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Abstract

The interaction between fayalitic slags and nonferrous metals during smelting presents a multifaceted challenge that neces-
sitates comprehensive investigation to enhance metallurgical processes toward the recovery of valuable metals. This study
builds on the literature review of the composition and mineralogy of fayalitic slags (Part ), examining the effect of these
composition on thermodynamic and physical properties, which were generated through thermochemical simulations using
available databases and known studies. The findings and models created have shown that small changes in composition
have significant effects on properties. For each property studied an equation was derived from the model to summarize and
simplify complex calculations. Differences between predicted values and experimental results were also commented. Melt-
ing temperature, for example, increases mainly with the CaO content increase, reaching up to 1600 °C. On the other hand,
Si0O, content increase plays a more significant role in the increase of viscosity, where values of up to 3 Pa-s were observed.
Meanwhile, the FeO content increase has shown significant effect on density, up to 3.4 g-cm™>. The addition of secondary
compounds (fluxes) such as Al,O;, MgO, and Fe,0; have also influenced the melting temperature, viscosity, and density of
fayalitic slags, with 9 mass% Al,O; notably expanding the low-viscosity area between 0.1 and 1 Pa-s and altering density
ranges, while Fe,O; effectively reduces viscosity more than CaO. The combination of these compounds further modify
the properties, enhancing the potential for targeted mineral enrichment in fayalitic slags. The study demonstrates how slag
composition adjustments can lower melting temperatures and viscosity, while reducing the heat input and energy needs.
Regression models enable efficient fayalitic slags designs aligned with sustainable goals, thereby reducing overall carbon
footprint, facilitating slag reprocessing for metal extraction, minimizing waste, and environmental impact.
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Introduction

Among the various metal reduction operations in the current
pyrometallurgical industry, the adoption of fayalitic slag as a
versatile constituent has been consolidated due to its unique
properties and potential benefits in metallurgical processes,
such as a lower melting point and enhanced mobilization of iron.
These slags, primarily composed of Fayalite (Fe,SiO,), are typi-
cally formed during the smelting of iron and nonferrous metals.
They have already demonstrated high efficiency and sustainable
operations in metal recovery by reducing energy consumption
through improved heat retention and transfer. Furthermore, the
presence of fayalitic slags in smelting operations can enhance
fluidity, which facilitates higher overall recovery rates of valu-
able metals [1-3].

In addition to their operational advantages, fayalitic
slags also offer opportunities for environmental sustain-
ability. In recent years, the reprocessing of such slags has
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increased, allowing further recycling of lost metals, reuse
in smelting operations multiple times, and utilization in
the cement industry as aggregate. These practices help
mitigate the environmental impacts associated with tra-
ditional disposal methods [4, 5]. Incorporating fayalitic
slags into the smelting process can reduce the need for
virgin materials, thereby minimizing the ecological foot-
print of metal production. Moreover, the chemical compo-
sition of fayalitic slags can be engineered to capture and
immobilize harmful or valuable elements, reducing losses
and enhancing the overall environmental performance of
smelting operations while generating profit and increasing
circularity [6].

By altering the properties of fayalitic slags and engineering
new minerals, target metals could be recovered. For instance,
fayalitic slags exhibit properties that facilitate the formation
of a liquid phase at elevated temperatures (> 1200 °C). It has
been reported that, with a composition of 71 mass% FeO and
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29 mass% SiO,, the liquidus temperature is approximately
1200 °C [7]. The addition of fluxing agents to the system, such
as CaO or Al,Os;, influences this liquidus temperature. Specifi-
cally, when Al,Oj; is added to the FeO-SiO,—CaO system, a
decrease of 3 K in liquidus temperature is observed for each
1 mass% of Al,O; added [8]. This characteristic is particularly
advantageous in nonferrous smelting operations, where the sepa-
ration of target metals from remaining impurities is crucial.

The interaction between fayalitic slags and various nonfer-
rous metals during the smelting process is a complex phenom-
enon that requires further investigation. Understanding the
thermodynamic and kinetic behaviors of these slags in con-
junction with different metallurgical sources can lead to the
optimisation of smelting parameters and the development of
innovative processing techniques. Research in this area has the
potential to yield significant advancements in slag design effi-
ciency, engineering target mineralogical phase enrichment for
metal recovery, and improvements in the economic viability of
nonferrous smelting operations [9, 10]. Despite the promising
attributes of fayalitic slags, challenges remain in their wide-
spread adoption. Variability in slag composition, the need for
precise control of smelting conditions, and the integration of
these materials into existing processes are some hurdles that
must be addressed. Additionally, further research is needed to
elucidate the long-term performance and stability of fayalitic
slags in various operational scenarios.

In this context, thermodynamic simulations play a cru-
cial role in the pyrometallurgical industry, particularly in the
research and development of new slag designs. These simu-
lations enable engineers and researchers to predict phase
equilibria, chemical reactions, and thermodynamic proper-
ties under varying conditions, all of which are essential for
optimizing processes such as smelting and refining metals.
By accurately modeling the behavior of slags, researchers
can design tailored slag compositions that enhance effi-
ciency, reduce energy consumption, and minimize environ-
mental impacts. Furthermore, thermodynamic tools help
in understanding how different variables affect slag per-
formance, ultimately leading to innovations that improve
resource recovery and contribute to more sustainable prac-
tices within the industry.

The goal of this publication is to determine the thermo-
chemical and physical properties of fayalitic slags through
composition simulations utilizing FactSage 8.3™ and other
computational tools. Our aim is to analyze the variations in
slag behavior under different conditions and evaluate how
these changes can enhance the recovery of valuable metals
from specific minerals. By offering a thorough assessment of
the engineered slags, we intend to demonstrate that custom-
ized slag designs can significantly improve metal recovery
processes, thus contributing to more efficient and sustainable
practices within the pyrometallurgical industry.

Methodology

Initially, the compounds and their corresponding composi-
tional ranges for the simulations were established. Based on the
research from Part I [11], FeO, SiO,, and CaO were identified as
the primary compounds in fayalitic slags; therefore, these served
as the baseline for simulations at each point in the ternary dia-
gram shown in Fig. 1, which represents increments of 5 mass%.
In addition to the primary compounds, secondary compounds—
Fe,0;, Al,O;, and MgO — were included in the simulation based
on reasonable values outlined in Part I, which were, respectively,
10 mass%, 9 mass%, and 3 mass%. These values represent each
maximum compound composition of percentile 75 %. When
these secondary compounds were incorporated, the composi-
tion of the primary compounds was normalized to ensure that
the sum of 100 mass% was always achieved. The inclusion of
Fe,0; aimed to investigate the influence of iron speciation since
much of the literature does not differentiate between Fe?* and
Fe**. Al,O; and MgO were added because these elements, along
with CaO, represent three of the most commonly found fluxes in
fayalitic slags and are crucial for modulating viscosity, density,
basicity, and melting temperature. In total, 1056 compositions
were simulated.

Statistical analyses were also conducted using the regression
models in Minitab™ 2017 to visualize the main effects of the
composition variation of primary and secondary compounds on
the properties under investigation. To increase the accuracy of
regression equations, only the calculated data from the green
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Fig.1 CaO-FeO-SiO, ternary diagram with marked points (in red)
corresponding to the compositions used for the baseline simulation.
The green area represents the majority composition of industrial fay-
alitic slags in Part I
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area of Fig. 1 were utilized. For the regressions, a Box—Cox
transformation (for finding an optimum coefficient as a nonlin-
ear function) and stepwise elimination were utilized to minimize
the number of coefficients and maximize the R? of the predic-
tion. Consequently, modeled equations for each property were
provided as an alternative means of validating of the respective

property.

Thermochemical and Physical Properties

The composition determines the liquidus temperature, whereby
the slag phase is completely in a liquid state. For this, the Equilib
module on the start menu of the FactSage™ software was
selected, using modeling databases FactPS and FToxid. In the
software window, the slag phase was therefore selected as pre-
cipitated target phase so the melting temperature of these slags
would be calculated. Subsequently, additional simulations were
conducted at four fixed temperatures: 25 °C, 1100 °C, 1200 °C,
and 1300 °C to assess the other properties.

Enthalpy (H) and Heat capacity (C,) were obtained for
the compositions in the studied range of temperatures.
The enthalpy variation (AH) was then calculated as the
difference between the values at 25 °C and at the studied
temperature or the calculated melting temperature.

For estimating the density of the system, the same data-
bases of FactSage™ were utilized to calculate the solid
fraction (x,). Then, the model based on optical basicity
from Shu and Chou [12] (see Eqs. 2-7) was utilized to
calculate the density of the melt. Finally, the density of the
system was calculated through the following expression:

P=PS‘XS+P1‘(1_XS) €))

where p is the density of the system in g-cm™>, p, is the
density of the solid fraction, x, is the solid fraction in mass%
calculated by FactSage™ and p, is the density of the melt.
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where x,,v+ and x;+ are the molar fractions of network modi-
i J
fying and network forming cations, respectively; Ayyv+ and
Ap+ are the optical basicity coefficients for the network
J

modifiers and formers (Table 1); xg;o, is the molar fraction
of Si0, in the melt; N-is the nonbridged oxygen, calculated
using the model of Toop and Samis (1962) [14, 15], and K
is the equilibrium constant based on the correlation made by
Ottonello et al. [16]. A is a constant defined as 0.025, x;, M,
and V, are the molar fraction, molar mass, and molar volume
of each oxide in the system, respectively. Finally, R is the
constant of gases and T is the temperature in Kelvin.

The ideal viscosity of the melt was calculated using
FactSage™ and subsequently corrected with the Roscoe
model [17], which accounts for the presence of solid parti-
cles and their influence on liquid viscosity. This solid frac-
tion was determined for all studied points in the ternary dia-
gram, including the secondary compounds and temperatures.
The final equation for the slurry viscosity 7 is as follows:

e = -1 = x)™" ®)

where 7, is the ideal liquid viscosity, x; is the solid fraction,
and » is an empirical parameter obtained from literature and
fixed at 2.5 [18].

Distribution Coefficients of Metals Between Phases

The elements dissolved in fayalitic slags (slagging) are
directly related to the equilibrium conditions [19, 20].

12
—(1 + xg0,) + [(1 + xSioz)2 - 8- 4-K-1) x50, " (xSiOZ_l)] )

4-K-1

Table 1 Optical basicity coefficients for the network forming and modifying cations used in Eq. (2) for primary and secondary compounds in

density modeling [12, 13]

Oxide CaO MgO AL,O; (IV) AlLO;3 (VD) SiO, FeO Fe,0;
Network forming cations 0 0 1 0 1 0 1
Network modifying cations 1 1 0 0 1 0
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Therefore, the slagging is a function of its equilibrium con-
stant, the process temperature, and the prevalent oxygen
partial pressure of the system.

The overall average composition of the slagging in fay-
alitic slags from Part I was normalized and the minor ele-
ments' concentration was simplified by bringing the nor-
malized values to the corresponding closest values of 1500,
1000 or 500 ppm, according to Table 2.

For modeling the distribution coefficients of metals pre-
sent in this specific fayalitic slag, FactPS, FToxid, and FTlite
databases were used, varying the carbon activity between
1x 1072 and 1x 10 in logarithm steps. This variation in
carbon activity is translated into the system's oxygen partial
pressure and utilized to calculate the carbon excess required
to achieve the desired metal’s activity, as well as its indirect
influence on the distribution of metals between the metal,
gas, and slag phases.

In a multi-component system, the constant of equilibrium
will consider not only the partial pressure of the system, but
also the concentration of each element in the metal and in
the slag system. From this point, the distribution coefficient
slag/metal, which help to identify when an element is immo-
bilized in the slag, was defined according to the following
expression [19]:

slag
slag/metal Me
Ly ™" = ©)
Me Cmelal
Me

where Cls\f[tg and Cl‘\n,;‘al correspond to the concentration of
metal (Me) in the slag phase and in metal phase, respectively.

To avoid errors where the calculation shows 0 mass%
of an element, a mathematical zero equal to 1x 1072° was
implemented. Besides, it was defined that the minimal and
maximal values in logarithmic scale of the calculated distri-
bution coefficients were between 1x 1072 and 1x 10'2. This
means that an element is 10 billion times more concentrated
in one phase compared to the second one.

Results and Discussion
Melting Temperature

In general, in carbothermic reduction process, iron should be
reduced from Hematite (Fe,05) to its metallic form at tempera-
tures close to 700 °C. However, in the presence of silica (Si0,),
the reduction of iron tends to stall in the form of FeO for tem-
peratures below 1300 °C, which then tends to form fayalite with
melting point of around 1200 °C. Once fayalite is formed under
normal conditions in air atmosphere, it will tend to decom-
pose as the slag cools into a mixture of magnetite (Fe;O,) and
silica. Generally, due to mineralogical and kinetic complexity,
fayalite never fully decomposes at low temperatures (<900 °C),
resulting in industrial slags being a mixture of an amorphous
matrix with magnetite and fayalite in varying concentrations,
along with several other types of minerals that may precipitate
[21, 22]. If the concentration of silica decreases, the activity
of iron oxide will increase, and its reduction capacity will also
rise. High concentrations of FeO in the slag will transform upon
cooling into a mixture of metallic iron and magnetite if there is
not enough silica present in the system.

Figure 2a shows the simulated melting temperatures for
the primary compounds in the ternary composition system.
The green area on the right sets where the majority of fay-
alitic slags composition in Part I [11] were reported. Within
this area, the fayalitic slags shows melting temperature in a
range from 1100 to 1500 °C. On the other hand,

Figure 2b illustrates the influence of the secondary com-
pounds in fayalitic slags and their combinations. For exam-
ple, the increase in Fe** concentration has a positive effect on
lowering melting temperature. This also aligns with process-
ing conditions where slags are in direct contact with air, which
makes speciation of iron as a combination of Fe*™ and Fe®*
inevitable and favorable according to thermochemical models.
Depending on the compounds' content combinations, a positive
effect on decreasing the melting temperature could be achieved,
demonstrating that with the secondary compounds addition,
the entirety of the green area will present melting temperatures
below 1200 °C; this is not only critical for reducing process
costs but it also stabilizes iron in the slag phase improving the

Table 2 Minor elements composition used in the slagging distribution modeling

Mass%

Fe Si Ca Al Cu Mg Zn S Pb (0]
35.79 15.19 4.85 2.41 1.59 1.50 1.47 0.78 0.56 34.97
ppm

Co As Ni P Cr Mo Sb Cd Nb Ta
1500 1500 1500 1000 1000 500 500 500 500 500
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Fig.2 Melting temperatures: a primary compounds CaO-FeO-SiO,; and b primary and secondary compounds (MgO, Fe,O;, and Al,O;) at
1200 °C. The green area in both graphs represents the majority composition of industrial fayalitic slags in Part I

quality of targeted nonferrous metals, such as Sn, Sb, Co, Cu,
Ni, Pb, and precious metals that might be recovered in reduction
processes involving the fayalitic slags [23].

In addition, a significant change around 1200 °C of melting
temperature is observed by the dark yellow line, which stands
for 9 mass% Al,O; and 10 mass% Fe,O;. However, maintaining
these two contents, but adding 3 mass% of MgO (red line), the
area is expanded, comprehending the whole green area of the
researched fayalitic slags. Solely with the addition of 9 mass%
Al, O3, the area increases following the brown line.

It must be noted that such analysis is only a prediction
by a thermochemical software, and therefore, differences
between the predicted values and experimental results have
been already documented.

For slag systems containing 15 mass% or a combined
CaO+MgO content of 55 mass%, the thermodynamic data-
base in the software is expected to predict melting tempera-
tures 100 °C to 190 °C higher than those observed in experi-
mental results [24]. However, this discrepancy is observed
in only a few compositions in this work. Specially, only
seven cases have a combined CaO +MgO content exceed-
ing 55 mass%, and among these, only three have an MgO
content greater than 15 mass%

The region within 35-40 mass% CaO corresponds for melt-
ing points between 1700 °C and 1550 °C, stepping slightly away
for the typical characteristics of melting points for fayalitic slags
in copper, lead, and zinc industries. Hence, the slags in these
regions show composition derived from industrial steelmaking
and synthetic slags with higher CaO/SiO, ratios. These types of
slags are not normally called fayalitic slags due to their different
chemical composition, which often include higher content of
calcium, magnesium oxides and aluminosilicates. Therefore, the
different types of slags are named differently depending on their
origin, chemical composition, and physical properties [25]. The
work by Piatak et al. [26] discusses the differences between slags
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produced during the recovery of nonferrous metals from natu-
ral ores (nonferrous slags) and ferrous slags, which are formed
during recovery of iron from ores and iron-containing scrap.
The study mentioned that the composition of ferrous slags are
dominated by Ca and Si, with significant Fe content, while slags
from nonferrous metallurgy are primarily composed of Fe and
Si with lesser amounts of Al and Ca.

The fayalitic slags compositions revealed low and mod-
erate melting temperatures. In the region near the fayalitic
composition on the heat map, it is possible to observe that
slight changes in the slag composition (mainly through
CaO and SiO,) can result in melting variations of up to
approximately 400 °C.

According to a regression of the data [Eq. (10) and Table 3]
it is observed that an increase in CaO content causes a greater
effect on the increase of the melting temperature, followed by
the same tendency for SiO, and FeO, however, less pronounced
(see Fig. 3). The linear term for Al,0; was omited from the
model, as it was observed to exert a disturbing influence on
the predictions and resulting in a lower R* during parameter
optimization.

a-Creo + b-Csi0, + ¢ Ceyo + € Cygo + f - Creyo,

T +8 Creo * Csio, + h* Creo * Coao + i+ Csio, * Ceao

melting, model —

4/ Csio, * Cmgo + k- Csio, * CFe203 +1-Ccpo* CA1203
+m - Ceyo - Cyigo + 1 Ceao * Creyoy 0 Canyoy * Cigo

(10)

Energy of Fusion

As shown in Fig. 4, to achieve a liquid state in fayalitic slags, a
minimum of between 0.45 and 0.55 kWh/kg will be required.
The higher the silica content, the higher the melting tempera-
ture and, therefore, the more energy will be required. If we take
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Table 3 Regression coefficients

. . : Term Element (mass%) Coefficients for melting tem- Coefficients for AH g ion
to estimate the melting pgmt perature
and delta enthalpy of fusion of
fayalitic slags a FeO 0.3955 0.007064
b Sio, 0.7382 0.013496
c CaO 0.7967 0.013627
d AlL,O,4 0.0 0.002526
e MgO 1.5480 0.028230
f Fe,0; 0.3097 0.007387
g FeO*SiO, —0.00703 —0.00011
h FeO*CaO —0.00708 —9.3E-05
i Si0,*Ca0 —0.0078 —0.00014
j Si0,*MgO —0.05128 — 0.00085
k Si0,*Fe,04 —0.0042 —0.00011
1 CaO*Al, 04 —0.00556 —0.00011
m CaO*MgO —0.01906 —0.00026
n CaO*Fe,04 —0.00256 0.0
0 AI203*MgO 0.03227 0.000632
p Al203*Fe,03 0.0 0.000111
Evaluation R? (predicted) =99.93% R? (predicted) =99.93%
% FeO % Si02 % CaO % MgO % Fe203
1800 1800
oMl —+=—— — — — = — — — - — - — = — = — = — — — 1600
o
°
§ 40— — — — — et — — — T — — — g = = — = | = = — — 1400
o
B1— o — — — - o — — — + — — o — — T | e 1200
5
P —————t+-———-— - - - - — - - — - — — = 1000
- —————_—r - —-—-—-—- 14— —-—-—- —————_—— = — — — — — ] 800
30 45 60 20 40 0 20 0.0 1.5 300 5 10

Fig. 3 Main effect plot for melting temperatures in Fayalitic slags

the isoenergic curve at 0.5 kWh/kg as a reference, we can see
in Fig. 4b that adding up to 3 mass% MgO, 9 mass% Al,O; or
increasing the Fe*™ content to 10 mass% does not significantly
alter the melting energy. It is the combination of these elements
that increase the area where the energy required for slag melting
is less than 0.5 kWh/kg. Table 3 presents the coefficients for the
regression that allows us to estimate the fusion enthalpies of the
green area in Fig. 4 through Eq. (11).

The regression analysis shows exactly the same
behaviour as the melting temperature (see Fig. 3), and
thus the remarks described for the melting temperatures
also apply to the fusion enthalpies. The enthalpy varia-
tion or fusion energy (AHj.,) can be used to estimate
the energy requirements of a process, knowing that the
minimum energy required in the process will be the
ideal fusion energy divided by the furnace efficiency.

an

a-Creo + b-Csj0, + ¢ Ceyo + d-Cp0, + ¢ Cygo + [+ Crey0,

AH, fusion =

+8 * Creo * Csio, + /1 Creo - Ceao +1 Csio, * Ceao

4/ - Csio, - Cmgo +k - Csio, * Cre,0, + 1+ Ccao - Caly0,

+m - Ceyo - Cpigo +0 - Cal0, - Cmgo TP * Calo; * Cre,0,
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Fig.4 Delta enthalpy of fusion: a primary compounds CaO-FeO-SiO,; and b primary and secondary compounds (MgO, Fe,0;, and Al,O;) at
1200 °C. The green area in both graphs represents the majority composition of industrial fayalitic slags in Part I

According to some sources, melting processes in electric
arc furnaces or some combustion furnaces have efficien-
cies of around 70 % and 60 %, respectively [27, 28].
Equation (12) can be used in combination with the infor-
mation of the graph to estimate the energy requirement
to melt fayalitic slags.

AH, fusion

Efurnace = T (12)

where Ej ... 1 the energy needed in kWh/kg of slag,
AHg, g, 1 the variation of enthalpy between 25 °C and the
melting temperature, and #; is the thermal efficiency of the
furnace utilized.

a) No fluxes b)
20% 100Pas

- Fayalitic slags ~ 80% 4 562Pas
316Pas
178Pas
10Pas
562Pas
3.16Pas
1.78Pas
1Pas
0.562 Pa.s
0.316 Pa.s
0.178 Pas
0.1Pas

20%

30% s
006Pas X
003Pas @ \
20% 4

Viscosity

The ternary diagram in Fig. 5a shows the viscosity calcula-
tions for the primary compounds and Fig. 5b shows the same
with the addition of secondary compounds at 1200 °C. This
temperature was selected since it aligns to the typical range
for fayalitic slags, supported by its consistency within the
calculations of melting temperature shown in Chapter 3.1,
and ensures comparability. The colored isoviscosity lines
in Fig. 5b within the diagram represent different regions
with specific flux additions according to the legend. At given
fluxes addition, this hatched area expands or contracts, indi-
cating an increase or decrease of this viscosity area—equal
or lower than 1 Pa-s.

This region with viscosities below 1 Pa-s was chosen
since practical studies have already demonstrated that this

T /) Viscosities: 0.1-1 Pa.s (No fluxes)
' [ Fayalitic slags

80%

—— No fluxes
—9% ALO,
3% MgO
——10% Fe,0,
9% Al,0;-3% MgO
—— 9% Al,0,-10% Fe,0,
3% MgO-10% Fe,O,
9% Al,0;-3% MgO-10% Fe,0,

60%  50%  40%  30%  20%  10% ( 60%

Ca0 (mass%)

50%  40%  30%  20%  10% 0
Ca0 (mass%)

Fig.5 Slag viscosity: a primary compounds CaO-FeO-SiO,; and b primary and secondary compounds (MgO, Fe,0;, and Al,O5) at 1200 °C.
The green area in both graphs represents the majority composition of industrial fayalitic slags in Part I
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range is mostly found for CaO-Fe O -SiO, slags systems
[29, 30]. Fayalitic slags have low-moderate viscosities
(0.1-1 Pa-s), only reaching higher values than 3 Pa-s with a
lower FeO/Si0, ratio content. These results are consistent
with reported studies [29, 31, 32].

The green area in both charts indicates the region of the fay-
alitic slags encompassing the compositions studied from Part
L For these slags, viscosities from 0.075 to roughly 3 Pa-s [33]
are observed, conferring a consistent viscosity characteristic
mostly dependent of SiO, in molten FeO-SiO, systems [34]. For
the fayalitic slags area, the color gradient transitions smoothly
from turquoise at the lowest viscosity points to beige, where
the highest viscosities were calculated for the studied fayalitic
slags. According to the calculations, higher amounts of FeO are
associated with lower viscosities, suggesting that increased iron
oxide content reduced the slag's resistance to flow. The effec-
tiveness of iron oxides in lowering the viscosity in such a melt
system has already been noted, having a higher impact than CaO
additions [35]. This can indeed be observed in Fig. 5b, where
the addition of 10 mass% of hematite increases the area of the
viscosity below 1 Pa-s (hatched area). This phenomenon can
also be observed with additional fluxes, such as 3 mass% MgO
and 9 mass% Al,O;. However, these two slagging components,
once added separately (light blue and bordeaux lines), shrink
this hatched area with viscosities <1 Pa-s. Hence, the shrink-
age of this viscous area can be understood as a drawback in the
composition range and similarly, in a narrow liquidus tempera-
ture zone. As a practical consequence, studies have shown that
the unappropriated control of this area increases copper losses
in fayalitic slags with high viscosity [29, 36]. For slags with a
non-fayalite composition, where the impact of oxygen pressure
on viscosity is negligible, the viscosity reaches its highest values
in the lime and silica axis, where the basicity is unbalanced.
In contrast, for melts with specific silica content, an increase
in oxygen partial pressure significantly raises viscosity, due
to further oxidation of iron oxides. As per the definition, the
slag viscosity is inversely proportional to the settling velocity.
In this context, understanding and controlling the composition,
particularly FeO and SiO,, is critical to manage viscosity and
consequently reducing copper losses in slags [37, 38]. On the red
isoviscosity line, the viscosities for compositions without fluxes

that have the highest values (> 10 Pa-s) can be reduced with
the addition of the fluxes shown, specifically Al, Mg, and Fe
oxides, which can be advantageous when dealing with changes
in compositions under different smelting conditions.

Equation (13) and Table 4 present the regression model
and coefficients, respectively, for estimating the viscosity of
Fayalitic slags (green area in Fig. 5).

~3.05507
—a-Cgo—b- CSiOZ
—c-Ceyo—d- Caio,
—e- CMgO —f- CFEZO3
+g-T

Ny = 13)

The analysis of the regression in Fig. 6 shows that SiO, is the
main responsible for an exponential increase of the viscosity.
Regarding FeO, this element will decrease the viscosity of the
system. However, an excess will increase the activity of FeO,
and once the iron activity increases, the system will react to pro-
duce a mixture of solid Fe;0, and metallic iron. This solid pres-
ence will tend to modify the system's viscosity. Al,O5 and Fe,0;
exhibit an amphoteric character, acting as a network modifier
or former, depending on the quantity present in the mix. For
the remaining basic fluxes, such as CaO and MgO, substituting
SiO, tends to reduce viscosity. However, if an excess of these
substitutes influences FeO, it could increase the system's melt-
ing temperature. If this occurs at 1200 °C, the viscosity may
increase. Therefore, maintaining viscosity control is a delicate
balance between stabilizing FeO with silica and preventing silica
excess, achieved through the use of basic fluxes like CaO and
MgO, which ensure a basicity that results in low viscosities and
low melting temperatures.

Density

Density (p) values in slags are crucial for understanding the
behaviour and performance during metallurgical processes,
playing a role in the settlement of metals (Stokes' law) [30].
Generally, the density of a slag is influenced by several fac-
tors, including temperature, composition, viscosity, and
volume. As temperature increases, the density of most slags

Table 4 Regression coefficients

. . . Term Element ( mass%) Coefficients for viscosity Coefficients for density

to estimate the viscosity and the

density of fayalitic slag a FeO 0.017458 0.01156
b Sio, 0.009957 0.07121
c CaO 0.011718 0.00370
d Al,O4 0.018062 0.05199
e MgO 0.013886 0.01160
f Fe,04 0.014428 0.01909
g Temperature (°C) — 0.000260 — 0.004020
Evaluation R? (predicted) =99.94% R? (predicted) =97.70%
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Viscosity (Pa.s)

Fig.6 Main effect plot for viscosity in fayalitic slags

tends to decrease due to thermal expansion; however, this
relationship can vary based on the specific composition of
the slag. In fayalitic slags, SiO, and various fluxing agents
such as CaO or Al,Oj; significantly affect the density by the
proportions of these components. For instance, higher con-
centrations of metal oxides typically lead to an increase in
density. Additionally, viscosity plays a critical role; as vis-
cosity also changes with temperature and composition, it
can affect how effectively metals are extracted from the slag
phase. According to the method by Shu and Chou [12], the
volume of the system and Gibbs energy play a significant
role, which highlights the importance of thermochemical
properties.

In Fig. 7, density is plotted against each compound and
temperature independently. The results show that FeO con-
tent has a significant impact on density, followed by SiO,.
While the increase in temperature from 1100 to 1300 °C
resulted in only a minor effect on density—indicating a
decrease—this observation aligns with standard literature
on thermal expansion [39]. As the temperature rises, mol-
ecules gain higher kinetic energy and move vigorously,

% FeO % SiO2 % CaO % AI203 % MgO % Fe203 Temperature
——————————— 10.0
—————————— <75
—————————— 5.0
—————————— 25
_____ _S__ 0.0
1 1 1 1 1
5 101100 1200 1300

increasing the distance between them. However, this range
of 200 °C appears insufficient to cause a significant change
in the behaviour of the compounds.

Equation (14) and Table 4 depict the equation and the
coefficients to calculate the density of the fayalitic slags in
the green are of Fig. 8a as a function of the system com-
pounds composition.

p = exp (a'CFeo + b Cso, + ¢ Ceyo (14)
+ d N CA1203 + e - CMgO +f * CF6203 +g N T)

In Fig. 8a, the variation in slag density, ranging from 2.4
to 4 g-cm™, is represented in a ternary diagram of primary
compounds (FeO, SiO,, and Ca0O) at 1200 °C. This tempera-
ture was chosen because it represents an average condition
where no significant changes in density occur. Again, the
green area on the diagram indicates the composition range
of fayalitic slag that is most commonly reported in industry
(as discussed in Part I). Within this area, the density can take
on seven different values, ranging from 2.9 to 3.5 g-cm™,

depending on the specific composition. This demonstrates

Fig. 7 Main effect plot for density in Fayalitic slags
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Fig. 8 Slag density: a primary compounds CaO-FeO-SiO,; and b primary and secondary compounds (MgO, Fe,05, and Al,05) at 1200 °C. The
green area in both graphs represents the majority composition of industrial fayalitic slags in Part I

that FeO and SiO, have a substantial influence on this prop-
erty; specifically, as the FeO content increases, the density
of the slag also increases.

When secondary compounds such as Al,O05;, MgO, and
Fe,0; are incorporated into the ternary system, the density
range between 2.8 and 3.2 g-cm™> at 1200 °C is altered by
the addition of each flux, as shown in Fig. 8b. A signifi-
cant change occurs when 9 mass% Al,O; is added to the
system, regardless of the content of the other two fluxes,
MgO and Fe,O;. The four areas representing the additions
of Al,O;—colored red, yellow, dark yellow, and brown—are
closely positioned but shifted toward lower FeO composi-
tions. This shift expands the density area of 2.8-3.2 g-cm™
from approximately 35 mass% to 65 mass% FeO, compared
to its original range of about 45 mass% to 65 mass% FeO.
In contrast, when MgO and Fe,0; are added to this fay-
alitic slag without any Al,O; addition, the resulting areas are
nearly congruent with the lines representing the area without
any fluxes (light blue, dark blue, and pink), indicating their
minimal impact on density.

The density of fayalite mineral is 4.6 g-cm™>; however, the
addition of CaO results in a decrease in this value. Accord-
ing to Shiraishi et al. [34], different models predicted densi-
ties ranging from 3.5 to 5 g-cm™> for compositions with up to
40 mol% SiO,, although these predictions were based solely
on binary systems containing FeO at 1400 °C. This suggests
that the addition of CaO and other fluxes tends to lower the
density values. At 1250 °C, Zhang et al. [40] reported that
adding up to 10 mass% CaO to a system consisting of Fe-,
Si-, and Ca-oxides decreases the density by approximately
0.3 g-cm™3, resulting in a density of around 3.2 g-cm™.
Conversely, the addition of Fe;O, increases the density to
about 3.5 g-cm™>, though this effect is less pronounced. Most
reports primarily evaluate the density of fayalite slags after
granulation, meaning that the values correspond mainly to

solid fractions that have been quenched. The average den-
sity reported in these studies was approximately 3.0 g-cm™;
however, each report utilized different slag systems with

varying compound compositions [41-49].
Distribution Coefficients of Metals Between Phases

Figure 9 illustrates the distribution coefficients of various
metals between the slag and metal phases at a fixed tem-
perature of 1200 °C, based on the normalized composition
of fayalitic slags and FactSage™ calculations (see Chap-
ter 2.2). The x-axis represents the system's oxygen partial
pressure on a logarithmic scale, ranging from -23 to -10. The
left y-axis indicates the distribution coefficient on a loga-
rithmic scale (slag/metal ratio), and the right y-axis shows
the carbon excess added to the system corresponded to the
partial pressure depicted on the x-axis.

Distribution coefficients shed light on the nature and
behavior of slags, and are also useful for understanding
how to mobilize and separate different species present in
the mineral phase. It is important to understand that slag
fulfils several roles in pyrometallurgy, such as protecting
the metallic phase from oxidation, improving the separation
between a gangue (non-metallic inclusions) and a metal, and
retaining as many impurities as possible to enhance metal
quality and purity [19, 50].

Sasabe et al. [20, 52, 53] showed that amphoteric spe-
cies like Fe increase exponentially the partial pressure of
the system. A clear view of this is provided in Fig. 10,
where a slag containing iron has an equilibrium partial
pressure between 1x 107® and 1x 107° atm, which plays
a key role in the immobilization of other elements [19].
Considering Fig. 9, fayalitic slag without the presence
of a reductant, i.e., carbon, it will tend to keep all the
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removal by fuming or in the form of metal becomes thermo-
dynamically possible.

When the pO, of the system reaches 1x 107'* atm, the
fraction of iron in the metal phase will overcome the frac-
tion in the slag. This is equivalent to nearly 5 mass% of
excess carbon. Once the pO, of the system continues to drop
until it reaches 1x 10723, more iron will be concentrated in
the metal phase (L~ —4). In addition, the excess of carbon
equivalent will increase, but will not have a significant effect
on the distribution coefficient. In other words, iron can be
stabilized in the slag phase by controlling the amount of
carbon in the process.

Pb, Zn, Cu, and Cr therefore form a group of similar
behaviour, where, in a range from 1 X 107" to 1x 10729,
the metals present a constant L close to 0, meaning that
both fractions, slag and metal, contain the same content.
However, when the carbon excess suddenly increases to
25 mass%, the coefficient decreases, indicating that the met-
als have a higher concentration in the metal phase.

This distribution equilibrium can be noted in a wide range
of oxygen partial pressure (1 x 107 to 1 x 1072° atm). An
example of the onset of iron reduction in a fayalitic slag
system can be observed when molybdenum becomes more
dissolved in the metal phase, the distribution line gets a more
linear shape at around pO,=1X 10713 atm, after which the
concentrations of Cu and Pb in the slag increase, reaching
nearly a phase distribution equilibrium. At partial pressures
near 1x 107" atm, the activity of metals like Pb, Zn, Cu, and
Cr in the slag decreases, resulting in a reduction process, but
the concentration of Fe in the slag is still higher. At moderate
partial pressures, spinel (mostly magnetite) precipitation is
expected to be problematic. During smelting under atmos-
pheric conditions, FeO would oxidise in the liquid slag into
magnetite, increasing slag viscosity and liquidus temperature
at typical industrial temperatures of 1250-1300 °C, hence
potentially freezing the melting. To counter this, a layer of
coal coke is applied to the slag granules, as in industrial
processes, creating a slightly reducing furnace atmosphere
[54, 55]. This stabilization helps to immobilize or control the
distribution of other accompanying metals by reducing their
mobility between phases, so they can be selectively diluted
into a targeted phase.

The graph also depicts the slag/metal distribution behav-
ior for elements with higher oxygen affinity, such as Ta and
Nb. Their reduction occurs at low oxygen partial pressures
with a carbon excess greater than 10 mass%. This exempli-
fies that few metals, like Ta, are trapped in fayalitic slags,
where the oxygen partial pressure is low (1 x 107'? atm),
depending primarily on the iron oxide content in the slag
phase. Tantalum and Niobium, which behave similarly, will
only have a content in the metal phase bigger than the slag
phase in pO, 1x 1071 atm and 1x 10717 atm, respectively,
which equals to an excess of carbon ~ 12 mass%, therefore to

reduce Tantalum, more carbon has to be added, but the iron
will have been reduced previously. In this situation, Ta and
Nb are nearly all reduced already. Ni, Co, Mo, Sb, and As
form a third group, where the coefficient distribution falls
under zero at log pO, =1 x 10712 atm, which requires nearly
zero carbon excess for a reduction.

From a thermochemical perspective, reducing metals in
low concentrations in fayalitic slag is possible. Nevertheless,
an excess of carbon equal in mass to the slag to be treated
will be required to make this happen theoretically. In real
life, this is illogical.

The presence of iron creates conditions, such as high
partial pressures, that allow fayalitic slags to melt at low
temperature below 1200 °C. In nonferreous metallurgy, iron
is often an undesired element in the metal phase, so it has
been kept in the slag. However, this also causes a wide range
of the other elements to be trapped in the slag at varying
amounts. Some of these elements are valuable, like tanta-
lum and niobium, while others are harmful, like lead, zinc,
arsenic, antimony and chromium [6, 26, 56-59].

Limitations and Additional Work

While the thermodynamic models in this study assume
equilibrium conditions, real-world industrial processes
often deviate due to kinetic factors, which cannot be fully
predicted. Expected variations include incomplete fayalite
decomposition during cooling (leading to amorphous matri-
ces with residual phases), elevated viscosities from slow
diffusion, or altered metal distributions (e.g., higher Cu/Pb
retention in slag due to limited reaction time). These intro-
duce limitations such as overestimated melting temperatures
(100-190 °C in high-CaO/MgO systems) or underestimated
reduction extents (activation energies 175-248 kJ/mol slow-
ing reactions). Additional work can incorporate experimen-
tal kinetic studies, such as controlled cooling rate experi-
ments or diffusion rate measurements, to validate and refine
these predictions, as discussed in Part I [11] regarding dis-
equilibrium conditions from varying cooling regimes.

The limitations are exemplified when comparing studies
with our model. For validation against experimental data, a
direct comparison was made with viscosity measurements
from Ji et al. [29]. Taking a composition close to stoichio-
metric fayalite (~ 70 mass% FeO, 30 mass% SiO,), our model
predicts a viscosity of ~0.1 Pa-s at 1200 °C, whereas in the
reported study at 1250 °C the viscosity is 0.08 Pa-s, which
shows an error of 20% considering the temperature differ-
ence and minor compositional variations. Additionally, for
melting point, a direct comparison was made with data from
Bowen et al. [60]. For stoichiometric fayalite (~71 mass%
FeO, 29 mass% SiO,), our model predicts a liquidus tem-
perature of ~ 1200 °C, which aligns closely with the experi-
mental value of 1205 °C reported in that study, showing a
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negligible error of ~0.4%. It is important to consider that
typical measurements uncertainties of + 10 to 20 °C in
high-temperature slag systems are already expected. These
quantitative agreements support the model's reliability for
fayalitic slag systems.

Conclusion

Evaluating the thermodynamic and physical properties of
fayalitic slags is essential to understand reasonable slag val-
orization, as it provides insights into the behaviour of target
metals in different mineralogical phases, enabling efficient
metal recovery and mineral enrichment, while also offering
operational advantages. The reprocessing of fayalitic slags
extends beyond evaluating individual physical or chemical
parameters (e.g., post-process slags and elution methods),
enhancing how adjusting slag properties can influence the
mobilization of critical metals, including environmentally
relevant elements, thereby supporting a circular economy.
In this context, by varying the composition of fayalitic slag
compounds, as unraveled in Part I, properties such as vis-
cosity, density, melting temperature, and enthalpy of fusion
were simulated and assessed to propose further modifica-
tions in practical smelting operations. Within the range of
industrial fayalitic slags' composition, their properties have
also assumed significant variations. In general, an increase
in individual compounds' content increases the mentioned
properties. However, some specific compounds have a more
significant effect than others. Contrary to general belief, the
CaO increase is more significant for the raising of melting
temperature. The SiO, is more significant for the viscosity,
and the FeO is more significant for the density. Furthermore,
the addition of secondary compounds has also an important
effect on each property, which emphasises the complexity
of such systems.

The combined addition of fluxes optimizes the working
zones for properties like melting point and viscosity in fay-
alitic slags, even when significant compositional changes
occur throughout different processes, thereby enhancing
targeted mineral enrichment.

Finally, this work brings four simple graphs and regres-
sion models as tools for those working with fayalitic slags,
providing an overview of their properties and how these can
be evaluated across a wide range of compositions and addi-
tives. It is expected that this could be utilized by metallur-
gists and other specialists working with fayalitic slags to
obtain easily the properties such as energy needs, melting
temperatures, viscosity, or density related to their manipula-
tion. The equations offer a practical alternative to complex
simulations, allowing industrial users to optimize slag prop-
erties in real-time for enhanced metal recovery and opera-
tional efficiency in fayalitic systems, though validated within

@ Springer

the compositional ranges from Part I [11] and not suited for
automatic real-time adjustments beyond those limits.

By breaking down complex thermodynamic simulations
and the resulting equations describing key physical prop-
erties, this study contributes to sustainable metallurgy on
supporting the circular economy through closing potential
gaps in metal recovery from slags, minimizing environmen-
tal impacts such as reduced emissions and waste in smelting
operations via optimized process efficiency.
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