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Abstract
This study aims at recovering valuable metals from nickel slag by employing pyrometallurgical techniques. A large amount 
of slag is generated during the nickel matte smelting. Nickel slag contains valuable elements such as copper, nickel, and 
cobalt, which can be recovered. Disposal of this slag results in loss of resources and may cause pollution of the environ-
ment. It is important to retrieve these metals for environmental and economic reasons. In this study, the slag was reacted 
with non-fossil reducing agents (biochar) which were produced from hydrolysis lignin and black pellet biomass by pyrolysis 
at 600 and 1200 °C, and with metallurgical coke for comparison. The reduction experiments were done at 1400 °C for 15, 
30, and 60 min under inert gas atmosphere. The samples were quickly quenched and analyzed with Electron Probe X-ray 
Microanalysis. The results showed that the use of biochar resulted in faster reaction kinetics in the reduction process com-
pared to coke. Moreover, thermodynamic modeling was also performed using Factsage to simulate equilibria with different 
amounts of biochar. The metal-to-slag distribution coefficient calculated from the results of thermodynamic modeling was 
consistent with experimental results.
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Introduction

Nickel is an important non-ferrous metal which is widely 
used in machinery, architecture, steelmaking, military, and 
other fields due to its physical and chemical properties [1–3]. 
During the production of nickel, about 6–16 tons of nickel 
smelting slag is generated per ton of nickel produced [1, 4]. 
The slag usually contains some valuable elements such as 
copper, cobalt, and nickel, and these valuable metals can 
exist in the form of sulfides, oxides, or dissolved elements. 
Slags may be used for fertilizer and cement making as well 
as road construction, while some of them are stockpiled in 
heaps or controlled in landfills [4–6]. Due to its complex 
mineral composition, nickel slag has not been effectively 
utilized [7]. The negligent disposal of this waste results in 
environmental pollution and loss of valuable elements [4]. 
It is therefore important to effectively extract valuable ele-
ments from nickel slag in order to ensure environmental 
sustainability and efficient resource utilization, in addition 
to economic benefits.

Patrick et al. [6] studied the reduction behavior of nickel 
slag at temperatures 800–1000 °C and the effect of sodium 
sulfate addition. They reported XRD analysis at these tem-
peratures indicating no reduction taking place without the 
additives. However, with  Na2SO4, reduction occurs result-
ing in the transformation of iron-rich forsterite  (FeMgSiO4) 
phase into FeS (troillite). Sun et al. [1] investigated the 
recovery of valuable metals from Ni smelting slag using 
flotation of modified slag. The slag was modified by adding 
pyrite and carbon and heated to 1400 °C. They reported an 
increase in nickel and copper recovery by 49.6 and 43.6% 
relative to flotation recovery of the raw slag. Recovery of 
iron from nickel flash smelting (FS) slag at a nickel smelter 
in China, using direct reduction-magnetic separation pro-
cess, has been investigated by Wang et al. [8]. In their study, 
calcium carbide slag was the additive and coke dust was the 
reductant. They aimed to optimize parameters such as reduc-
tion time, temperature, and dosage of additive for iron recov-
ery from nickel slag. They concluded that 1287 °C, 2.8 h, 
and calcium carbide slag dosage of 57.19% were the optimal 
conditions and this resulted in iron recovery of 95.44% [8]. 
Zhang et al. [4] proposed nickel slag recycling using alu-
minum dross to investigate processes of network modifica-
tion of slags and reduction at 1500 °C. They selected CaO 
as modifier based on thermodynamic calculations, as its use 
resulted in higher activity of FeO. They reported iron and 
copper recoveries of 94.3% and 97.8%, respectively, after 
aluminothermic reduction for 120 min. The metal phase 

revealed metallic Cu was dissolved into metallic iron form-
ing a Fe–Cu alloy.

Dańczak et al. [9] employed anodic graphite of spent 
batteries as reductant in nickel slag reduction at 1350 °C. 
They studied the effect of different nickel slag to spent bat-
tery ratios and the phases formed at different times. It was 
reported that metal alloy, matte, and slag phases were formed 
after reduction, and they concluded that the metal/matte to 
slag distribution coefficient increases with an increase in the 
amount of spent battery. Avarmaa et al. [10], on the other 
hand, studied the reduction of nickel slag at 1400 °C with 
biochar and battery scrap mixture to recover valuable metals. 
They compared the results to the reduction with coke and 
reported that biochar enhanced reaction kinetics compared 
to coke and the presence of battery scrap greatly increased 
the distribution coefficients of valuable metals.

While nickel slag cleaning aims to recover valuable met-
als such as nickel, cobalt, and copper as much as possible in 
the metal alloy phase, it is important to minimize the iron 
content as it is very difficult to separate during downstream 
processes. Since some of the metals have similar reduction 
properties as iron, some losses of valuable metals are una-
voidable in the slag cleaning [11]. These valuable metals are 
present in the slag as mechanically entrapped droplets or as 
chemically dissolved oxides or sulfides. To regain these ele-
ments, the mechanically entrapped metal droplets must sepa-
rate, grow, and settle into the metal alloy and the dissolved 
oxides must be reduced with a suitable reducing agent [10].

The metallurgical industry consumes great amounts of 
fossil fuels such as coke, which is mainly used as fuel and 
reducing agent resulting in large emissions of carbon diox-
ide and other greenhouse gases. In recent times, the use of 
non-fossil reductants in metal production has gained more 
attention [12–14]. One such option of non-fossil reductant 
is biocoke or biochar obtained from pyrolyzed biomass. 
Since biomass absorbs  CO2 from the atmosphere during 
their growth, they release the absorbed  CO2 in the reduction 
process, thus creating a closed loop carbon cycle [15, 16]. 
Several research groups have investigated the use of biomass 
or biochar as reductant in metal production [10, 17–25].

Adrados et al. [15] compared biocokes pyrolyzed from 
olive and eucalyptus trees with commercial reducing 
agents (metallurgical coke, petroleum coke, and anthra-
cite). They reported that based on proximate and ultimate 
analysis, olive and eucalyptus biocokes (bioreducers) have 
better quality than the usual reducing agents, since the 
bioreducers have lower ash and sulfur contents. Moreover, 
the bioreductants used have much higher specific surface 
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area and porosity than that of the commercial reductants, 
making them much more reactive. Cholico-González et al. 
[12] investigated the potential of using agave bagasse 
(biomass obtained in Mexico) as a source of reductant for 
magnetite concentrate. They reported that agave bagasse 
has a comparable reduction efficiency to fossil fuels. In 
their study on the effectiveness of using biomass-based 
reducing agent in blast furnace, Suopajärvi et al. [16] con-
cluded that the utilization of biomass as raw material in 
blast furnace ironmaking can have an enormous contribu-
tion to the mitigation of  CO2 emissions in steelmaking. 
Moreover, Mousa et al. reported that the use of biomass as 
a source of energy and reducing agents provides a promis-
ing alternative solution for green steel production [26].

From an economic perspective, however, incorporating 
biomass reducing agents in metallurgical industries can-
not currently compete with fossil reductants. On the other 
hand, this economic disadvantage decreases when higher 
carbon taxes are imposed [17, 26, 27].

The aim of this study was to ascertain the potential and 
effectiveness of using biochar as reducing agent to recover 
valuable metals like Co, Ni, and Cu from nickel smelting 
slag as well as to understand the effects of reaction time.

Experimental

Materials

About 1.0 g of slag was used in all experiments. The slag 
used was industrial (ground) nickel smelting slag provided 
by Boliden Harjavalta Oy (Harjavalta, Finland). X-ray fluo-
rescence (XRF) as well as *magnetite content analyses (Sat-
magan) for the slag were conducted at Boliden Harjavalta 
Oy, see Table 1. Additionally, the slag was analyzed using 
XRD as shown in Fig. 1. The results showed that the slag 
consisted of magnetite  (Fe3O4), olivine ((Mg,Fe)2SiO4), and 
fayalite  (Fe2SiO4). Other elements shown in Table 1 were 
not detected due to their relatively low concentrations in 
the slag.

The magnetite content was initially measured to be 16.65 
wt%. This initial value was used to calculate the stoichio-
metric amount for the reductant used. This calculation is 
based on the amount of carbon present in each reductant. 
Recalibration of Satmagan apparatus revealed a magnetite 
content of 22 wt% in the nickel smelting slag. Upon recalcu-
lation, the amount of carbon in the biochar employed in the 
reduction was 1.7 times the stoichiometric amount. Due to 
the difference in carbon content, the amounts of reductants 
used for reduction varied.

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

Fe Ni Cu Co Cr Zn S SiO2 MgO Al2O3 CaO *Fe3O4

37 3.62 0.77 0.42 0.08 0.08 0.11 33.7 7.6 2.1 1.74 22

Fig. 1  XRD pattern for nickel smelting slag before reduction
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Four different kinds of reductants were tested in the 
experiments, i.e., black pellets pyrolyzed at 600 °C (B600) 
and 1200 °C (B1200) and hydrolysis lignin pyrolyzed at 
600 °C (L600) and 1200 °C (L1200). The samples were 
pyrolyzed in a chamber furnace Nabertherm HT08/18 
(Nabertherm GmbH, Lilienthal, Germany) by heating from 
room temperature to the final temperature at 5°C/min heating 
rate using nitrogen as inert gas. Once the final temperature 
was reached, the samples were held at the final temperature 
for 8h. These pyrolyzed biochars were obtained from Uni-
versity of Oulu, Finland. The ultimate and proximate analy-
ses of these reductants shown in Table 2 were performed at 
University of Oulu using Elemental Analyzer Flash 2000 
CHNS-O and PerkinElmer STA 800, respectively [28]. The 
samples were combusted at 950 °C in determination of C, 
H, N, and S concentrations, while the total oxygen in the 
biochar was determined at 1050 °C. Ash analysis of lignin 
and black pellet was conducted using inductively coupled 
plasma-optical emission spectroscopy (ICP-OES) and is 
shown in Table 3.

Table 2 shows that a biomass pyrolyzed at a higher tem-
perature has higher fixed carbon and lower volatile matter 
contents. In addition, the ash content of black pellet is much 
higher than that of lignin. The ash analysis revealed that black 
pellets contain relatively high concentrations of Ca, K, and Si. 
Most of the elements in the ash deport to the slag phase during 
reduction reactions. It can be seen in Table 2 that lignin has 
higher fixed carbon content compared to black pellet. Proxi-
mate analysis, in turn, reveals that biochar pyrolyzed at higher 
temperature contains higher carbon and lower hydrogen and 
nitrogen composition (Table 2). When biochar is employed as 
fuel or reducing agent in some metallurgical industries, low 

ash contents and high volatile matter may be advantageous 
[23, 29].

The stoichiometric amount of carbon required for reduction 
was calculated based on the composition of nickel slag after 
converting the metal concentrations to oxides, as shown in 
Eqs. (1) to (5). The stoichiometric mass of carbon to be used 
was calculated using Eqs. (6) to (11). The amount of reductant 
needed was calculated from the amount of carbon required.

(1)2Cu + 0.5O2 = Cu2O

(2)Zn + 0.5O2 = ZnO

(3)Ni + 0.5O2 = NiO

(4)Co + 0.5O2 = CoO

(5)2Cr + 1.5O2 = Cr2O3

(6)Fe3O4 + C = 3FeO + CO

(7)Cu2O + C = 2Cu + CO

(8)ZnO + C = Zn + CO

(9)NiO + C = Ni + CO

(10)CoO + C = Co + CO

(11)Cr2O3 + 3C = 2Cr + 3CO

Table 2  Proximate and ultimate 
analyses of biochar

Properties L600 L1200 B600 B1200

Moisture wt% 0.66 0.30 0.71 0.41
Ultimate analysis C wt% 87.90 96.73 76.62 81.21

H wt% 1.73 0.07 1.56 0.00
O wt% 8.50 2.15 7.33 5.73
N wt% 0.97 0.13 0.47 0.12
S wt% 0.00 0.00 0.00 0.00

Proximate analysis Volatile matter wt% 6.39 1.31 10.82 3.57
Ash content wt% 1.29 0.92 12.32 12.83
Fixed carbon wt% 91.62 97.54 76.16 83.19

Table 3  Ash analysis of biochar used for the reduction study

Element Ca Mg Na K P S Fe Al Si Ti Mn Ba Cr Cu Ni Zn

Lignin mg/kg 290 51.0 < 10 130 74 1100 810 14 < 10 < 1.0 41 4.8 15 < 1.0 12 12
Black pellet mg/kg 13,900 960 210 2600 560 – 680 680 7400 36 400 200 81 6 36 140
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Method

The vertical-tube furnace (Fig. 2) used was Lenton LTF 
16/450 (Lenton Furnaces & Ovens, Hope Valley, UK) 
equipped with silicon carbide heating elements, placed 
around alumina work tube (38 mm inner diameter and 1200 
mm length) (Frialit AL23, Friatec AG, Mannheim, Ger-
many). The temperature was monitored by a thermocouple 
S-type Pt/Pt-10%Rh thermocouple (Johnson-Matthey Noble 
Metals, UK, accuracy of ± 3 °C) and a smaller 22 mm diam-
eter alumina tube as well as the gas inlet and a guiding tube 
were installed inside the work tube through a lid screw. The 
furnace temperature was set to 1400 °C and the tempera-
ture data during the experiments were collected with a NI 
LabVIEW temperature logging program. The thermocouple 
was connected to a Keithley 2010 DMM multimeter, and 
the room temperature was measured by a Pt100 resistance 
thermometer (SKS-Group, Vantaa, Finland, tolerance class 
B 1/10), connected to a Keithley 2000 DMM multimeter. 
The working tube was sealed from the bottom end with a 
rubber plug, which had a gas outlet tube that led into an 
exhaust line. The furnace was equipped with water cooling 
elements at the top and the bottom parts of the working tube. 

A platinum wire (diameter 0.5 mm) was inserted through 
the smaller diameter alumina tube for holding and lifting 
the samples from the cold end to the hot zone of the furnace.

The furnace was purged with argon gas (99.999 vol% 
purity, Woikoski Oy, Finland) with a flow rate of 300 
mL/min, controlled by a rotameter (Kytölä Instruments, 
Jyväskylä, Finland ± 5% full scale) during the experiments. 
The cone-shaped silica glass Heraeus HSQ®300 crucibles 
(fused quartz with purity of > 99.998 wt% by Finnish Special 
Glass Oy, Espoo, Finland) with a diameter of 25 mm and 
height of 15 mm were employed for nickel slag containment.

The drop-quench technique which has been employed by 
several authors was used in this study. This technique was 
used to investigate distribution of minor elements in equi-
librium [30, 31], major element phase equilibria [32, 33] as 
well as kinetics research [10, 34, 35].

1 g of the slag was mixed with the calculated amount of 
biochar. The mixture was pelletized and placed in a cru-
cible which was in a basket-shaped sample holder made 
from Kanthal A-wire (diameter 0.65 mm). The basket was 
attached to platinum wire hanging from inside of the fur-
nace and subsequently lifted to the lower end of the furnace 
before sealing the work tube with a rubber plug. At the lower 

Fig. 2  Schematic of the vertical 
furnace used for nickel slag 
reduction experiments
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end of the furnace, the temperature was less than 70 °C, and 
therefore, no reactions were expected to take place. 300 mL/
min argon gas was used to purge the furnace to create an 
inert atmosphere. After about 15 min, the sample was lifted 
to the hot zone where the reduction reactions took place. 
After reaching the desired reaction time, the sample was 
dropped into ice water by pulling the platinum wire, which 

caused the sample-basket assembly to detach and fall. Prior 
to this, the lower end of the working tube was immersed 
into ice water and the plug was removed thus ensuring an 
inert atmosphere in the furnace. Reduction experiments were 
carried out at 1400 °C for 15, 30, and 60 min for each of the 
reductants.

Fig. 3  SEM micrographs of sample polished sections of nickel slag 
reduction with a L1200 for 15 min, b L1200 for 30 min, c L1200 for 
60 min, d L600 for 15 min, e L600 for 30 min, f L600 for 60 min, g 

B1200 for 15 min, h B1200 for 30 min, i B1200 for 60 min, j B600 
for 15 min, k B600 for 30 min, and l B600 for 60 min
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The samples were dried and cast in epoxy resin, and after 
curing, they were cut in half and again mounted in epoxy 
resin and cured. The samples were then polished, and carbon 
coated for scanning electron microscopy (SEM) and elec-
tron probe microanalysis (EPMA). Mira 3 Scanning Elec-
tron Microscope (Tescan, Brno, Czech Republic) equipped 
with an UltraDry Silicon Drift Energy Dispersive X-ray 
Spectrometer (EDS) supplied by Thermo Fisher Scientific 
(Waltham, MA, USA) was used to perform preliminary 
elemental analyses and microstructural imaging.

The compositions of the metal and slag phases were 
measured using EPMA with an SX100 (Cameca SAS, Gen-
nevilliers, France) microprobe equipped with five wave-
length dispersive spectrometers (WDS). Eight points were 
selected in each phase and the detection limits for the ele-
ments were determined separately in each analytical series. 
The acceleration voltage and beam current used were 20 kV 
and 30nA, respectively. A focused and defocused (2 µm or 
20 µm) beam diameters were used. Standardization of the 
characteristic X-ray lines to be measured for the individual 
elements were carried out by using natural and synthetic 
minerals as follows: Si Kα and O Kα (quartz), Mg Kα and 
Ca Kα (diopside), Al Kα (almandine), Ni Kα (pure nickel), 
Co Kα (cobaltite), Cr Kα (chromite), Ti Kα (rutile), Fe Kα 
(hematite), Cu Kα (pure copper), Zn Kα (sphalerite), S Kα 
(sanidine), Na Kα (tugtupite), and K Kα (sanidine). Totals 
of the individual analysis points obtained with EPMA were 
typically within 100 ± 2%. The PAP-ZAF matrix correction 
[36] by Cameca was used for the primary WDS data.

Results and Discussion

Reduction Experiments

At the hot zone of the furnace (1400 °C), the sample melts. 
Metal oxides (MeO) present in the slag react with the carbon 

in biochar producing metal (Me) as shown in Eq. (12). Car-
bon monoxide produced may also take part in the reduction 
of metal oxides [see Eq. (13)]. As time progresses, more car-
bon and carbon monoxide react leading to a decrease in con-
centration of metals in the slag. The metal species produced 
from reduction of metal oxides as well as the mechanically 
droplets entrapped grow and form a metal alloy.

Figure 3 shows the SEM micrographs of sample polished 
sections prepared from nickel slag reduction with biochar 
at 15, 30, and 60 min. It can be observed that a metal alloy 
droplet was obtained with every contacting time, which sug-
gests that the contact between the slags and reductants was 
good, and the reactions proceeded rapidly. The round shaped 
bright regions seen in the images are the metal alloy droplets 
and the gray regions are the slag areas (see Fig. 3). The sam-
ples from reduction were rapidly quenched (< 3 s), result-
ing in homogenous slag phase with an amorphous structure. 
Post-quenching XRD analysis also confirmed the amorphous 
nature of the slag, as no crystalline peaks were detected. 
The average elemental concentrations of the slags and metal 
alloys are presented in Appendix, Tables 4, 5, and 6.

Since some of the slags were brittle because of rapid 
quenching, the metal droplets as well as slag pieces were 
sometimes detached from the rest of the sample while cut-
ting. The dark regions (epoxy) found within the slag are 
attributed either to this or to gas formation within the melt.

The formed metal generally settled at the bottom of the 
crucible, although some smaller droplets were found in 
various locations inside the crucibles. Avarmaa et al. [10] 
observed similar microstructures and attributed the presence 
of the smaller droplets found at the edges of the crucibles 
to the surface and interfacial tensions between the phases of 

(12)MeO(l) + C(s) = Me(l) + CO(g)

(13)MeO(l) + CO(g) = Me(l) + CO2(g)

Fig. 4  SEM micrographs of sample polished sections of nickel slag with coke for a 15, b 30, and c 60 min
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the system. In some of the reduction tests, two metal droplets 
were found (a bigger one and a smaller one: see Fig. 3b 30 
min). It is believed that the bigger droplet (> 1 mm diameter) 
is the first metal that was formed and the smaller one(s) 
is(are) later generated. Analysis of the smaller metal droplets 
revealed that the nickel, cobalt, and copper concentrations 
were higher but iron concentration was lower compared to 
the bigger droplet.

Nickel slag reduction was also conducted with metallurgi-
cal coke (Fig. 4) in order to compare with the results from 
slag reduction with biochar. It was observed that biochar is 
a more reactive reducing agent compared to metallurgical 
coke. A large metal alloy droplet (~ 2 mm diameter) was 
formed (Fig. 3) when the different biochars were used, but 
such large alloy droplets were not found in the samples 
reduced with coke.

Figure 5 shows the concentrations of nickel, cobalt, cop-
per, and iron in the slag before (0 min) and after reduction 
(15, 30, and 60 min). This gives an indication of the amount 
of elements that have reduced to the metal phase or have 
been volatilized. It can be seen that the concentrations of 
nickel, cobalt, and copper in the slag decrease as reduction 
time increases for all the biochar types. Within the first 15 
min of the reduction, nickel concentration within the slag 
reduced from 3.62 to 1.06 wt% when metallurgical coke 
was employed. Higher reduction was achieved when bio-
char was used, yielding nickel percentages in slag below 
0.5 wt%. Biochars pyrolyzed at 600 °C (L600 and B600) 
showed higher reduction potentials than biochars pyrolyzed 
at 1200 °C. When B600 and L600 were employed as reduc-
ing agents, the nickel concentration in the slag after 15 min 
was 0.06 and 0.07 wt%, respectively, while those for B1200 
and L1200 were 0.48 and 0.24 wt%, respectively. While bio-
chars pyrolyzed at 1200 °C have higher carbon contents, 
the higher volatile matter concentrations in L600 and B600 
may be indirectly responsible for their higher reactivity, i.e., 
showed faster reduction kinetics.

It is commonly stated that in slag cleaning processes (at 
1300–1400 °C) and, e.g., in titania smelting, volatiles are 
not contributing the reduction processes. This means that 
they are not considered when calculating the stoichiometric 
amounts of reductant needed in the process. However, the 
volatile matter upon moving to the gas phase increases the 
surface area for sufficient slag and reductant reaction [37, 
38]. Moreover, compared to the coke and biochar pyrolyzed 
at 1200 °C, more  CO2 is produced by biochar pyrolyzed at 
600 °C which quickly reacts with solid carbon as shown in 
Eq. 14 (Boudouard reaction). Also, the generated CO takes 
part in the reduction. Since reduction with solid carbon is 
slower compared to CO, the higher CO present during bio-
char reduction increases its effectiveness as reductant com-
pared to coke [39, 40].
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After 60 min reduction, the final concentrations of nickel 
in the slags were very close to each other with all reduct-
ants studied. Similar patterns regarding reduction kinetics of 
different reductants were observed for cobalt and copper as 
well, with the difference that the final concentration of cobalt 
in slag after 60 min was more than double with coke and 
B1200 compared to L600 and B600 reductants. Regarding 
iron concentration in slag, all the biochars behaved simi-
larly; however, the use of coke resulted in the lowest iron 
concentrations.

The concentrations of the main elements in the metal 
phase (indicating the average analysis of different droplet) 
are shown in Fig. 6. The reduction of nickel started rap-
idly after reaching the experimental temperature. As time 
progressed, the concentration of iron increased, thus the 
percentage of nickel in the metal phase was reduced. In the 
reduction samples where more than one metal droplet was 
found, the results showed varying compositions, especially 
with nickel and iron, resulting in higher standard deviations.

Distribution Coefficients of the Elements

The distribution coefficient is a parameter that is used to 
estimate the progress of the reduction reaction. It gives an 
indication of the behavior of the various elements in the 
reduction study. In this work, the distribution coefficient 
between metal alloy and slag is used, and thus, a higher 
distribution coefficient indicates higher deportment to the 
alloy. The distribution coefficient of an element, Me, was 
calculated using Eq. (15) [41–43],

where m represents the metal phase and s the slag phase.
The uncertainty (ΔL) of the distribution coefficient was 

calculated using the relation below in Eq. (16),

where ΔMe is the standard deviation of element Me calcu-
lated from the EPMA results.

Figure 7 shows the distribution coefficient of nickel, 
cobalt, copper, and iron between metal alloy and slag at 
1400 °C as a function of time. The results from this work 
have been compared to other studies where battery scrap [9] 
and mixture of battery scrap and biochar [10] were used as 
reductants for nickel slag reduction.

The distribution coefficients of all the metals using the 
various reductants generally increase with time. It can 
be inferred from the only slightly increasing distribution 

(14)CO2(g) + C(s) = 2CO(g)

(15)L
m∕s =

wt% Me in metal

wt% Me in slag
,

(16)

ΔL
m∕s =

{

[

ΔMe

wt% Me in metal

]

+

(

ΔMe

wt% Me in slag

)}

× L
m∕s,
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coefficient values that the reduction proceeds quickly and 
the metal oxides are efficiently reduced to the alloy already 
after 15 min reduction time. The use of B600 resulted in 
the highest distribution coefficients for nickel, cobalt, and 
iron, closely followed by L600 biochar. The distribution 
coefficients of nickel, cobalt, and iron had the lowest values 
with coke reduction, although these values have the highest 
increase as a function of time. This is attributed to the slower 
reaction kinetics of coke compared to the different biochars. 
The distribution coefficient values for Ni and Cu are simi-
lar for coke and the biochars after 60 min of reduction. It 
can be inferred from Fig. 7 that in terms of the distribution 
coefficient values, the reductants can be ranked according 
to effectiveness or reactivity as B600 > L600 > L1200 > B
1200 > Coke.

Thermodynamic Modeling

Factsage thermodynamic software package, version 8.0 [44] 
was used in this study to investigate the effect of addition 
of biochar on the composition of metal and slag from nickel 
slag reduction in order to validate the experimental results. 
The composition of nickel slag, based on XRF analysis, as 
well as the ultimate and ash analyses of biochar were used 
as inputs in the software. The databases used for the calcula-
tions were custom collected based on the databases FactPS 
(pure substances), FToxid (optimized for oxide systems), 
and FSCopp (optimized for copper-containing solid and liq-
uid alloys). The phases selected for the calculations were the 
spinel (solid solution phase with stoichiometry  AB2O4, A, 
B = divalent and trivalent metals), slag (liquid oxide silicate 
phase), monoxide phase (solid solution), FCC, BCC, HCP-
A3 (three solid multicomponent alloys), and liquid metal. 
Ideal gas and pure solids were also selected before the calcu-
lations were done at 1400 °C. The calculations with Factsage 
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were performed as closed. Although argon was used to purge 
the furnace, it has not been included as an input in the cal-
culations because it is assumed it did not take part in the 
reduction process.

Effect of Addition of Biochar

One gram of nickel slag was reacted with different masses of 
biochar. The phases formed during reduction, as predicted 
by Factsage, plotted as a function of addition of biochar are 
shown in Fig. 8. It is observed that as the reduction pro-
gresses, the mass of slag decreases while the masses of metal 
and gas increase until about 0.15 g of biochar addition. After 
this point, the masses of metal as well as the gas and slag 
remain constant. About 0.45 g of metal is formed with > 0.15 
g of biochar addition. Moreover, the thermodynamic simula-
tion reveals that relatively more gas is produced when L600 
and B600 are employed as reductants compared to their 
respective biochars pyrolyzed at 1200 °C.

The mass percentages of some metals (Zn, Cu, Ni, Co, 
and Fe) that were present in the gas, metal, and slag phases 
are shown in Fig. 9. The results from reduction of Ni slag 
with B600 have been selected for plotting since the calcu-
lated results were very similar with all investigated biochars. 
When 0.01g of biochar is added to 1.0 g of nickel slag, at 
equilibrium, 80 wt% of the metal formed is nickel. This 
percentage continually decreases when higher amounts of 
biochars are added. Although the mass of nickel formed does 
not decrease with biochar addition, more iron is reduced, 
which consequently decreases the relative nickel concentra-
tion in the metal phase. In addition, the relative concentra-
tions of copper and cobalt in the metal alloy increase to their 
highest values, 11% and 4% respectively, with less than 0.03 
g biochar addition, after which they begin to decrease. The 
mass content and mass balance were not determined in the 
experimental section of this work, as it was not possible to 
separately collect all the phases from the quenched samples.

Nickel and copper have the highest concentrations of 80% 
and 10%, respectively, when 0.01 g of biochar is reacted 
with 1 g slag. The concentration of iron in the metal phase 
is the lowest at this addition. Since the formation of solid 
iron is undesired in industrial operation, it is important to 
recover other valuable metals like nickel and copper with 
low iron concentration [11].

In the slag, nickel concentration plummets to about 0.1 
wt% when 0.02 g of biochar is added to a gram of slag, and 
it continuously decreases until the nickel oxide in slag is 
almost completely reduced and Ni deported to the metal 
phase. Cobalt followed a similar trend as nickel in the slag. 
However, efficient copper oxide reduction from the slag 
requires a higher amount of reductant compared to nickel 
and cobalt. According to the calculations, approximately, 
0.15 g of biochar (to 1 g of slag) is enough to reduce all the 
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iron oxides from the slag to metallic iron. As can be seen 
from Fig. 9a, zinc evaporates into the gas phase.

The metal-to-slag distribution coefficients of some ele-
ments from thermodynamic modeling of nickel slag reduc-
tion were calculated using Eq. 15 and are shown in Fig. 10. 
The results showed that the distribution coefficients of all 
the metal elements increased as a function of addition of 
biochar. The results of the simulations that have the same 
conditions as the experiments have been circled in Fig. 10.

Although the simulation yielded slightly higher distri-
bution coefficient values, the simulation results were com-
parable to the experiments. In the utilization of B600 for 
instance, the distribution coefficient for Fe was 1.97 in the 
experiments and 2.17 in the simulations. This indicates that 
at equilibrium, more metal elements deport to the metal 
alloy phase as compared to the experiments probably due to 
kinetic restraints. It is observed that nickel distribution coef-
ficient was the highest in each of the reduction scenarios. 
Iron and zinc, on the other hand, had the lowest distribution 
coefficients. This is consistent with the results from reduc-
tion experiments where nickel distribution coefficient was 
close to 1000, while that of iron was less than 10. Moreover, 
these results are in agreement with [10] where battery scrap 
was employed as reductant.

Effect of Temperature

Another thermodynamic calculation was performed by add-
ing the stoichiometric amount of reductant to 1 g of nickel 
slag with temperature variations from 800 to 1600 °C. B600 
has been shown as representative for the other reductants 
since all the thermodynamic simulations produced similar 
outputs. Figure 11 shows the masses of the various phases 

that are formed during nickel slag reduction with B600 bio-
char at different temperatures (800–1600 °C).

Factsage predicts the formation of gas, slag, liquid, 
and other phases in this temperature range. The results 
show that the sample melts and liquid slag starts to form at 
temperatures above 1150 °C. Solid phases such as spinel, 
olivine, and FCC are present at lower temperatures, and 
the sample is completely molten at temperatures above 
1390 °C (Figs. 11, 12). The concentration of the main 
constituent of the solid phases, iron, decreases in these 
solid phases as iron deports to the molten slag when the 
temperature increases (Fig. 12c, d).

When the sample is not completely molten (< 1390 °C), 
nickel and cobalt are present in the FCC phase, but they 
completely deport to the liquid metal phase at higher tem-
peratures. According to the calculation, nickel is expected 
to have a slightly higher concentration in the metal alloy 
phase than iron at temperatures above 1400 °C. This is 
due to the fact that a stoichiometric amount of reductant 
was used, which means that only a small fraction of the 
iron oxides will be reduced to metallic iron. Copper on 
the other hand is mainly present in the liquid metal phase 
even at lower temperatures. Also, zinc starts to vaporize at 
temperatures higher than 1000 °C and continually vapor-
izes with increasing temperature.

Summary and Conclusions

In this study, the use of carbon neutral biochars as reducing 
agents in the pyrometallurgical treatment of nickel slag was 
investigated at 1400 °C in order to recover valuable elements 

Fig. 11  Formation of gas, liquid 
metal, slag, and other phases 
(FCC, spinel, and olivine) 
during nickel slag reduction 
with B600 biochar at different 
temperatures as predicted by 
Factsage
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such as copper and nickel from the slag. Black pellet and 
lignin, each pyrolyzed at 600 and 1200 °C, were employed 
as reductants and the recoveries of nickel, copper, and cobalt 
were investigated and compared to the results when using 
fossil coke as the reductant. The biochars pyrolyzed at 1200 
°C had higher fixed carbon and lower volatile matter con-
tents compared to those pyrolyzed at 600 °C. While this may 
be preferred in industrial applications, the cost of energy 
required for pyrolyzing at higher temperatures might deter 
the use of biomass pyrolyzed at higher temperatures. B600 
appeared to be the most efficient biochar, although it has 
lower carbon content compared to the other chars. The fast 
reaction kinetics is thought to be attributed to the relatively 
high content of volatiles in this biochar, leading to gas for-
mation and thus mixing of the sample material. During the 
slag cleaning, biochars showed higher reactivity and faster 
reduction kinetics compared to coke. This, again, may be 
attributed to high concentration of volatile matter present. 
Although it is stated that at high temperatures (1300–1400 
°C) volatile matter do not contribute to the reduction pro-
cess, it is possible that the volatiles create pores upon mov-
ing into the gas phase, increasing thus the surface area for 
reaction. In addition,  CO2 generated reacts with carbon 
(Boudouard reaction) resulting in more CO produced which 
takes part in the reduction reaction. Higher distribution coef-
ficients between metal alloy and slag were obtained for Ni, 
Co, and Fe using any biochar, compared to using coke.

Thermodynamic modeling was performed with 
FactSage© and the distribution coefficients calculated were 
compared to the experimental results, which were consistent 
with the thermodynamic modeling. In addition, thermody-
namic calculations confirmed that nickel is reduced rapidly, 
and it deports to the metal alloy phase when enough fer-
ric oxide has been removed from the slag. As the reduction 
progresses or extra reductant is available for reactions, more 
iron is deported to the metal phase. The calculations also 
revealed that Zn vaporizes into the gas phase.

The use of biochar is beneficial from an industrial point 
of view, as it requires a shorter reduction time and results in 
lower  CO2 emissions compared to coke. Issues related to low 
volume density, high moisture content, high transportation 
and storage costs, and poor grindability reported by [25] can 
be addressed by briquetting and pyrolysis of biomass [45] 
in order to facilitate the adoption of biochars in industrial 
applications.

Appendix

The average compositions of the slag and metal phases of 
the reduction products are shown in Tables 4, 5, and 6 below.
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Table 4  Average phase 
composition obtained from 
EPMA after nickel slag 
reduction with biochar for 
60 min, norm wt%

Element L1200 L600 B1200 B600 Coke

Metal Slag Metal Slag Metal Slag Metal Slag Metal Slag

O 0.34 39.09 0.31 38.83 0.39 39.22 0.34 37.83 0.89 39.46
Na 0.00 0.20 0.00 0.18 0.00 0.17 0.01 0.20 0.00 0.20
Mg 0.01 4.10 0.01 4.21 0.00 3.75 0.01 4.72 0.01 4.05
Al 0.00 0.95 0.00 0.99 0.00 0.88 0.00 1.04 0.00 1.04
Si 0.06 22.67 0.02 22.39 0.02 22.59 0.01 21.14 0.05 23.12
Mn 0.00 0.03 0.00 0.03 0.00 0.04 0.00 0.05 0.00 0.03
S 0.23 0.07 0.04 0.08 0.87 0.01 0.03 0.09 1.18 0.05
K 0.00 0.33 0.00 0.31 0.00 0.32 0.00 0.39 0.01 0.34
Ca 0.00 1.11 0.00 1.12 0.00 1.15 0.00 1.36 0.00 1.12
Ti 0.00 0.28 0.00 0.29 0.00 0.25 0.00 0.30 0.01 0.28
Cr 0.00 0.07 0.00 0.08 0.00 0.07 0.00 0.08 0.00 0.07
Fe 43.15 30.80 47.57 31.21 24.13 30.50 60.37 32.55 16.20 29.64
Co 4.09 0.08 4.21 0.05 2.98 0.25 3.39 0.02 1.75 0.16
Ni 45.58 0.08 42.11 0.05 63.28 0.51 30.92 0.04 73.10 0.26
Cu 6.54 0.15 5.74 0.16 8.32 0.28 4.92 0.15 6.79 0.17
Zn 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.02 0.00 0.01

Table 5  Average phase 
composition obtained from 
EPMA after nickel slag 
reduction with biochar for 
30 min, norm wt%

Element L1200 L600 B1200 B600 Coke

Metal Slag Metal Slag Metal Slag Metal Slag Metal Slag

O 0.40 38.96 0.37 39.27 0.40 39.76 0.28 39.62 0.74 39.58
Na 0.00 0.18 0.00 0.18 0.00 0.16 0.00 0.20 0.00 0.18
Mg 0.01 3.96 0.00 4.21 0.00 3.86 0.00 4.33 0.01 3.82
Al 0.00 0.93 0.01 1.02 0.01 0.93 0.00 1.01 0.00 0.96
Si 0.05 22.72 0.10 22.01 0.02 21.99 0.02 21.45 0.02 23.08
Mn 0.00 0.03 0.00 0.03 0.00 0.04 0.00 0.05 0.00 0.03
S 0.64 0.06 1.12 0.06 1.42 0.05 0.06 0.08 0.14 0.04
K 0.00 0.32 0.00 0.32 0.00 0.31 0.00 0.35 0.01 0.31
Ca 0.00 1.06 0.00 1.14 0.00 1.23 0.00 1.31 0.00 1.04
Ti 0.00 0.27 0.00 0.29 0.00 0.26 0.01 0.30 0.00 0.26
Cr 0.00 0.07 0.00 0.08 0.00 0.07 0.00 0.08 0.00 0.07
Fe 31.70 30.99 39.37 31.11 24.87 30.83 52.99 31.00 15.23 29.71
Co 10.49 0.15 3.14 0.05 2.90 0.18 3.99 0.03 1.32 0.20
Ni 48.12 0.11 50.74 0.06 62.37 0.15 37.99 0.04 75.67 0.49
Cu 8.57 0.17 5.13 0.15 8.01 0.18 4.66 0.14 6.86 0.21
Zn 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01
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