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Abstract In pyrometallurgy process involving drying,
calcination and reductive smelting steps, Saprolite ore is
subjected in an electric arc furnace to produce Fe—Ni alloy
and Ni matte. To optimize the nickel smelting step, the slag
consisted of MgO-SiO,-FeO and having a lower viscos-
ity and high fluidity is required. In this study, a number of
new slag samples with varied degree of compositions are
manufactured and used to examine the effect of their vis-
cosity on nickel dissolution. Further correlation between
the slag basicity and FeO addition on the smelting was also
tested and simulated using Fe—Ni alloy from saprolite ore.
As per the observations, the nickel dissolution increases with
the increased content of FeO at a certain degree of activity
which in turn can cause oxidation of nickel during the pro-
cess. The slags with the ratio of MgO/SiO, =0.4-0.6, 30%
fraction of FeO, and a viscosity of 1.8—1.06 poise in the
olivine zone are found effective for the lowest dissolution
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rate of nickel with 0.021, 0.022, and 0.018 wt.%. The lowest
dissolution rate is recorded for the slag with MgO/SiO, ratio
about 0.6. These slags with controlled amount of constitu-
ents could be used to recover precious metal from nickel
smelter at a lower dissolution rate and thereby allowing to
reduce the waste of the metal during smelting process.

Keywords Laterite deposits - Nickel dissolution
processes - Fe—Ni alloys - Pre-melted slags - Physical and
chemical properties of slag

1 Introduction

In recent years, the global consumption of nickel has been
growing rapidly as it has been in demand for developing the
electrical technology such as batteries and other products
of stainless steel. Being now one of the most widely used
metals, about 65% nickel is used for producing stainless steel
whereas the rest (12, 8 and 5%) is consumed for manufac-
turing its super or non-ferrous alloys, electroplating and for
batteries or other chemical derivatives, respectively [1, 2].
The natural and major deposit sources of nickel are laterite
and magmatic sulfide. The laterite sulfide deposits represent
about 70% of the nickel resources and are divided into the
layers with different minerals, for example, limonite, sapro-
lite and transition ores [3—7]. As an upper layer, the limo-
nite ore has a lower grade of nickel (0.8—-1.5%) and mag-
nesium, silicon (0.5-1.5%) as compared to its counterpart
saprolite. Currently, the limonite ore is processed by widely
used methods known as hydrometallurgy, high-pressure acid
leaching (HPAL—at high temperatures roughly 255 °C) and
atmospheric pressure leaching (APL) [8]. In addition to this,
a lower grade transition metals containing ore is treated by
following hydrometallurgy method and a set of combined
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processes including pyro-hydrometallurgical, Caron and
APL/HAPL [6, 9]. Contrary to limonite, saprolite ore con-
tains a high composition of nickel and magnesium—silicon
up to 1.8-3.0% and 15-35%, respectively [10, 11]. From
this, Fe-Ni alloy can be produced upon subjecting the ore
to pyrometallurgical process which involves consecutive
steps (1) drying, (2) calcination, and (3) reductive smelting
in an electric arc furnace subsequently [12]. However, the
pyrometallurgical procedure can pose major disadvantages,
for instance, during the drying step, about 30—40% moisture
can be removed that leads to the consumption of a large
amount of energy for calcination and generation of slag and
thereby reducing the extraction of metals. Nevertheless, the
pyrometallurgical method can be made convenient if nickel
content in the ore is about 1.5% and about 90% metal recov-
ery rate is achieved during production [13, 14]. In a report,
a pyro-physical method combining reduction roasting and
magnetic separation to recover the nickel from saprolite ore
has been shown to have consumed lesser energy. However,
the recovery rate of 90% could not be still accomplished
[15, 16]. In another conventional processing technique, the
roasted ore was made to undergo reductive smelting in order
to obtain as high as 95% nickel recovery rate along with the
production of nickel-iron alloy (20-70% Ni) as used in stain-
less steel [9]. It must be noted that the structural features and
composition of MgO-SiO,—FeO slag systems can influence
the nickel loss and energy consumption during smelting, the
slag also determines the gaseous motion, transportation of
metal droplets, exchange of heat or electricity generated at
the interface of separated metal and slag. From other studies,
it is understood that in order to improve the transportation
of mass and heat through the interface, the slag must have
a lower viscosity that can further contribute towards a bet-
ter solubility slag constituents or additives, and an effective
metal separation from the treated slag phases [17]. Since
the viscosity also is directly linked with the structure and
chemical composition of the slag at a given temperature,
a slag system with the lower viscosity and good fluidity is
required for smelting process and extracting a higher amount
of metal. Here in this study, we proposed new artificially
prepared slag systems with the optimized composition and
thereof structure and that are suitable for nickel smelting
processes in industry. Scheme 1 shows the artificial slag
developed in laboratory to have an optimized viscosity,
compositions, and structure that are necessary for improved
smelting process and recovering the transition metal. Further
investigations with regard to the slag viscosity and its cor-
relation with MgO-Si0O, ratio and FeO were conducted to
understand the dissolution rate of nickel from Fe—Ni alloy.
For a simulated version of smelting process with saprolite
ore, further theoretical analysis of viscosity as a function of
MgO-SiO, ratio and FeO was also carried out to examine
the dissolution of nickel into slag from Fe—Ni alloy. Our
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Scheme 1 Artificially designed and developed slag systems with
optimized viscosity, compositions, and structure that can affect the
smelting process of saprolite ore in industry and allow a cost effec-
tive recovery of metal with low energy consumption, and as a result
preventing metal particles from going into the waste where they can
be environmentally hazardous

results have suggested that the slag systems with modulated
properties reported here can be used to recover metal and
thereby reducing waste metal content in the environment
after smelting process.

2 Materials and Methods
2.1 Experimental Materials

The oxides used to prepare different slags in this study
were purchased from Junsei Chemical Co. Ltd, Japan. The
homogenous slags with different composition of MgO, SiO,
and FeO as mentioned in Table 1 were prepared by mixing
the respective oxide according to the M/S=0.2 — 0.8 ratio
and a desired quantity of FeO. Similarly, in a plastic vial, the
Fe—Ni alloy was prepared by mixing a 80% Fe (99.9% pure
iron powder) and 20% Ni (99.8% pure nickel powder) in a
ratio of 8:2. For smelting test, a ratio of 100 g metal:100 g
slag was maintained.

2.2 Experimental Apparatus

The smelting experiments were carried out in a Super Kan-
thal vertical tube furnace (impervious recrystallized mag-
nesium oxide, 70 mm inner diameter) heated by molyb-
denum silicide (MoSi,) elements at 1550 °C (Fig. 1). The
Super Kanthal tube furnace is a vertical tube consisted of
a furnace controller, a heating box with a B type thermo-
couple and vertical alumina tube with 75 mm diameter
and 600 mm length. The Kanthal tube furnace can heat
the sample to a maximum temperature of 1800 °C and can
be sealed to avoid infiltration by air. A controlled flow of
argon, nitrogen, carbon monoxide can be supplied to the
furnace for the experiment. The operational temperature
was monitored by a C type thermocouple (error of less
than+0.5% °C) attached to the furnace center zone. The
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Table 1 Different slags systems

L. . . Oxides
containing varied fraction of

Wt. %

oxides prior to smelting process Sample M1 M2 M3

M4 M5 M6 M7 F8 F9 F10 F11

Ratio 0.2 0.3 0.4

0.5 0.6 0.7 0.8 06 06 0.6 0.6

MgO 11.67 16.15 20 2333 2625 2882 31.11 30 2625 225 1875

Sio, 5833 5385 50 46.67 4375 41.18 3889 50 4378 375 31.25

FeO 30 30 30 30 30 30 30 20 30 40 50
Fig. 1 Schematic diagram of Computer
experimental apparatus for test- BROC_)KFIELD pvaT
ing the slags in smelting process ViRCOmatar
and simultaneous measuring the
viscosity of them |

=
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furnace is equipped with a temperature controlling system
and programmable segments for precise control of heat-
ing rate, cooling rate, holding and time setting. An over-
temperature controller and alarm are also mounted in the
furnace for a continuous operation without the need of an
attendant. The experimental gases for low oxygen partial
pressure based on the CO/CO, ratio, and controlled by a
mass flow controller (MFC), were injected from the bot-
tom of the furnace through a working tube and supplied
at a flow rate of 250 cc/min, with a mixture of CO gas
adjusted at 200 cc/min, +2 cc, and the CO, gas at 50 cc/
min, +0.5 cc.

| Alumina tube
|AES————
1 Protective
graphite crucible
® —‘————-—-— Zr,0 crucible
o ' fTo———1 S*
F P ] Heating elements
2 |~ Fe-Nialloy
oy !
etaty e
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Gas inlet

A model of Brookfield digital viscometer DV2T with
rotating cylinder mode was used in this study for measuring
the viscosity of the slag. This viscometer was fixed on the
super Kanthal vertical tube furnace as shown in Fig. 1. A
LV4 type of spindle linked with an alumina rod in viscom-
eter was 400 mm long and 6 mm in diameter, respectively.
Prior to measuring the viscosity of the given slag, the vis-
cometer was leveled and adjusted by using the two screws
and stabilizing the bubble in the center of the circle. After-
ward, the rotating spindle (speed 5-25 rpm) was lowered
into the slag sample. The rotation of spindle allowed alu-
mina rod to get immersed into the carbon crucible filled with
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the slag as deep as 3 mm. To record the signal, the DV2T
viscometer was connected to a computer with a Brookfield
Rheocalc T software. At the end of experiment, viscosity
was calculated by estimating the torque based on the selected
LV4 spindle and speed rotation (ranging from 5 to 25 rpm).

2.3 Experimental Procedures

For the experimental process, MgO and SiO, powder oxides
mixed at a ratio of = 0.2 — 0.8 and 20-50% FeO powder
were placed on a prepared Fe—Ni alloy at a ratio of 1:1 in the
Zr0, crucible with a diameter of 50 mm. Ar gas with CO/
CO, was injected to remove oxygen in the environment at
a rate of 300 cc/min for the smelting process. Also, experi-
mental gases of the CO/CO, were supplied at a flow rate of
250 cc/min. The temperature was heated at a rate of 5 °C/
min and then cooled at a rate of 5 °C/min after holding for
20 h. The slag was removed from the crucible and cooled
in the air. The slag samples were analyzed using X-ray fluo-
rescence (XRF) and X-ray Diffraction (XRD) analysis, and
an inductively coupled plasma-mass spectrometer (ICP-MS)
was used out to determine the content of nickel in the slag.
All analyses were conducted in the Lab collaboration center
of Pukyong National University, Korea. XRF spectrometer
was a Shimadzu XRF-1700 X-ray fluorescence spectrom-
eter. The sample was placed inside a platinum crucible and
loaded into an XRF machine, wherein XRF machine, the
beam was loaded into the sample holder, after which, the
sample was ionised by x-rays under vacuum medium. Then,
fluorescent x-rays were analyzed and compared with certi-
fied references and calculated by XRF OXSAS software.
X-ray diffractometer was a model of Rigaku UltimalV that
has the 3 kW Cu-Ka X-ray tube; XRD analysis was con-
ducted with 26 degree in the range from 10° to 80° using
Cu Ka radiation at 30 kV and 10 mA. The step size was set
at 0.2° within 0.6 s. The detected data as the X-ray signal
were converted to a count rate. The ICP-MS spectrometer
was a PerkinElmer NexION 300D Inductively Coupled
Plasma—Mass Spectrometry. ICP-MS analysis is a sensi-
tive method for detection and confirmation of metal ions
with a higher liner dynamic range. Samples were placed
in the sample introduction system, creating a fine aerosol
that is subsequently transferred to the argon plasma. The
high-temperature plasma atomises and ionizes the sample,
generating ions, which are then extracted through the inter-
face region and into a set of electrostatic lenses. The ion
optics focuses and guides the ion beam into the quadrupole
mass analyzer. The mass analyzer separates ions according
to their mass—charge ratio (m/z), and these ions are measured
at the detector.

During measuring viscosity of the slag, the ZrO, con-
taining the Fe—Ni alloy and pre-melted slag with 200 g by
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aratio of 1:1 was placed in even temperature zone of the
vertical tube furnace. The experimental temperature was
maintained at 1550 °C for 20 h with a heating rate of 5 “C/
min. The LV4 spindle linked with an alumina rod was used
to measure viscosity; it drove to raise or lower with DV2T
viscometer using screw mechanism and immersed about
3 mm into molten slag. Five rotation rates varying from
5 to 25 rpm with step of 5 rpm were used for 5 min. The
viscometer was calibrated by Brookfield standard 5000
liquid with 5040 cP at a room temperature of 25°C.

3 Results and Discussion

As described earlier, the viscosity is one of the most
important thermo-physical properties of metallurgical
slag. The fluctuations in viscosity mainly depend on the
structure and chemical composition of the slag at a given
temperature. A slag with low viscosity is desirable for con-
trolling the transfer of mass and heat while separating the
metal in smelting process [18]. In other terms, the viscos-
ity can also reflect the fluid’s internal resistance to flow
and might be considered as an indicator of fluid friction.
Determining the viscosity of slag is a difficult task due
to its composition and multi-component chemical system.
However, previously a method known as viscosity approxi-
mation has been applied to estimate the same by obtaining
the optical basicity of the slag at a given temperature and
using an empirical equation [19]. The equation formulated
with the optical basicity is as follows:

1 1.77 + 2.88A!

Iy = -
=015 = 0.44n) T M

where # = viscosity, Poise [P], A =optical basicity, T-tem-
perature, K.

XAy 0N, +

A
Y xiny + X0, +

(@)

Here, A, represents the optical basicity value of the
individual component, x;-mole fraction of component ‘i’
in the slag, and n; denotes compositional fraction.

Several other mathematical models have been also pro-
posed for estimating the viscosity of the slag based on
its chemical composition at a given temperature. Among
them, Riboud and Urbain models are found the most effec-
tive to describe the viscosity of the slag by applying the
Weymann equation [19-21]. According to these models,
the following equation has been defined:

n=ATexp(5) 3)
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where A and B parameters describe the functions of slag
composition expressed in cumulative molar fraction by using
Egs. 4 and 5.

A =exp(=17.51 + 1.73X¢,0 + 582Xy,

4
+7.02Xy, 0 — 33.76X10,) @

A = exp(31140 — 23896X .0 — 46356 X,

—39159X\,,0 + 68833XA1203) )

X-ray fluorescence (XRF) based on wavelength-disper-
sive spectroscopic principles is well suited for bulk chemical
analyses of major and trace elements within a large amount
of the sample. Hence, the chemical composition of the bulk
slags reported here was determined by XRF to further evalu-
ate the M/S ratio and fraction of FeO additives. The results
are shown in Table 2. The XRF results have revealed a lower
MgO/Si0, ratio for S1, S2 and S3 slags as compared to their
initial composition used during physical mixing, for M1,
M2 and M3. Also, the SiO, content in slag was found to be
higher than the estimated value. It might have changed due
to the role of Si0O,, because slags are compounds associ-
ated with silicate compounds. Ni content in the slag was not
measured in XRF analysis, which could indicate low amount
of dissolved nickel.

In principle, optical basicity (A) represents the degree of
acid—base nature of a nonaqueous and nonprotonic chemical
systems such as binary oxides, silicates, and melts. It can
provide the information about the complexation of metal
ions in a framework. By using these slags in smelting nickel
experiments at 1550 °C, the optical basicity and viscosity of
the applied slags were calculated simultaneously as a func-
tion of chemical composition of the pre-melted slag (Fig. 2).
It was observed that the optical basicity of the slag increases
with a higher M/S ratio and MgO content in the slag. How-
ever, with a lower content of FeO (20 wt.%), the optical
basicity decreases to 0.69 (Fig. 2). A strange behavior in
optical basicity occurs when the content of FeO was varied
from 30 to 50 wt.%. Unexpectedly, it has increased with a
higher content of FeO. It can be inferred that the viscosity
has shown a direct dependence on the slag basicity (Fig. 2).
Furthermore, the viscosity of the slag declined as its basic-
ity increased with an exception where for 20 wt.% FeO, it

2.6
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o
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Fig. 2 Effect and correlation of MgO/SiO, ratio with FeO on optical
basicity and theoretical viscosity of the slags prepared for smelting
process

further increased to 1.86 Poise with a low degree of basicity.
Obviously, the viscosity and optical basicity of the slags are
interconnected and can give some insights about the fluidity
or friction resistance in the slag.

Inductively coupled plasma-mass spectroscopy (ICP-MS)
is a reliable technique used to identify atomic composition of
a complex sample and detect even a small trace of any ele-
ment. During smelting process, the slags may have a small
nickel content, and therefore, ICP-MS was used to map the
presence of nickel atoms in the system (Fig. 3). Smelting
experiments using the slag S5 (M/S=0.2-0.8, 20-50% FeO)
were conducted together with Fe—Ni alloy at 1550 °C for
24 h to monitor the nickel dissolution and trace the metal
content thereafter. The outcome of ICP-MS tests of the
slags having metal atoms dissolved within during smelting
is shown in Fig. 3. It can be seen that the nickel trace was
up to 0.017 wt.% initially for 10 h after smelting process
began. For next 10 h of smelting, the nickel content did go
beyond 0.0178 wt. %.

It is clear that the slag has shown a low dissolution toward
the nickel particles produced during the smelting process.
The viscosity by DV2T viscometer measurements has also
indicated the dependence of slag viscosity on its basicity as
shown in Fig. 4a. With the basicity of 0.8, the slag viscosity

Table 2 Oxides and

= . Oxide Wt. %
composition of slags prior to
smelting as analyzed by XRF Sample Sl S2 S3 S4 S5 S6 S7 N8 N9 N10 NI1
Ratio 0.16 026 037 052 061 0.71 0.81 062 060 059 0.60
MgO 10.31 1548 20.07 2451 2751 29.83 3234 3091 26.86 2323 19.44
Sio, 64.74 59.13 5499 46.60 45.08 42.12 3992 49.89 4429 3885 3195
FeO 25.02 2461 2494 2823 2741 28.05 2774 19.02 28.15 37.35 4821
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[80Fe : 20Ni], (MgO/Si0,=0.6, 30wt.%Fe0), 1550°C
0.025

0.020

0.015 -

0.010

0.005

Ni content in the slag, wt.%

0.000 ~

0 5 10 15 20 25
Time (h)

Fig. 3 Ni distribution on the holding time of pre-melted slag of S5 at
1550 °C

decreased further to a minimum level of 0.6 poise. With
respect to the nickel content, it was found to be 0.027 wt.%
with a M/S ratio of 0.2, however began to decrease to 0.024,
0.019, and 0.0185 wt.% upon lowering the ratio of M/S to
0.3, 0.4 and 0.5, respectively. The lowest Ni content about
0.0145 wt.% was recorded with the ratio 0.6. Furthermore,
an increment in Ni content to 0.027 and 0.037 wt.% with
the increased amount of MgO and SiO, (0.7-0.8) was also
seen confirming that Ni content dissolution in slag occurred
even after decreasing its viscosity. Further experiments with
the addition of 20% FeO, the Ni content in the slag was
estimated to be 0.0175 wt.% at a 0.6 ratio of MgO/SiO,
(Fig. 4b). It is interesting to note that upon increasing FeO
(from 30 to 50%) the Ni content in the slag also rose to
0.018, 0.025 and 0.043 wt.%, respectively. The outcome has

0.038

shown an inverse relationship between the viscosity of the
slag and the dissolution of nickel in it.

To understand the structure of our ternary system com-
posed of MgO-SiO,-FeO and its correlation with the vis-
cosity, the Factsage 8.2 (FToxid database) software was
applied (Fig. 5). As per the results, the slag with M/S ratios
of 0.2-0.4 exhibited a dominance in silicon oxide zone esti-
mated for FeO-Si0, system. However, the slags S5 to N11
appeared in the olivine 2(Mg,Fe)O-SiO, zone upon the addi-
tion of FeO (20 wt. %) and a M/S ratio of 0.6. The slags with
20 wt. % FeO and M/S ratio of 0.6 had a boundary with
the olivine and magnesium silicate area. As shown in the
diagram of MgO—-SiO,—FeO ternary system, the slags are
presented in different zones depending on the M/S ratio and
melting temperature. At 1600 °C, the M/S ratio for S1-S3
slag was 0.2-0.4, while it increased to 0.5 (S4 slag) when the
temperature was decreased to 1500 °C. However, when the
M/S ratio for S5-S8 increased to 0.6-0.8, the slag tempera-
ture increased again. With further addition of FeO (40 and
50 wt.%), the structure of slag has shown a shift towards the
iron monoxide zone. The viscosity of the slag in the silicon
oxide zone was relatively as high as 1.8-6 poise, whereas in
the olivine zone it decreased to 0.6 poise. However, when
the FeO content in the slag increased from 20 to 50 wt.%,
the slag structure existed in the zone of olivine, where there
is the viscosity of slag decreased from 0.5 to 0.2 poise. In
addition, the slag temperature of N10 and N11 samples in
olivine zone is expected to decrease below 1500 °C, which
is consistent with the decrease in the slag viscosity.

Further to analyze the structure of the slag upon cooling
and heating, X-ray diffraction analysis (XRD) experiments
were conducted to have an insight about the crystalline
domains in the slag and their relationship with the compo-
sition (Fig. 6). During cooling cycle, the slow rate of cooling
can allow the slag to crystalize [22]. The MgO-SiO,-FeO
slag system displayed glassy non-crystalline regions due to
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Fig. 4 Relationship between Ni distribution and slag viscosity associated with the a MgO/SiO, ratio and b FeO and Ni content of the pre-

melted slag at 1550 °C
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Fig. 5 Determination of

the viscosities (in poise) of
MgO-FeO-SiO, system slag
depending on M/S ratio and FeO
content by using FactSage 8.2
FToxid database
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a high SiO, content. From the crystalline phase appeared in
XRD pattern, the mineralogical composition of pre-melted
slag was also estimated. In a slag (S4) with a M/S ratio of 0.5
and 30% FeO, a diopside ferrian phase prevailed particularly
in the olivine zone (Fig. 6). The olivine zone is represented

2-theta degree

by 2(Mg, Fe)O-SiO, structure in which several metals such
as Ca, Fe, Mn, Ni, and Mg can exist [23]. A small degree of
forsteite phases was also mapped and was associated with
the MgO-SiO, complex containing a high fraction of sili-
con. The slags S5 to S7 were mainly dominated by diopside
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phase along with few pyroexene phases. Also, FeO and
MgO oxides were formed as a result of lesser SiO, content
in the slags. With a M/S ratio of 0.5 and relatively high
SiO, content, the various combined phases such as Mg,SiO,
existed in the slag. It is suggested that in the process of cool-
ing the slag from its molten state, different types of com-
pounds might phase separate from homogenous slag, and the
resulted complex can be enriched by more SiO, to form new
silicate phases, and thereby affecting the crystalline nature
of the slag. The results of XRD analysis proved that the pre-
melted slag has an olivine structure in a molten state. The
XRD data show the presence of major compounds namely
magnesium silicates, 2(Mg, Fe)O+SiO, magnesium, and iron
silicates in the slag made up of MgO-SiO,-FeO ternary
system.

The simulated smelting experiments of Fe—Ni alloy under
the MgO-Si0O,—FeO slag system were conducted at 1550 °C
for 20 h. The correlation between basicity and viscosity
according to the M/S =0.2-0.8 ratio and FeO content in the
slag was studied successfully in order to achieve a low dis-
solution of nickel into slag and subsequently for obtaining
a high recovery rate of nickel during smelting process. The
redox reactions between the metals in the salg were investi-
gated to better understand the nickle dissolution. Oxidation
of iron and nickel and within Fe—Ni alloy can be expressed
by Eq. 6, as the equations indicate that the nickel content
in the slag is directly related to the free oxygen. With the
amount of free oxygen, the nickel content in the slag may
also tend to increase.

2, 1 - _ 2
a) MgO-SiO,-FeO slag
100
04 2Fe0 + Si0, = Fe,Si0,
MgO * Si0, = MgSiO,
T—g 100 2MgO + Si0, = Mg,Si0,
iy
4
)
<

200 400 600 800 1000 1200 1400 1600
T/°C

Fig. 7 Oxidation behavior of compositions in the slag and Fe-Ni
alloy associated with the a temperature dependent Gibbs free energy
changes in the components of the slag, b effect of oxygen partial
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As shown in Eq. 6, the nickel content in slag depends on
the oxygen partial pressure of the furnace atmosphere and
the activity of the O~ ions in the slag [24]. From Eq. 6,
the equilibrium constant (K) can be expressed as following
Eq. 7:

a
K= (MeO) 1 -
A[Me) -p(0,)?

where q; describes the activity of composition i, p(O,)—oxy-
gen partial pressure.

Thermodynamic modeling considers the stable phase and
phase composition belonging to the initial and final states of
a given system, where the calculation has been focused on
two properties such as enthalpies and Gibbs free energies of
system. In thermodynamic analysis, AG > 0 indicates that
a chemical reaction is not possible to occur; if AG <0 and
with more negative value, the chemical reaction can spon-
taneously and intensively occur. The oxidation behavior of
nickel and other compounds of the slag produced during
the nickel smelting process was also examined by thermo-
dynamic analysis carried out using a Factsage 8.2 FactPS
and FToxid database. According to the changes in Gibbs
energy for each component including Ni, it can be said that
the nickel oxidizes rapidly as compared to other thermody-
namically stable compounds generated in slag at a given
temperature (Fig. 7a). The thermodynamic analysis of the
slag was in agreement with smelting experimental results
and have concluded that with a higher amount of FeO the
nickel can react with the oxygen rapidly.

In order to properly evaluate the compositional variation
of the concentrate, and effect of composition on stability of

b) [80Fe:20Ni], (MgO/Si0,=0.6, 30 wt.% FeO
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logop(0,)/atm

pressure () on the activity of compositions in Fe-Ni alloy and MgO-
SiO,—FeO slag by Factsage 8.2 FToxid database
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a particular end component during reaction, activity (a;) of
a component i, which is one of thermodynamic property,
should be considered. Thermodynamic activity is value that
indicates how reactive the particular end component is in a
given material composition. Figure 7b shows the activity of
the major compositions of Fe-Ni alloy and slag with MgO/
Si0,=0.6 ratio and 30 wt.% FeO at 1550 °C temperature
as a function of the oxygen partial pressure based on ther-
modynamic calculations by Factsage 8.2 FToxid database.
According to the diagram, the activity of the Fe and Ni in
the Fe—Ni alloy is high when the oxygen partial pressure
is — 8, but the activity of Fe and Ni decreases with increas-
ing oxygen partial pressure from — 7. However, the activity
of Fe,0; and NiO in the slag increase. When the oxygen
partial pressure increases above — 3, the activity of olivine
decreases, but the activity SiO, increases. The increases in
activity of Fe,0; and SiO, indicate that the formation of the
iron silicate in the slag occurs with an increase in the oxygen
partial pressure.

4 Conclusions

The artificial slags composed of oxides, e.g., MgO, SiO,,
and FeO were prepared and analyzed in a simulated smelt-
ing process by using Fe—Ni alloy in order to prevent or lower
Ni dissolution for recovering the metal that can be usually
wasted in an industrial smelting process which generates a
higher amount of the slag containing these precious met-
als. A correlation between the viscosity and basicity of the
slags was made by conducting practical as well as theoreti-
cal experiments such as thermodynamic studies in which
oxidation of nickel was found to be related with the content
of FeO added during the experiment. At a temperature of
1600 °C, the oxidation of iron and nickel takes place rap-
idly as compared to other thermodynamically stable com-
pounds formed during smelting. Theoretical calculations as
well as experiments have suggested a decline in viscosity of
the slag with its increasing basicity and FeO fraction. The
nickel dissolution remained unaffected when the viscosity
was decreased. However, with increasing content of FeO,
the nickel dissolution occurred rapidly and was linked with
the oxidation process involving nickel. It was observed that
at a basicity of 0.6 the SiO, reacts with MgO quickly allow-
ing the release of FeO which in turn oxidizes the nickel.
The slags with a M/S=0.4-0.6, 30% FeO and viscosity of
1.8-1.06 poise displayed crystalline domains in olivine zone.
This crystalline slag (M/S=0.6) has shown the lowest dis-
solution rate for nickel. These optimized slags reported here
are the potential models for their usage in smelting process
in which a high recovery of metal or alloy can be accom-
plished and further loss of precious metal to the environment
can be prevented. In future, these optimized slags with tuned

viscosity and basicity will be tested with the natural occur-
ring nickel ores in order to extract a higher content of the
desired metal which is in our case would be nickel alloy.
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