min, d B1200 for 
60 min, e B1200 for 30 min, f 
B1200 for 15 min, g L600 for 
60 min, h L600 for 30 min, i 
L600 for 15 min, j L1200 for 
60 min, k L1200 for 30 min, l 
L1200 for 15 min, m Coke for 
60 min, n Coke for 30 min, and 
o Coke for 15 min at 1250 °C
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analysis). The experiments were carried out at 1250, 1300 
and 1350 °C for 60 min to study the effect of temperature 
on reduction. Additionally, the effect of reaction time was 
studied at 1250 °C for 15, 30 and 60 min for each reductant.

Sample Characterization

At the end of each experiment, the samples were rapidly 
quenched in ice water, dried, and subsequently cast in epoxy. 
After curing, the samples were polished, and carbon coated 
for scanning electron microscopy (SEM) and electron probe 
microanalysis (EPMA). Mira 3 Scanning Electron Micro-
scope (Tescan, Brno, Czech Republic) equipped with an 
UltraDry Silicon Drift Energy Dispersive X-ray Spectrom-
eter (EDS) supplied by Thermo Fisher Scientific (Waltham, 
MA, USA) was used to perform preliminary elemental anal-
yses and microstructural imaging.

The compositions of the metal and slag phases were 
quantified using EPMA with an SX100 (Cameca SAS, 
Gennevilliers, France) microprobe equipped with five wave-
length dispersive spectrometers (WDS). Eight points were 
selected in the slag phase and twelve for the metal phase 
and the detection limits for the elements were determined 
separately in each analytical series. The accelerating volt-
age and beam current used were 20 kV and 30 nA, respec-
tively. A defocused (5, 10 or 20 µm) electron beam was used. 
Standardization of the characteristic X-ray lines to be meas-
ured for the individual elements were carried out by using 
natural and synthetic minerals and metals as follows: Si Kα 
(quartz), O Kα (obsidian), Mg Kα and Ca Kα (diopside), Al 
Kα (almandine), Ni Kα (pure nickel), Co Kα (pure metal), 
Cr Kα (chromite), Ti Kα (rutile), Fe Kα (hematite), Cu Kα 
(pure copper), Zn Kα (sphalerite), S Kα (sphalerite), Na Kα 
(tugtupite), K Kα (sanidine), Sb La (SbTe), As Kb (GaAs), 
and Sn La (pure metal). Totals of the individual analysis 
points obtained with EPMA were typically within 100 ± 2 
wt%. The PAP–ZAF matrix correction by Cameca internal 
PeakSight analysis software was used for the primary WDS 
data [32]. The detection limits are presented in Table 2.

The concentrations of Ni, Co and As in the slags were 
below the detection limits of EPMA, therefore the slags were 
analyzed using laser ablation-inductively coupled plasma-
mass spectrometry (LA-ICP-MS) comprising an ArF exci-
mer laser (Teledyne CETAC Technologies, Omaha, USA) 
and a single-collector sector field ICP-MS (Nu Instruments 
Ltd., Wrexham, UK). The laser was fired at 10 Hz fre-
quency with a 40 µm spot size. Eight spots were analyzed 
from each sample, and 40 s of time-resolved analysis signal 
was obtained from each spot. The signals were treated using 
Glitter-software [33]. USGS GSE-1G glass was used as the 
external standard, and 29Si (from EPMA analysis) as the 
internal standard. USGS GSD-1G as well as BHVO-2G and 

BCR-2G glasses were analyzed as reference materials [34]. 
The obtained detection limits are shown in Table 2.

The metal alloy formed after reduction was found to 
be heterogenous. A typical microstructure of metal alloy 
is shown in Fig. 3a. Three different areas (Area 1 = white 
spots, Area 2 = light gray, Area 3 = gray) corresponding to 
different phases were identified. A statistical approach was 
used to calculate the average chemical composition. Several 
SEM images of the metal alloy were taken from each sample 
depending on the size of the metal alloy visible in the sample 
cross-section. The micrographs were taken with 1000 × mag-
nification and the same brightness and contrast settings were 
used for all samples. Each image was then analyzed with 
ImageJ Fiji software, which allowed measuring the area per-
centage of each of the phases. The threshold of the image 
was adjusted in a way to select a desired area as shown in 
Fig. 3b, c, and d. After that, the average area percentage for 
each of the phase was calculated for each sample, based on 

a

b

c

d

e

Fig. 6  Concentrations of iron, arsenic, copper, nickel, and cobalt in 
metal phase as a function of time during copper slag reduction with 
a B600, b B1200, c L600, and d L1200 biochars and e metallurgical 
coke at 1250 °C
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the SEM images obtained. The measured area fractions are 
equivalent to the volume fractions of each precipitate. The 
volume fraction of a precipitate can be converted to mass 
fraction of the precipitate by incorporating density of the 
precipitate and the overall density of the metal phase. How-
ever, it was assumed that the different areas of the metal 
phase have the same densities which makes it possible to 
multiply area percentage with weight percentage in Eq. (7). 
This assumption obviously introduces some uncertainty to 
the calculations. However, if the bulk metal density as well 
as densities of different areas would have been considered, 
assumptions would also have been needed.

After analyzing the compositions of each area (Area 1, 
Area 2 and Area 3) with EPMA, the average chemical con-
centration of each element in the metal alloy was calculated 
according to Eq. (7):

where  CMe(metal alloy) is the average concentration of metal Me 
in metal alloy (wt%);  CMe(A1) is the average concentration 
of metal Me in Area 1 (wt%);  X(A1) is the average weight 
percentage of Area 1;  CMe(A2) is the average concentration 
of metal Me in Area 2 (wt%);  X(A2) is the average weight 
percentage of Area 2;  CMe(A3) is the average concentration 
of metal Me in Area 3 (wt%);  X(A3) is the average weight 
percentage of Area 3.

(7)

CMe(metalalloy) =
CMe(A1)X(A1) + CMe(A2)X(A2) + CMe(A3)X(A3)

100

Fig. 7  Concentrations of a cop-
per, b nickel, c arsenic, d iron 
and e cobalt in slag as a func-
tion of time during copper slag 
reduction with B600, B1200, 
L600, and L1200 biochars and 
metallurgical coke
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Results and Discussion

At the reduction temperatures, the carbon in biochar reacts 
with metal oxides present in the slag as seen in Eqs. (1)–(6). 

It is reported that the degree of reduction of copper slag is 
enhanced at high temperatures and with sufficient time [35, 
36]. The effect of reduction time and temperature have been 
investigated in this study.

Fig. 8  SEM micrographs of polished sections of copper slag reduc-
tion with a B600 at 1300 °C, b B600 at 1350 °C, c B1200 at 1300 °C, 
d B1200 at 1350 °C, e L600 at 1300 °C, f L600 at 1350 °C, g L1200 

at 1300 °C, h L1200 at 1350 °C, i Coke at 1300 °C, and j Coke at 
1350 °C for 60 min
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Effect of Time on Reduction

The effect of reduction duration was studied at 1250 °C for 
15, 30 and 60 min. The extent of reduction of metal oxides in 
the slag is expected to increase with time since more carbon 
and CO are expected to contribute to the reduction.

The concentrations of CO and  CO2 in the off-gas, during 
copper slag reduction with different reductants, are shown 
in Fig. 4. CO and  CO2 concentrations give an indication of 
the reduction rate and are related to the p(O2) during the 
reduction. Within 10 min of the reduction experiments, 
high amounts of CO and  CO2 were released, after which 
their concentrations decreased and remained close to zero 
until the end of the reduction experiments. The release of 
CO suggests the onset of reduction of copper slag. The 

figure reveals that reduction occurs within the first 10 min. 
The reduction rate is highest within the first few minutes 
and as time progresses the metal phase is separated from 
the slag. Although the concentrations of CO and  CO2 in 
the off-gas may give an indication of how much oxygen 
is removed from the slag, in this case however, the pres-
ence of oxygen in the reducing agent (biochar) partially 
contributes to CO and  CO2 produced. The highest CO con-
centration in off-gas (14 vol%) was measured when B600 
was used as reductant at 1250 °C. This may be ascribed 
to relatively high volatile matter content of the biochar, 
which makes it more reactive to the slag.

The SEM micrographs of the polished cross-sections are 
shown in Fig. 5. The samples completely melted even within 
15 min at the hot zone.

The micrographs reveal that reduction has taken place to 
the extent that metal alloy droplets (bright area) were pro-
duced within the homogeneous slag. Generally, the metal 
alloy generated is present both at the top and at the bottom 
of the slag. Upon analyzing the sample, the metal alloy at 
the top was essentially iron (> 90 wt%) whereas the metal 
droplet at the bottom contained iron and significantly more 
other metals, particularly copper and arsenic.

This may be associated with settling differences. The 
copper and arsenic containing droplet settles to the bottom 
of the crucible along with the other metal elements. Part 
of the reduced iron present does not settle probably due 
to its high melting point. FactSage  calculations reveal 
that, at the reduction temperature (1250 °C) both solid 
and liquid metal phases are stable. The solid metallic 
alloy phase, consisting predominantly of iron, remains at 
the top of the slag. Several studies have obtained similar 
micrographs where some metal alloy was found at the top 
edge of the slag and they reported that metallic iron firstly 
appears on the surface of the slag [37, 38]. In other stud-
ies on slag reduction [39–41], the authors found that the 
phase formed at the bottom of the slag contained sulfur 
(matte) while that present at the top was metal alloy. The 
two compositionally distinct metal alloys formed in this 
work may however be associated with the remnant of the 
matte dispersion in the original slag.

Moreover, it is as possible that this behavior may be 
attributed to surface and interfacial tensions between the 
phases of the system [39, 42]. The metal alloy has a high liq-
uidus temperature and thus metal droplets may form mushy 
rafts that have difficulty settling through the slag layer.

The average concentrations of selected elements; iron, 
arsenic, copper, nickel, and cobalt in the metal alloy and 
slag are shown in Figs. 6 and 7, respectively. The concentra-
tions of copper and arsenic in the metal increased slightly 
with time except in the reduction experiments with coke. 
HSC calculations show that copper and arsenic are the first 
metal elements to be reduced. Copper and arsenic combine 

a

b

c

d

e

Fig. 9  Concentrations of iron, arsenic, copper, nickel, and cobalt in 
metal alloy as a function of temperature during copper slag reduction 
with a B600, b B1200, c L600, d L1200, and e coke for 60 min
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with other metal elements including nickel and iron and the 
metal droplet grows and settles to the bottom of the slag. As 
the amount of reductant used was twice the stoichiometric 
amount, significant part of iron oxide also reduced to metal-
lic iron. After 60 min reduction, iron concentration in the 
metal was between 65 and 85 wt%.

Copper smelting slag reduction with B600 showed the 
highest iron concentration in the metal, but in general all 
biochar reductants showed greater reduction degrees of 
iron than coke. Several studies have indicated that biochar 
is more reactive and efficient than conventional reductants 
[43–45].

It is observed in Fig. 7 that within 15 min of reduction, 
the concentrations of copper, nickel and arsenic in the slag 
decreased dramatically (~ 90%). When coke was used as 
a reductant, cobalt concentration did not plummet as the 

other metals, but rather decreased steadily as time pro-
gressed. The concentration of iron in the slag continuously 
decreased from 40 to 34 wt% when the most effective reduct-
ant, B600, was employed. It can be inferred from Fig. 7 that 
while increasing the reaction duration enhances the reduc-
tion of iron oxide from the slag, the removal of other metal 
elements, such as copper and arsenic, is not improved, which 
indicates that iron may be the ‘last’ element in the slag to be 
reduced into metal alloy. HSC simulations also reveal that 
iron is one of the last elements to be reduced by carbon at the 
studied temperatures. It should be noted that the concentra-
tions of the metal elements in the slag at 0 min (Fig. 7) are 
the concentrations of the elements from the bulk analysis of 
original slag.

Fig. 10  Concentrations of a 
copper, b nickel, c arsenic, d 
iron and e cobalt in slag as a 
function of temperature during 
copper slag reduction with 
B600, B1200, L600, and L1200 
biochar and metallurgical coke 
for 60 min
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Effect of Reduction Temperature

The recovery of metals from copper slag using biochar 
was investigated at three different temperatures from 1250 
to 1350 °C. Each experiment was carried out for 60 min. 
The samples were molten at the reduction temperatures and 
solidified after quenching. SEM micrographs of polished 
sections show that metal alloy was generated in each tem-
perature. Metal recovery from slag is expected to increase 
with temperature since high temperatures can accelerate the 
diffusion and migration of metal atoms, which promotes the 
growth of metallic alloy particles. In the study, the amount 
of iron (solid metal phase) that was present on top of the slag 
decreased with increasing temperature (see Fig. 8). At higher 
temperatures, the slag is completely molten, and the reduced 
iron metal combined with the metal alloy droplet which set-
tles at the bottom. This can be also seen in Fig. 8, as the size 
of the metal alloy droplet at the bottom of the crucible is 
generally larger at higher temperatures. It has been previ-
ously reported that a higher temperature promotes the Bou-
douard reaction (Eq. (8)), increases the CO concentration 

and enhances reduction process of metal-bearing minerals, 
which is beneficial for metallization degree of iron, copper, 
and nickel [46, 47].

Figures 9 and 10 show the concentrations of Cu, Ni, 
As, Fe, and Co in the metal alloy and slag phases, respec-
tively. Generally, the concentration of iron in the metal alloy 
increased with increasing temperature. The use of coke as 
reductant at 1250 °C resulted in the lowest iron concen-
tration. This implies that while biochar is also effective at 
higher temperatures (> 1300 °C), at lower temperatures bio-
chars are exceptionally more effective compared to coke.

At the reduction temperatures, the metal concentrations in 
slag were considerably lower compared to the starting mate-
rial. Increase in temperature from 1250 to 1350 °C appears 
to have little effect on the removal efficiency of most of the 
metals from the slag. Although the iron concentration in 
slag decreases with increasing temperature, the change was 

(8)C + CO
2
= 2CO
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Fig. 11  Distribution coefficients of a copper, b nickel, c arsenic, and 
d iron, e cobalt between metal and slag as a function of time during 
copper slag reduction with B600, B1200, L600, and L1200 biochar 
and metallurgical coke at 1250 °C
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Fig. 13  Standard Gibbs energy 
of reactions that may take place 
during copper slag reduction 
from 700 to 1500 °C

Fig. 14  Different phases formed during copper slag reduction with varying addition up to 0.05 g of a B600, b B1200, c L600, and d L1200 bio-
char per gram of copper smelting slag at 1250 °C as predicted by FactSage
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not dramatic compared to the other metal species. The con-
centration of cobalt in slag on the other hand continuously 
decreased with the increase in temperature.

Distribution Coefficients of Elements During 
Experiments

Typically, the behavior of metals between different phases 
during high temperature reduction experiments is esti-
mated using the metal to slag distribution coefficient. This 
value provides an indication of progress of the reaction 
kinetics and is related to the properties of the system and 
its species [39]. The distribution coefficient, L, of the ele-
ment Me between metal and slag phases is expressed as the 
ratio of its weight concentrations in the metal alloy phase 
to slag phase (Eq. (9)).

Figure 11 shows the logarithm of the distribution coef-
ficient of some elements between metal alloy and slag 
phases, as a function of time at 1250 °C. The calculated 
values were compared to those estimated from Rinne et al. 
[41] where metals recovered from the flotation fraction 
of industrial lithium-ion battery scrap were employed in 
high-temperature Cu-slag reduction at 1300 °C. It can be 
seen that results from this study are comparable to those 
of Rinne et al. The distribution coefficient for arsenic was 
the highest of all the metals of interest, while iron has the 
lowest coefficient. It is evident from Fig. 11 that increas-
ing reduction time has the highest increasing effect on the 
distribution coefficients of Ni and As.

The distribution coefficients of copper, nickel, arsenic, 
iron, and cobalt after 60 min of reduction were also calcu-
lated as a function of temperature and are shown in Fig. 12. 
It is observed that generally, the distribution coefficient of 
iron increased as temperature increased while the values for 
other metals decreased with temperature. Arsenic and nickel 
distribution coefficients were the highest with the log values 
of the former between 4 and 5 and the latter between 2 and 4.

Thermodynamic Calculations

In this study, the reduction experiments were compared 
with thermodynamic simulations using the FactSage  ther-
modynamic software package, version 8.0, and the HSC 
Chemistry software packages. HSC 10 was used to calcu-
late the standard Gibbs energy to ascertain the reactions 
(see Eqs. (1)–(6) and (8)) that are feasible at the experi-
mental temperatures and FactSage  was used to investigate 
the effect of the addition of biochar on the composition of 
metal and slag. Copper slag composition (Table 1), as well 

(9)L
m∕s =

wt%Meinmetal

wt%Meinslag

Fig. 15  Concentrations of arsenic, zinc, copper, nickel, and iron in a 
gas, b slag, and c metal phase during copper slag reduction with vary-
ing addition of B600 biochar to 1 g of copper slag as predicted by 
FactSage
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as the compositions of biochars [31] were used as inputs 
in FactSage . The databases used for the calculations were 
custom collected based on the databases FactPS (pure sub-
stances as well as gas phase), FToxid (optimized for oxide 
systems), and FSCopp (optimized for copper-containing 
solid and liquid alloys). The phases selected for the calcu-
lations were the spinel (solid solution phase with stoichi-
ometry  AB2O4, (A, B = divalent and trivalent metals), slag 
(liquid oxide silicate phase), monoxide phase (MeO solid 
solution), FCC, BCC, HCP-A3 (three solid multicomponent 
alloys of different crystallographic structures), and liquid 
metal. Ideal gas and pure solids were also selected before 
the calculations were done at the experimental temperature.

The standard Gibbs free energy (∆Gº) of the reactions 
were determined from 700 to 1500 °C. Figure 13 shows that 
within the temperature range of the experiments (1250–1350 
°C), the ∆Gº values were less than zero, which indicates 
that the reactions with carbon are thermodynamically pos-
sible. In addition, the figure shows the sequence of reduc-
tion. The curves with the greatest negative values are the 
most likely to react initially. Copper oxide is first reduced 
followed by oxides of arsenic and nickel since they have the 
lowest Gibbs free energy at the experimental temperatures. 
It can be observed that iron and zinc oxides are the last to be 
reduced from the slag.

Effect of Biochar Addition

As predicted by FactSage , the phases formed during copper 
slag reduction at 1250 °C with biochar added to one gram 
of copper slag are shown in Fig. 14. It is seen that, for the 
different reductants, metal content as well as the gas amount 
increase as the mass of biochar increases, and the partial 
pressure of oxygen continues to decrease. This indicates that 
reduction degree rises with the addition of more biochar.

Reduction of copper smelting slag with B600 has been 
used to represent the other biochars as well, since similar 

results were seen with the others. The concentrations of 
the main elements in the gas, slag and metal phases as well 
as the partial pressure of oxygen (P(O2)) during reduc-
tion experiments are shown in Fig. 15. It is clearly shown 
that with the use of higher amount of biochar, reduction is 
increased which is illustrated by the decreasing P(O2). While 
zinc metal vaporised into the gas formed during the reduc-
tion, metal phase that formed had iron as the main compo-
nent up to 90 wt%. The concentrations of elements gener-
ally decreased in the slag with higher biochar addition. Iron 
concentration in slag decreased to less than 35 wt% when 
0.05 g of biochar was utilized as reductant for 1 g of copper 
slag. Copper and nickel concentrations also decreased in the 
slag with increasing biochar addition. Although the masses 
of the other metals in the metal alloy phase increase with 
biochar use, their weight percent concentrations were seen 
to decrease due to the higher extent of iron reduction. At 
the experimental conditions where approximately 0.02 g of 
biochar was added to 1 g one copper slag, the results from 
thermodynamic calculations with FactSage  were consistent 
with the experimental results.

FactSage  Predictions at Different Temperatures

The effect of temperature during copper slag reduction 
with biochar was investigated with FactSage , as shown in 
Fig. 16. FactSage  predicts the presence of fayalite and spinel 
at lower temperatures (< 1200 °C). This validates the XRD 
analysis that shows the presence of fayalite and some spinel 
 (Fe3O4) in the slag. At temperatures greater than 900 °C, 
liquid slag is produced and is predominant at 1150 °C and 
higher. The metal produced is present at liquid and solid 
forms during copper slag reduction. FactSage  predicts that 
while liquid metal starts to form around 900 °C, the solid 
metal is absent only after 1350 °C. This confirms that the 
metal alloy found on top of the slag during the experiments 

Fig. 16  Formation of gas, liquid 
metal, solid metal slag, spinel, 
and  Fe2SiO4 phases during 
copper slag reduction of 1 g 
industrial copper slag with 0.02 
g B600 biochar at different 
temperatures as predicted by 
FactSage
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is solid metal. The solid metal predicted by FactSage  pri-
marily consists of iron, which also supports the experimental 
findings.

In Fig. 17, the concentrations of the elements of inter-
est in the gas, slag, and metal phase (consisting of both 
liquid and solid metal phase) produced during copper slag 

reduction with biochar (B600) are shown as a function of 
temperature. Although the concentrations of most elements 
in the gas phase increase with increasing temperature, zinc 
has the highest percentage since it vaporizes at high temper-
atures. At 700 °C, zinc concentration in the gas phase is less 
than 1 wt%. It rises close to 30 wt% at 1500 °C, while the 
other metal elements have concentrations less than 0.1 wt%. 
In the slag and metal phases, FactSage  predicts iron as the 
predominant metal element reaching up to 45 and 80 wt%, 
respectively, at 1500 °C. This is due to the high concentra-
tion of iron in the original slag. In the metal phase (total 
of liquid and solid metal), copper concentration decreased 
slightly from 10 to 7 wt% within the selected reduction tem-
perature range.

Conclusions

The research conducted was aimed at determining the effec-
tiveness of using biochar as reductant in pyrometallurgical 
cleaning of copper smelting slag. The effects of tempera-
ture, reduction duration and biochar type were studied. The 
results revealed that reduction using biochars is efficient and 
result in the formation of metal alloy.

Most of the reduction occurs within the first few min-
utes of the experiments due to the mixing and briquetting of 
slag and biochar, which were in powder form. As time pro-
gresses, the reduction continues at a lower rate. The reduced 
metals form a metal alloy droplet, which settles at the bot-
tom of the crucible as time progresses, however solid metal 
particles were also present on top of the slag at lower reduc-
tion temperatures. Although with sufficient time reduction 
at 1250 °C is suitable, increasing temperature accelerates 
the diffusion and migration of metal atoms, promoting the 
growth of metallic alloy particles which then settle at the 
bottom of the crucible. While biochar is generally effective 
at all temperatures, it was found to be more efficient at lower 
temperatures compared to coke.

Volatile elements, such as zinc, vaporize to some extent 
during the smelting process and are transferred to the off-gas 
stream. During the reduction experiments, higher amounts 
of CO and  CO2 were released when biochar was applied as 
a reductant, compared to coke. Although the released CO 
gives an indication of the degree of oxygen removal, the 
presence of oxygen in the bio-reductants contributes to the 
amount of CO and  CO2 produced. HSC confirmed that at 
the experimental temperatures the reactions taking place 
are feasible and FactSage  calculations agree well with the 
experimental results.
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