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Abstract: We investigated the reaction kinetics and initial chemical conditions in the production of
silicon alloys, employing aluminum as the reductant for calcium silicate slag, to enhance process
economics and scalability to industrial levels. The apparent kinetics and transient chemical conditions
were studied by immersing solid aluminum into molten slag, allowing the reaction to proceed
for varying durations without external agitation, before quenching the reaction for chemical and
microscopic analyses of the resulting silicon alloy and slag. The majority of the conversion was
observed within the first 15 s at 1650 ◦C, driven by significant chemical interactions and interfacial
turbulence introduced upon aluminum immersion. For Al-SiO2 stoichiometries ranging from 0.5 to
1.2, the slag phase reaction conformed to first-order kinetics during the initial two minutes, when it
approached equilibrium. The mass transfer coefficients for Al2O3 were estimated at 1–2 × 10−4 m/s,
comparable to those for SiO2 and CaO. A constant mass transfer coefficient could not be established
for stoichiometries of 1.6 and 2, as these deviated from the standard slag mass transfer relationship
and did not adhere to established relationships. Despite near-complete reactions, alloy–slag mixing
was extensive, decreasing with lower stoichiometry values.

Keywords: metal–slag kinetics; metallothermic reaction; aluminothermic; silicon; calcium silicate;
calcium aluminate; slag

1. Introduction

Silicon serves as a key element in aluminum alloys and is crucial for the manufac-
ture of transistors, semiconductors, and solar panels. In an era where innovation and
environmental sustainability are accelerating, the demand for these critical components is
projected to surge at a compound annual growth rate (CAGR) of 5.1% by 2030 [1]. Silicon’s
versatility and electrical properties make it indispensable in the technological advance-
ment of renewable energy solutions, particularly as solar power becomes increasingly
integral to global energy strategies. This growing reliance underscores the urgency for
more efficient and environmentally conscious methods of silicon production. The current
industrial process for producing silicon (Si) from silica (SiO2) using carbon (C) resources
as reductant is an energy-intensive metallurgical production method per ton produced,
characterized by significant CO2, NOx, SOx, polycyclic aromatic hydrocarbon (PAH) and
other hazardous gas emissions. An alternative more environmentally friendly approach
for Si production involves reacting liquid aluminum (Al) with liquid calcium silicate slag
(CaO-SiO2), described on an overall level by the equilibrium established between the
following equations [2]:

(4/3)Al(l) + SiO2(cris.) = (2/3)Al2O3(coru.) + Si(l), ∆G0
1650 ◦C = −139.2 kJ (1)
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(2/3)Al(l) + CaO(s) = (1/3)Al2O3(coru.) + Ca(l), ∆G0
1650 ◦C = +75.2 kJ (2)

(1/2)Si(l) + CaO(s) = Ca(l) + (1/2)SiO2(cris.), ∆G0
1650 ◦C = +144.8 kJ (3)

The reaction between the metallic Al source and CaO-SiO2 slag produces a Si alloy (Si-
Ca-Al) that rests above a CaO-SiO2-Al2O3 slag. Ultimately, the Si yield and the composition
of both the metal and the slag are largely dictated by the initial stoichiometry of the metal-
slag mixture and the specific compositions of the metal and slag. It should be noted that
the above equations serve as a general description of the overall reactions. In particular,
the actual reaction forming Ca(l) involves several intermediate phases, cf. [3,4].

This novel method leverages the abundant Al-rich by-products from aluminum pro-
duction, which have shown promising results in pilot-scale tests [5]. The potential ad-
vantages of this metallothermic reduction include (i) the use of secondary Al and silica
resources, along with calcium silicates, without stringent impurity and particle size re-
quirements; (ii) lower operational temperatures leading to reduced energy consumption
compared to the conventional carbothermic process; (iii) reduced amount of problematic
contaminants, notably phosphorus (P) and boron (B); (iv) no direct emissions of hazardous
CO2, NOx, SOx, and PAH; (v) production of calcium aluminate slag alongside Si, offering
a valuable resource, either for Al2O3 extraction or in the steel or cement industries; and
(vi) diminish the dependence on global imports of carbon.

However, the economic viability of this novel process is contingent upon under-
standing its process kinetics. Presently, the rate of reaction remains unquantified, though
indications suggest it is relatively fast [3,6]. To effectively scale up from pilot to industrial
scale, knowledge of the kinetics is crucial to optimize resource and energy use. Labora-
tory experiments facilitate the determination of the apparent rate constant, essential for
estimating reaction times for larger-scale operations.

For producers, an important consideration is the identification of optimal initial and
transient chemical properties of metal and slag, specifically in terms of kinetics. Previous
studies have highlighted the sensitivity of process economics to energy costs [5], under-
scoring the importance of comprehending and optimizing the kinetics. Furthermore, the
process has demonstrated flexibility in raw material selection, resulting in relatively con-
sistent metal and slag compositions [5,7–9]. However, the impact of these compositional
variations on the process remains to be fully understood. This study aims to further assess
the process flexibility, with a focus on determining the apparent kinetics in various chemical
conditions derived from different initial stoichiometries. The stoichiometry is defined by
the molar Al-SiO2 relationship outlined in Equation (1), where a ratio of 4/3 moles of Al
to 1 mole of SiO2 corresponds to a stoichiometry of 1. Low initial stoichiometry results
in a purer Si alloy with higher Si content, whereas high stoichiometries yield a cleaner
slag with lower SiO2 content, both of which are advantageous for subsequent refining
processes. The influence of stoichiometry on the distribution coefficient of calcium (Ca)
between the alloy and slag remains uncertain. Additionally, other parameters such as the
metal–slag weight ratio (impacting transport distance), viscosity, and interfacial tension,
which are associated with stoichiometry and transient chemical properties of the system,
could potentially affect kinetics.

Equilibrium calculations, such as those performed using FactSageTM 8.1 [2], have
been reasonably accurate in predicting the properties of the produced metal and slag at
1600–1650 ◦C, assuming adequate reaction time. However, discrepancies from thermody-
namic equilibrium have been observed in several studies [3,5,6,8]. It is thus essential to
discern whether these deviations are due to thermodynamic or kinetic factors and how
they may be attributed to the inherent reaction mechanism.

Previous research conducted under controlled, non-agitated conditions suggests that
the process is likely governed by mass transfer within the slag phase [3]. In addition, a cal-
cium aluminate product layer at the alloy–slag interface was formed. The reaction rate was
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found to correlate with transient slag properties such as viscosity, electrical conductivity, or
surface tension, dependent on holding temperature. The observed reaction phenomena
comprised interfacial turbulence, interfacial depression, spontaneous emulsification, coa-
lescence, and a subsequent return to high interfacial tension. These are dynamic interfacial
phenomena, driven by the movement of elements across the interface [10–13]. The reaction
leads to a spontaneous expansion of surface area while as the reaction attenuates and ap-
proaches equilibrium, the surface area tends to revert to its original state. Several theories
have been suggested to account for these observations, yet none have comprehensively
clarified the underlying phenomena. Commonly, these theories suggest a reduction in
interfacial tension, which is attributed to various capillary actions. These include solutocap-
illarity, which involves surface-active agents, electrocapillarity, which arises from electrical
charge disparities, and thermocapillarity linked to differences in local temperatures.

Several researchers have observed spontaneous emulsion caused by the reaction be-
tween oxidizable elements (such as Al, Ti, Cr, and Si) in Fe when it comes into contact
with slag [11,14,15]. During the reaction, the metal undergoes flattening, indicating a
temporary reduction in interfacial tension. Concurrently, the metal and slag can sponta-
neously emulsify into smaller micro- and millimeter-sized droplets, leading to a significant
increase in the interfacial area. As the reaction intensity decreases, these droplets gradually
recoalesce. White and Sichen [16] found that the emulsification of Si droplets in CaO-
SiO2 slag is enhanced by stirring, which facilitates the transfer of Ca across the interface.
Rhamdhani et al. [17,18] reported that in the reaction between Fe-(3.5–5)Al and CaO-SiO2-
Al2O3 slag at 1650 ◦C, the metal–slag interfacial area increased 4–6 times compared to
its initial state, with a greater increase corresponding to higher initial Al content. This
dynamic interfacial change during the reaction was described by a first-order relationship.
The change in the interfacial area demonstrated a linear relationship between the initial
reaction rate and the change in free energy resulting from the chemical reaction. This effect
is likely to further accelerate the reaction rate, as the increase in interfacial area combined
with reduced mass transfer distances, due to the emulsification of metallic droplets in slag,
enhances the reaction process.

White and Sichen also noted that in a similar system of Si metal refining with a Ca
content of <0.5 wt.%, the interfacial phenomena induced by Ca transfer were reported
to accelerate the reaction rate. Moreover, these authors found that emulsification of the
metallic phase in slag was directly proportional to the metal–slag interfacial area, which
varied over time [19]. While low interfacial tension can benefit reactions, it may reduce
metal-slag separation yield due to decreased efficiency in metal–slag separation.

Given the current system’s higher driving force due to the use of pure Al with similar
slag compositions, it is expected that the interfacial increase might be even more significant
compared to previous studies on Fe-slag systems. In previous studies by the authors,
interfacial turbulence and spontaneous emulsion were observed only during a limited
reaction time, during which the resulting Si alloy was characterized by a spherical shape
and smooth surface, indicating low interfacial area to minimize interfacial energy. At this
stage, emulsified micro-droplets in slag are likely to have a negligible effect on the overall
interfacial area [18].

In most studies investigating reactions between Fe-Al and slag, the mass transfer
coefficient for Al in the liquid metal is derived from a metal-control model. However,
research that determines the mass transfer coefficients for the current slag compounds in
the CaO-SiO2-Al2O3 slag phase is limited. The magnitude of the mass transfer coefficient
depends on various factors, including vessel geometry, mixing conditions, fluid properties
such as viscosity and density, and the diffusivity of the solute [20]. Taira et al. [21] examined
the dissolution rate of sintered Al2O3 in CaO-SiO2-Al2O3 slag, finding that the mass
transfer coefficient for Al2O3 in a similar slag with a comparable CaO content but a higher
SiO2/Al2O3 ratio (compared to the present study) ranged from 10−3 to 10−4 cm/s, based
on extrapolating their results from 1580 ◦C to 1650 ◦C. Park et al. [22] proposed a kinetic
model that used a derived mass transfer coefficient of 10−3 cm/s for inductively stirred
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melts, calculated from the known diffusivity of Al in the metal phase (10−2 cm/s), with
satisfactory results. Jamieson et al. [23] explored the silicothermic reduction of MnO in
MnO-CaO-SiO2-Al2O3 slag with a CaO:SiO2:Al2O3 ratio of 2:2:1 at 1550–1650 ◦C. They
observed intense agitation due to significant reaction and mass transfer across the interface,
with the mass transfer coefficient for MnO determined to be around 10−2 cm/s.

The authors conducted laboratory kinetic studies on varying metal–slag properties
under inductive stirring, along with pilot-scale studies using both inductive stirring and
gas purging [6,8]. These studies achieved conversion levels close to those predicted by
equilibrium calculations. In laboratory-scale experiments, a 20-min holding time at 1650 ◦C
was sufficient for a 1:1 CaO:SiO2 ratio and an Al-SiO2 stoichiometry of 1 [6], while a 10-min
holding time at 1600 ◦C sufficed for refining this alloy to MG-Si, despite its lower driving
force [24]. In pilot-scale studies, the reaction time ranged from 1 to 6 h at 1600–1650 ◦C,
depending on when the Al source was charged [8]. A later study showed that under
non-agitated conditions, the reaction degree was significantly lower and far from equilib-
rium [3]. In all previous studies, reaction kinetics were investigated in terms of minutes.
The present study complements previous work by focusing on the reaction rate within a
2-min timeframe. In this study, Al metal was immersed into the slag melt without addi-
tional stirring to understand the energy dynamics induced by the metal’s impact and its
effect on the reaction. After varying holding times, the samples were quenched in argon
and then analyzed microscopically. The large compositional transitions in the slag were
systematically measured by assessing the gradient of SiO2, CaO, and Al2O3 perpendicu-
lar from the alloy–slag interface to the bulk. Instead of relying on static thermodynamic
equilibrium values, the study used dynamic composition at the interface as the saturated
value, acknowledging that this value changes with time. This allowed the researchers to
incorporate the dynamic change in mass transfer characteristics of the slag into the kinetic
equation. The paper aims to determine apparent kinetic constants for industrial application,
identify the rate-limiting medium for reactions between Al and CaO-SiO2 slag, and further
explore the impact of various stoichiometries on reaction kinetics.

2. Materials and Method

All trials used a specific aluminum (Al) metal and a calcium silicate (CaO-SiO2) slag
as the reactants. The slag composition determined by X-ray Fluorescence (XRF) outlined in
Table 1 was pre-fused for homogenization by the supplier and finely milled. To estimate the
wt.% of silicon carbide (SiC), it was assumed that all analyzed carbon (C) was in the form
of SiC. The SiC content was then calculated by using the analyzed wt.% C and subtracting
moles from SiO2. The Al metal composition was analyzed by XRF to be 99.6% Al, 0.06% Si,
and 0.29% Fe, with other elements making up 0.05%. The mass was standardized across
trials by manually grinding the Al metal on a rotating grinding machine using SiC paper.
The metal was then cleaned with water, ethanol, and acetone.

Table 1. Initial slag composition (wt.%).

SiO2 CaO Al2O3 Fe2O3 MgO SiC

47.66 50.12 0.43 0.12 0.42 1.24

The study was divided into two main sections. The first part focused on determining
the kinetic model, involved 12 experiments: three parallel trials at 0.25 and 0.5 min, two
parallels at 1 and 2 min, and single trials at 5 and 20 min. The second part, which investi-
gated the effect of stoichiometry, had 11 experiments: two parallel trials for stoichiometries
0.8, 1, 1.2, 1.6, and 2, and a single trial for stoichiometry 0.5. These stoichiometries are
abbreviated as S0.5, S0.8, S1, S1.2, S1.6, and S2. For each experiment, individual masses
and surface areas were used in the kinetic equation and for other calculations. In the
first part, the inserted Al metal had a mass of 1.279 ± 0.016 g, and the slag had a mass
of 1.671 ± 0.021 g, resulting in a stoichiometry of 1.0256 ± 0.000731. In the second part,
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the Al metal mass was 1.226 ± 0.044 g, while the slag masses for S0.5 through S2 were
8.419, 5.023 ± 0.0928, 4.329 ± 0.0266, 3.463 ± 0.0977, 2.537 ± 0.667, and 2.123 ± 0.1129 g,
respectively. Thermodynamic equilibrium (t.e.), density, viscosity, and other properties
were calculated for each individual product composition. The plotted compositions for
the product alloy and slag were the averages of parallel trials (where applicable) from the
averaged parallel Energy Dispersive Spectroscopy (EDS) measurements. The error bars for
parallel trials represent plus/minus one standard deviation. The initial surface area of the
Al metal used in the kinetic equation was measured using a caliper.

Both the slag and the Al metal were dried in a Multitherm air circulation furnace at
90 ◦C for at least 12 h before the kinetic experiments began. The slag, measured according to
the desired Al-SiO2 molar stoichiometry, was placed in an air-flushed IG-15 grade graphite
crucible with dimensions OD30, ID16, and H34 (mm). The crucible was covered with a
graphite lid with a small hole to control the Al metal’s falling speed and prevent splashing
when it hit the lid and entered the liquid slag. The slag-filled crucible was placed in a
custom-made resistance tube furnace. It was flushed with argon (>99.999% purity) and
vacuumed twice to about 0.3 mbar before being filled with argon to create an overpressure
of 1060–1070 mbar. The furnace was flushed with 0.01 L/min argon during heating and
with 0.05 L/min during the reaction and cooling. A calibrated thermocouple was positioned
on top of the crucible’s lid, along with a second thermocouple at the bottom, ensuring a
consistent temperature of 1650 ◦C. The furnace was heated to 1600 ◦C at 38 ◦C/min, held
at 1600 ◦C for 10 min, and then heated again to 1650 ◦C at 7 ◦C/min where the slag was
held for 15 min to ensure complete melting without risking evaporation. The slag liquidus
was calculated at 1517 ◦C [2]. This was confirmed by a preliminary test conducted with
slag alone. At time zero, the Al metal was dropped through a molybdenum pipe into the
furnace, hitting the side of the graphite lid and then falling into the melt (Figure 1). The
crucible was quenched in argon by lowering it to the bottom of the furnace, resulting in
a cooling rate of approximately 25 s to 1450 ◦C, or about 8 ◦C/s on average. The 1450 ◦C
mark is significant because it corresponds to the solidus temperature of the product slag.
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Figure 1. Schematic illustration of the experimental procedure. (a) slag held at 1650 ◦C for 15 min to
ensure complete melting, (b) drop of Al metal onto the lid and then into the slag, and (c) alloy and
product slag after specific reaction time.

After the experiments, the crucible was cut vertically through the middle. The cut
sample was then mounted in epoxy, ground, and polished to prepare it for analysis in
the Electron Probe Microanalyzer (EPMA) (EOL JXA-8500F, JEOL Ltd., Tokyo, Japan. To
determine the alloy composition, an average of 4–6 analyses were performed using Energy
Dispersive Spectroscopy (EDS) on the surface. For slag analysis, three EDS measurements
were taken near the interface, followed by one EDS measurement every 2 mm perpendicular
to the interface until the crucible wall was reached (Figure 2). The total average was
calculated from all slag measurements, while the weighted average was determined based
on the weighted distances between the measurement points.
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The thermodynamic equilibrium (referred to as t.e.) for the various conditions was
calculated using FactSage 8.1 [2]. The Equilibrium module was used with FTlite and FToxid
databases for alloy and slag analysis, respectively. The thermodynamic data for slag with
and without SiC were presented to demonstrate the impact that carbon might have on the
system e.g., due to the difficulty of completely avoiding contamination from the graphite
crucible. The dynamic viscosity of the slag was calculated using the Viscosity module in
FactSage, which models the property based on the melt’s structural characteristics. The
slag density was determined using Mills’ calculator (7 March 2011, Ken Mills and Rodney
Jones, Randburg, South Africa) [25]. This calculator employs a partial molar approach,
utilizing specific equations to estimate the molar volumes of SiO2 and Al2O3 [26].

3. Results and Discussion

The results are presented and discussed in two parts. In part one, the kinetic equation
is derived using six reaction times for the intermediate stoichiometry (S1) while the second
part focuses on two selected reaction times, 0.5 min and 2 min, with six stoichiometries
(S0.5, S0.8, S1, S1.2, S1.6 and S2).

3.1. Kinetic Equation

The change in wt.% of the main elements (Al, Si, Ca) in the alloy and slag (Al2O3, SiO2,
CaO) for reaction times (min) 0.25, 0.5, 1, 2, 5, and 20 min can be seen in Figures 3a–c and 4.
A comparison of the conversion degree of Al, Si, and Ca relative to t.e. based on the
composition of the alloy is shown in Figure 3d, which was calculated using the formula:

Conversion of component j in phase p =
measured wt.%j in p − initial wt.%j in p

t.e. wt.%j in p − initial wt.%j in p
(4)

For the alloy, the expected conversion degrees relative to t.e. were 72% for Ca and
83% for both Si and Al after just 15 s of reaction time, as illustrated in Figure 3d. After this
point, the reaction rate begins to gradually decrease over time. While Al tends to converge
toward t.e., Si exceeds it. The “excess” Si produced must be offset by reduced Ca content,
as confirmed in Figure 3c. Although the slag tends to homogenize after 2 min (Figure 4),
signaling equilibrium, the Ca content in the alloy remains low. This indicates that the t.e.
model might be incorrect, possibly due to unaccounted Ca evaporation. A similar deviation
in Ca partitioning has been noted in previous studies [3,6,8].
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and calculated thermodynamic equilibrium (t.e.) considering carbon-free or SiC-containing slag.

For the slag, the composition changes with distance from the alloy–slag interface, as
illustrated in Figure 4a–c. Unlike the relatively homogeneous composition of the alloy,
which has an average standard deviation of 1.15 wt.% Al in parallel EDS measurements,
the slag shows a gradient perpendicular to the interface. This gradient decreases over time,
stabilizing after approximately 2 min, indicating that approximate equilibrium has been
reached. The composition of the slag closest to the interface demonstrates a reduction in
SiO2 and CaO and a corresponding increase in Al2O3, suggesting a higher reaction rate
compared to the rate of mass transfer away from it. The final compositions of the alloy
and slag after extended reaction times align closely with results from similar conditions
observed in previous studies [6,8].

Although the compositional gradient in the slag phase approaches zero after 2 min of
reaction time, suggesting the system has reached equilibrium or approximate equilibrium,
some alloy droplets mixed in the slag can still be seen, as illustrated in Figure 5. Metallic
phases, such as Si and Si2Ca, appear near the interface, with Si2Ca being the dominant
entrapped phase in the slag, similar to what has been observed in previous studies with
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longer holding times [6,9]. The emulsion may be due to Kelvin–Helmholtz instability
caused by turbulence at the interface, as discussed by the authors in a previous paper [3].
The shorter reaction times in this study, compared to longer times in previous studies,
might not provide sufficient time for the slag droplets to fully diffuse through the slag.
Despite these instabilities, the alloy–slag interface remained smooth across all reaction
times, indicating attenuated mass transfer because most expected reactions had already
occurred. A notable piece of evidence for intense interfacial phenomena is the absence of a
solid calcium aluminate interfacial product layer, which has been observed in experiments
with stagnant flow [3].
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stoichiometry 1.

A common approach for modeling the reaction between liquid iron, manganese, or
silicon and molten slag is to use a first-order kinetic equation. This equation describes the
rate at which the concentration changes over time.

dXj

dt
= kj

ρs,tAt

ms,t

(
Xj,t − Xj,sat,t

)
(5)

Xj,t is the averaged measurement between the interface and the crucible wall of mass
fraction of component j at time t representing “the average bulk”, Xj,sat,t the saturated mass
fraction of component j at the interface at the same time t, where the difference between
these two correspond to the driving force for mass transport; kj the mass transfer coefficient
(cm/s) of j; ρs,t the density of the liquid slag (g/cm3); At is the initial interfacial area (cm2);
and ms,t the mass of the slag. Integrating using X(0) = X0 yields

ln

(
Xj,t − Xj,sat,t

X0,t − Xj,sat,t

)
ms,t

ρs,tAt
= kjt (6)

The first-order kinetic equation was applied to describe compositional changes in the
slag, while no satisfactory fit was found for the Al content in the alloy. This observation
suggests that mass transport in the alloy phase is unlikely to be the limiting factor in the
conversion process. Multiple models were considered, including nucleation, diffusion,
order-based, and geometrical contraction models. Among these, the first-order, Ginstling–
Brounshtein, and spherical contraction models provided the best fit. The first-order kinetic
equation was ultimately selected because it yielded the most accurate results, was the
simplest to interpret, and is widely used in published studies on liquid metal–slag reactions.

Previous kinetics models for similar metallothermic reactions did not account for
dynamic changes in ms, ρs, and Xj,sat as the metal and slag compositions were relatively
constant. However, in the current system, these properties can vary significantly with
reaction and time, especially Xj,sat. To account for these variations, the alloy–slag interfacial
compositions were analyzed at each time step, the dynamic density of the slag was calcu-
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lated using the Mills calculator [25], and the mass of slag was assumed to be the same as
the initial slag mass for each trial, given that it varied by less than 2% from equilibrium.
These calculations were incorporated for consistency and help to account for variability in
these dynamic factors while providing a more robust model for the metallothermic reaction
process. To simplify practical applications at different production scales, the apparent
calculated mass transfer coefficient was derived as a function of the initial surface area
of the Al metal. However, it should be noted that the surface area can change drastically
during intense metal–slag reactions [18], which can affect the accuracy of the model.

Quantifying kinetics under transient conditions, especially when interfacial area and
melt convection vary, presents significant challenges, particularly given the relatively large
conversions observed in this study [17,27]. The dynamic interfacial area is even more diffi-
cult to measure when reaction rates are rapid and convection is induced by mass transfer
across the interface. For stagnant flow, the mass transfer coefficient is typically defined as
the diffusivity divided by the effective film thickness of the boundary layer. However, in the
current scenario with changing interfacial areas, the film thickness also varies, indicating
that the mass transfer coefficient cannot be constant. It must change with both time and
spatial position to accurately reflect the dynamic nature of the system. Consequently, the
derived kinetic constant is referred to as average and “apparent” because it is suitable for
engineering purposes but should be interpreted cautiously in scientific contexts. These
variations underscore the complexities of accurately modeling and understanding kinetic
behavior in dynamic conditions.

When plotting the left side of Equation (6) against time, as illustrated in Figure 6a,b,
the slope provides an estimate for kAl2O3. A similar pattern is observed when using
SiO2 and CaO data. The linear fit is quite accurate within the time range of 0.5 to 2 min,
suggesting consistent behavior during this period. However, for times up to 0.25 min,
the coefficient is slightly higher, likely due to an increase in interfacial area driven by
turbulence from significant mass transfer across the interface. This phenomenon has been
previously discussed in an earlier paper by the authors [3]. This behavior aligns with
findings by [18], indicating that interfacial turbulence is notable during the first moments
of contact when the driving force for the reaction is at its peak. As the time approaches
2 min, the interface becomes more stable, e.g., as seen in Figure 2, leading to a better linear
fit. Beyond 2 min, the mass transfer coefficient seems to decrease, suggesting the reaction
might be approaching equilibrium, or other factors might limit the reaction rate. The former
is supported by a near-zero concentration gradient in the slag after 2 min, as shown in
Figure 4. The data point at 5 min could be due to measurement error, or the reaction is no
longer limited by mass transfer in the slag phase. Given that approximate equilibrium is
achieved within 2 min, this period is crucial due to the significant conversions occurring.
This suggests that the reaction is primarily controlled by mass transfer in the slag phase,
which aligns with previous studies by the authors [3].

The mass transfer coefficients obtained from the experiments are presented in Table 2
using the best fit of k for the time range 0–2 min from Figure 6a. These mass transfer
coefficients were used to model the mass fraction with time (Figure 7) compared to calcu-
lated t.e. In Table 2, statistical metrics are shown that assess the model’s fit over the whole
dataset in Figure 7. The R2 value indicates the goodness of fit to the data, demonstrat-
ing that the model explains a significant portion of the variance in the outcome variable.
The mean absolute error (MAE) measures the average deviation of the predicted values
from the observed data. It is relatively insensitive to outliers, giving equal weight to all
errors. Norm. MAE is the value normalized by the total change in mass fraction. These
statistical measures suggest a robust fit, with similar values observed when considering
the weighted average composition of the slag from the interface to the bulk, shown in “()”.
This alignment supports the validity of the model and underscores the consistency of the
experimental data with the model’s predictions.
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average and weighted average in “()”, respectively, and statistical indicators of the model shown in
Figure 7.

Compound k (cm/s) R2 Norm. MAE
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SiO2 0.0168 (0.0169) 0.97 3.14%
CaO 0.0101 (0.0134) 0.90 6.55%
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The mass transfer coefficients for Al2O3, SiO2, and CaO are within the same order
of magnitude. The k represents the average mass transfer coefficient during the initial
2 min of contact under the current experimental conditions. This finding aligns with the
mass transfer of MnO (Mn2+) in reactions between Fe-Si and MnO-SiO2-CaO-Al2O3 slags
within a temperature range of 1550–1650 ◦C [23]. This study also suggests that turbulence
is induced by intense interfacial reactions driven by high Gibbs free energy of reaction.
This is supported by the similar initial “jump” in the mass transfer coefficient observed in
the first few seconds of the reaction, suggesting an analogous behavior.

At the same temperature range, the Fe–Al system in contact with similar slags has been
reported to have a mass transfer coefficient one to two orders of magnitude higher [22,28,29].
This discrepancy is likely due to a lower Gibbs free energy of reactants and fewer moles
crossing the interface, leading to less agitation in the melt. In contrast, the current reaction
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exhibits significant turbulence due to a high driving force and a larger number of moles
crossing the interface relative to its volume. Details about these interfacial phenomena in
the current system were previously discussed by the authors [3].

The reduced predictability of modeled CaO can be attributed to its behavior between
5 and 20 min. During this period, there is a persistent difference between the average wt.%
CaO and the saturated wt.% CaO. This constant discrepancy indicates that equilibrium
has not been achieved. As a result, the model anticipates a continued decrease in CaO
concentration from 5 to 20 min.

Using the calculated mass transfer coefficient for Al2O3 from Table 2 and pilot-scale
data from reference [8], the mass fraction of Al2O3 over time was derived and is presented
in Figure 8. This calculation employed the average dynamic slag densities from the current
study, with the initial interfacial area estimated by assuming a spherical shape for the
liquid Al. In the pilot-scale experiments, the combined weight of metal and slag was
approximately 0.5 tons. Around 5 kg of aluminum metal blocks were added, with a total
of 21 blocks inserted over a span of 90 min. A similar approach was assumed for an
industrial-scale scenario, assuming a total weight of 50 tons and the addition of 10 kg Al
pieces each. The reaction times from the pilot experiments [8] fall within the same range
as the calculations. The discrepancy between the model’s predictions and experimental
results is partly attributed to the kinetic equation’s omission of continuous Al addition.
The kinetic equation reflects a global reaction rate, and without accounting for the ongoing
addition of Al. The reaction times for pilot and industrial were calculated as 58 min and
73 min for 100% completion and 28 min and 35 min for 95% completion, respectively. The
results should be interpreted as indicating the lower bound of the reaction rate. Since the
reaction in the slag phase is mass-transfer controlled, vigorous stirring should enhance
the rate of mass transfer. Under constant stoichiometry and stirring, these reaction times
depend solely on the initial Al surface area. While a larger surface area of inserted Al
reduces reaction time, in practice, the energy from the dropped Al can catalyze interfacial
phenomena and induce convection, which can influence reaction time. Furthermore, the
exothermic nature of the overall reaction may depend on the mass and surface area of
the inserted Al metal, as these factors could accelerate the initial reaction rate by locally
increasing the temperature at the reaction interface. These effects should be considered in
more detail when scaling up.
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3.2. Kinetics for Varying Al-SiO2 Stoichiometry

Figure 9a–c illustrates the change in alloy composition with stoichiometry for holding
times of 0.5 and 2 min. The final composition of the alloys is generally close to t.e., even for
a reaction time of 0.5 min. Stoichiometries of 0.5 and 2 are the closest to computed t.e., and
these are the only stoichiometries that converge to t.e. within 0.5 min. Figure 9d displays
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the conversion relative to t.e. for alloy components with varying stoichiometries. Deviation
from t.e. increases as stoichiometry rises from 0.5 to 1.2, then shifts to decreasing deviation
as stoichiometry increases from 1.2 to 2. Ca deviates from t.e. somewhat more than Al and
Si, aligning with previous studies on stoichiometries of 1 and 1.2 [6,8], hence, particularly,
the Ca activity coefficient should be a subject of further research.
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For all stoichiometries, the measured concentration gradients between the alloy–slag
interface and the slag bulk indicated time-dependent transport of slag components (Al2O3,
SiO2, and CaO). This indicates mass transport limitations in the slag phase. Al2O3, which is
produced at the interface, decreases in concentration with distance into the bulk. Conversely,
SiO2 and CaO, which are reduced components, increase in concentration with distance
toward the bulk. Figure 10a–r shows the concentration changes for Al2O3, SiO2, and CaO
from the alloy–slag interface to the bulk slag for reaction times of 0.5 and 2 min. The lowest
conversion relative to t.e. occurred for stoichiometry 1.6, while the highest conversion
occurred for stoichiometry 0.8.

The accumulated Al2O3 content near the interface tends to increase its positive devia-
tion from t.e. as stoichiometry decreases, which correlates with the expected number of
moles that should cross the interface. This implies that a higher number of reacting moles
also necessitates a higher number of moles to be transported through the slag bulk. This
relationship supports that the reaction in the slag phase is controlled by mass transfer.

For stoichiometries of 1.2, 1.6, and 2, the saturated Al2O3 content tends to reach its
maximum and stabilize at around 60 wt.% at the beginning of the reaction (0.5 min). This
level is significantly lower than the 78 wt.% Al2O3 concentration in the solid CaAl4O7
product layer reported for stagnant flow conditions [3]. This indicates that dissolution
occurs quickly and that the mass transport of compounds in the slag is rapid due to the
interfacial phenomena observed in the present study.
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By comparing the alloy compositional deviation from t.e. with that of the slag, two
interesting patterns emerge. In the mid-stoichiometry ranges (1 and 1.2), the alloy deviates
significantly from t.e. after 2 min, while the slag appears relatively homogenous from
the interface to the crucible wall. This observation suggests either that the system is at
equilibrium but the calculated t.e. for the alloy is incorrect, or that the reaction is no longer
controlled by the concentration gradient in the slag phase. This flattening trend is less
pronounced for S1.6, while the opposite trend between 0.5 and 2 min is observed for S2.
This is likely because the alloy reached equilibrium with the slag approximately 2 mm into
the slag bulk, leaving no chemical driving force for further reaction, only the driving force
for mixing, which is constrained by less significant turbulence due to relatively fewer moles
of reactants crossing the interface to that of the lower stoichiometries. Additionally, both
S1.6 and S2 displayed a similar trend where the mass transfer coefficient appeared high
between 0 and 0.5 min and then low between 0.5 and 2 min. This may be attributed to S1.6
and S2 experiencing the largest compositional changes in the slag and coupled with the
highest viscosity, as shown in Figure 11, may indicate complex kinetic behavior dependent
on the slag phase.
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Figure 11. (a) Dynamic viscosity with distance perpendicular from the alloy–slag interface to the
crucible wall after 0.5 min. Lines are the linear predictions of the data points (triangles). (b) Total
average dynamic viscosity with varying stoichiometries (abbreviated “S”). (c) Shows the relationship
between dynamic viscosity and estimated mass transfer coefficient of kAl2O3 reacted at different
stoichiometries. Line is the linear prediction of the data points (triangles).

Since the mass transfer coefficient was estimated with reasonable accuracy between 0
and 2 min using a first-order equation (Equation (6)), this same time range was selected to
examine the kinetic behavior for various stoichiometries. The same method was applied
to the stoichiometry series, with the results presented in Table 3 for weighted average
composition. The linear fit was notably less accurate for stoichiometries 1.6 and 2, as
reflected by poorer performance metrics. The compositional gradient in the slag tends to
vanish after approximately 2 min of reaction time for all stoichiometries except 1.6 and 2.
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For stoichiometries 1.2 and lower, the concentration gradient continues to drive diffusion
up until this time, following the first-order relationship in Equation (6), providing further
evidence that the reaction in the slag phase is mass-transfer controlled.

Table 3. Rough estimation of mass transfer coefficient (k) of Al2O3 (cm/s) and statistical metrics for
different stoichiometries.

Stoichiometry k R2 Norm. MAE

S0.5 * 0.023 - -
S0.8 0.013 0.92 7.8%
S1 0.018 1.0 0.6%

S1 (part I) 0.014 0.95 3.9%
S1.2 0.015 1.0 2.2%
S1.6 0.0056 0.74 14.7%
S2 0.0076 0.81 12.5%

* only single data point.

As stoichiometry increases, the alloy-to-slag mass ratio rises from about 1/6 for S0.5
to 1/2 for S1.6 and S2. This change in ratio suggests that the relatively shorter transport
distance in the slag could decrease the influence of mass transfer control in the slag while
increasing its significance in the alloy. To validate this, the same model was tested under
the assumption of mass transfer control in the alloy, as well as mixed control (in both the
alloy and slag), using the equation derived in reference [30]. However, neither assumption
resulted in a satisfactory fit. Both stoichiometries displayed a similar trend: the coefficient
was high between 0 and 0.5 min, then attenuated between 0.5 and 2 min.

Figure 11a shows the dynamic viscosities at varying distances perpendicular to the
alloy–slag interface for some stoichiometries and initial slag viscosity after a reaction time
of 0.5 min. The viscosity tends to decrease with distance from the alloy–slag interface to the
bulk slag due to the relative increase in Al2O3, which gives a higher viscosity compared
to CaO and SiO2. As the reaction progresses and mass transfer homogenizes the slag,
the change in viscosity with distance from the interface decreases. Using these values for
0.5-min and 2-min reaction times, the calculated total averages are displayed in Figure 11b.
The average dynamic viscosity is generally lower with lower stoichiometries, reflecting the
lower reduction degrees of CaO and SiO2 relative to the total volume (see Figure 12b).
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Figure 12. (a) Validation of metal mass prediction (line) using equilibrium data (circles) and
(b) calculated predictions of the real metal–alloy mass change and slag mass change in experiments
for all stoichiometries.

Considering the mass transport limitation in the slag, it is reasonable to quantify the
relationship between the mass transfer coefficient and the average viscosity of the slag.



Metals 2024, 14, 604 16 of 21

According to the surface renewal model for mass transfer [31], the mass transfer coefficient
is given by:

ks = 2
(

D
πtc

)1/2
(7)

where ks is the mass transfer coefficient in the slag phase, D is the diffusivity of the
component, and tc is the reaction time. Assuming that the Stokes–Einstein relation is valid
for this system, i.e., diffusivity is inversely proportional to dynamic viscosity, the following
relationship is obtained, and the result is shown in Figure 11c.

ks∞
(

1
η

)1/2
(8)

This figure displays the apparent mass transfer coefficient of Al2O3 plotted against
the square root of the inverse viscosity, using the total average viscosity after 0.5 min (with
similar results for 2 min). The best-fit linear line, representing Equation (8), is shown. This
outcome provides further evidence that the rate of reaction is controlled by mass transfer
in the slag phase. However, the scattered data points suggest that viscosity alone is not the
only significant factor in kinetics, especially given the turbulent interfacial phenomena.

The mass of the alloy and the slag was not measured in this study, and accurate
measurement in practice is challenging due to issues such as liquid spills or the mixing of
solid phases. Since the stoichiometry varied, the number of moles crossing the interface
also changed. This variable must be controlled to understand the kinetics and the deviating
behavior of the alloy shown in Figure 9d. Equation (9) provides a reasonable estimate of the
alloy mass produced for different stoichiometries, based on the known alloy composition
and the initial metal mass.

nAl,react. = nAl,0 −
(
xAl·nAl,0

)
nSi,prod. =

3
4

nAl,react.

nalloy =

(
xAl·nAl,0

)
+ nSi,prod.

xAl + xSi

malloy = nalloy(xAl·MAl + xSi·MCa + xCa·MCa) (9)

where nAl,react., nAl,0, nSi,prod., nalloy, Mi, and xi are initial guess reacted moles of Al, actual
initial moles Al in the metal, guessed moles Si produced, molar weights for component i,
and final molar fractions of component i, respectively.

This equation assumes that only the stoichiometric relationship from reaction Equation (1)
is relevant to the mass produced. The validity of the equation was evaluated by using
calculated equilibrium values for fractions and mass of the final alloy, with the results shown
in Figure 12a. The deviation from the actual equilibrium mass of the alloy ranged from
0.003% to 2.88%. The highest deviations were observed for stoichiometries 0.5 (−2.88%) and
1.2 (+1.81%) relative to the actual equilibrium alloy mass. This equation was then used to
estimate the real mass of the alloy produced in experiments and on larger production scales
(Figure 12b). The graph demonstrates that the relative alloy mass decreases with increased
Si content (low stoichiometry) and increases with higher Ca and Al content (medium and
high stoichiometries). Ignoring weight loss due to evaporation, the weight change of the
slag was calculated and is also shown in the same figure, varying by only 1–2 wt.% for
these stoichiometries.

In addition to viscosity, turbulence at the interface induced by the reaction was exam-
ined as a potential factor affecting kinetics. Turbulence is a function of the reaction degree,
which is tied to the number of moles crossing the interface due to the reaction. Using the
predicted alloy mass, the number of oxidized moles of Al to Al2O3, normalized by the
initial moles of Al, was calculated and is shown in Figure 13a. The number of moles of Al
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consumed, normalized by the initial total mass of metal and slag, is shown in Figure 13b.
Although relatively more moles cross the interface with decreasing stoichiometry, leading
to greater interfacial turbulence (Figure 13a), this effect is mitigated by the larger slag
mass content, where the composition changes less due to less reduction in SiO2 and CaO.
Interfacial turbulence and viscosity seem to work in favor of each other under these condi-
tions. Despite lower stoichiometries involving fewer moles being converted in the total
system, interfacial turbulence remains high, and the lower viscosity allows relatively fast
mass transfer in the relatively larger volume of slag. However, these relationships do not
fully explain the deviation between experimental results and t.e. in the alloy (Figure 9d),
prompting further investigation into the underlying chemistry.
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The deviation from t.e. in the alloy, as illustrated in Figure 9d, was analyzed using 
the activities of the main reacting components, aAl and aSiO2, which represent equilibrium 
activities calculated in FactSage 8.1 [2]. The equilibrium activities of Al and SiO2 have an 
inverse relationship with stoichiometry. For stoichiometries 0.5 to 1, the deviation from 

Figure 13. (a) Calculated consumed moles of Al normalized by initial moles of Al with varying
stoichiometries after 2 min (0.5 min for stoichiometry 0.5) and (b) calculated consumed moles of
Al and produced moles of Si normalized by total initial moles of metal and slag with varying
stoichiometries after 2 min (0.5 min for stoichiometry 0.5).

The deviation from t.e. in the alloy, as illustrated in Figure 9d, was analyzed using
the activities of the main reacting components, aAl and aSiO2, which represent equilibrium
activities calculated in FactSage 8.1 [2]. The equilibrium activities of Al and SiO2 have an
inverse relationship with stoichiometry. For stoichiometries 0.5 to 1, the deviation from
t.e. increases, indicating less reaction than expected, as aSiO2 decreases relative to aAl.
However, the trend reverses for stoichiometries of 1.2 and above, showing a decreasing
deviation as aAl increases, while aSiO2 remains relatively constant, as indicated in Table 4.
This relationship can be visualized in Figure 14 using Equations (10) and (11), which show
Al conversion relative to t.e. as a function of the equilibrium activities aAl and aSiO2 .

χ(a) =
A
a2 +Ba (10)

a = a1/3
Al + a1/2

SiO2
(11)

where constants A and B are 0.074 and 1.12 for the 0.5-min data and 0.082 and 1.18 for the
2-min data. The exponents could be related to the molar relationship in Equation (1). This
model represents the best fit obtained by varying both the exponents and the constants in
front of each activity. The relatively good fit indicates that the observed deviations from t.e.
with respect to stoichiometries could be attributed to the inter-relationship between the
activities of the main components. This understanding is valuable for predicting process
outcomes, given that a larger deviation from t.e. for S1.2 was observed in pilot-scale
studies [8].
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Figure 14. Model describing Al conversion relative to t.e. (χ) as a function of aAl and aSiO2 plotted
with experimental data obtained at 0.5 min and 2 min.

The metallic content in the slag tends to decrease with reaction time, as quantified in
a Si metal refining study [16]. It was found that emulsion levels increase with CaO content
due to more reaction between Ca and SiO2. Previous studies by the authors [6], as well as
studies with varying initial CaO/SiO2 ratios in the slag [9], have shown that the Si2Ca phase
is the most prominent metallic phase entrapped in the slag. These findings align with the
present results, indicating that the metallic phase entrapped in slag decreases with decreasing
stoichiometry and exhibits a higher degree of coalescence (with larger droplets), as seen in
Figure 15a–c. This pattern is due to the increased CaO reduction to Si2Ca with stoichiometry,
which may result from either slower mass transfer of the metallic phase in the slag due to
higher viscosity or reduced interfacial turbulence due to less mass transfer across the interface
(Figure 13a). These factors proved to be more critical than reaction time. The separation
between alloy and slag was observed to be most satisfactory for stoichiometries 0.5 and 0.8.
Stoichiometry 2 had fewer entrapped alloy droplets than stoichiometries 1–1.6, likely due
to reduced Ca content in the alloy, as expected from t.e. Although the alloy and slag are in
approximate equilibrium for higher stoichiometries, the potential loss of metal in slag must be
considered when assessing the overall kinetics at pilot and industrial scales.

Figure 15. Alloy entrapment in slag for stoichiometries (a) S0.5-0.5 min, (b) S1-0.5 min, and
(c) S1.6-0.5 min.
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Table 4. Relative conversion model using 2-min data.

Stoichiometry aAl aSiO2 a X

0.8 0.0438 1.794 × 10−3 0.395 0.999
1 0.0634 9.792 × 10−4 0.430 0.956

1.2 0.1247 3.439 × 10−4 0.518 0.898
1.6 0.3335 6.099 × 10−5 0.701 0.993
2 0.4748 2.672 × 10−5 0.785 1.066

4. Conclusions

• For an Al-SiO2 stoichiometry of 1, with solid Al metal dropped into a non-agitated
liquid CaO-SiO2 slag at 1650 ◦C, the conversion relative to thermodynamic equilib-
rium within 15 s was 72%, 83%, and 83% for Ca, Si, and Al, respectively. The reaction
was driven by significant interfacial turbulence induced by the high thermodynamic
driving force and induced energy from aluminum immersion. This turbulence accel-
erates the reaction rate by increasing the interfacial area. However, as the reaction
gradually decelerates, the resulting silicon alloy quickly transitions to a smaller and
more stable interfacial area, and at this point, further reaction is primarily limited by
mass transport in the slag phase.

• The first-order equation for mass transfer control in the slag provided a reasonable
prediction of the apparent reaction kinetics when Al metal was immersed in an ap-
proximate 1:1 CaO-SiO2 slag. The mass transfer coefficient for Al2O3 was calculated
to be in the range of 1–2 × 10−2 cm/s for stoichiometries 0.5–1.2. However, a constant
mass transfer coefficient could not be determined for stoichiometries 1.6 and 2, as
these deviated from the typical slag mass transfer behavior and did not conform to
either metal or mixed control relationships.

• The discrepancy between analyzed alloy composition and thermodynamic equilibrium,
particularly Ca, was consistent with previous work and most prominent for mid-range
stoichiometries. Because the slag was close to homogenous in contact with the alloy,
this suggests that the activity coefficients should be the subject of further research.

• Stoichiometries of 0.5 and 0.8 facilitated better alloy–slag separation due to reduced
reduction of CaO, resulting in less Si2Ca phase being entrapped in the slag. For
higher stoichiometries, entrapped Si2Ca likely faces challenges in coalescing and
diffusing to the bulk Si alloy, attributed to relatively lower interfacial turbulence and
higher viscosity.
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