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Abstract: This work investigates the dissolution of CaO into three different compositions of SiO,-CaO-
Al,Oj5 slag similar to those found in industrial Si furnaces. It was found that CaO dissolution into the
slag is fast. During the dissolution process, a layer containing 35-42% CaO was formed between the
CaO particle and the slag, which corresponded to the phases CaO-Al,O3-25i0, or 2Ca0-Al,03-510,
in this study. Two models were investigated to determine the dissolution rate of the three slags. In
the first model, the CaO particle is assumed to be a smooth shrinking sphere, and the rate controlled
by the chemical reaction rate. The second model assumes that the rate is controlled by mass transport
and depends on the diffusion rate of CaO through a boundary layer on the surface of the CaO. Both
models gave similar accuracy to the experimental values, and a proportional relationship between
the rate constants and the viscosities was obtained. At 1500 °C, the diffusion coefficients were found
to be in the order of 1076 cm?/s.

Keywords: CaO; slag; viscosity; dissolution; dissolution rate; shrinking sphere; mass transport model;
silicon production

1. Introduction

Metallurgical silicon (Si) is produced industrially by carbothermic reduction of quartz
(Si03) in a submerged arc furnace. The overall mass balance can be written as in reaction 1,
but the actual process is more complex and happens in several steps. In the furnace, there
are also several oxide impurities present as slag.

SiO, (s) ZC(S) = Si(l) + ZCO(g> (1)

The Si furnace is normally divided into a low-temperature zone, which includes the
higher parts of the furnace and along the furnace walls, and a high-temperature zone in the
lower parts of the furnace around the electrode tip [1]. Based on COMSOL simulations,
Myrhaug [2] made a conceptual model of the temperature profile and Si flow in the Si
furnace. Figure 1 shows an illustration of a Si furnace, including the main zones and
approximate temperatures at different positions. The highest temperatures can be found
right below the electrodes, around the arc. Below the cavity is the metal bath, which
holds a temperature around 1900-2000 °C. With increasing distance from the arc, upwards
in the furnace and towards the furnace lining, the temperature decreases. According to
calculations, the temperature ranges from around 1000 °C to 1500 °C above the tap-hole
and in the slag/inactive zone. The slag in the furnace will therefore experience different
temperatures, depending on where it is located.

Experimental research has found that the mass transfer in the slag is typically the rate-
determining step for the CaO dissolution in SiO;-CaO-Al,O;3 slag. A number of researchers
have also deduced the diffusivity from dissolution rate data [3-11]. A short summary with
the diffusion coefficients together with the respective slag composition and temperature
is listed in Table 1. The chemical and physical properties in the slag are important factors
when describing the rate of dissolution reactions in oxides.
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Figure 1. Illustration of a Si furnace including the main zones and approximate temperatures at

different positions. The temperatures are based on modeled temperatures from Myrhaug [2].

Table 1. Summary of earlier research on the dissolution of CaO in S5iO,-CaO-Al,O;3 slag. D is the
diffusion coefficient.

Authors Slag Composition Temperature D Comment
5102 CaO A1203
[wt%] [°C] [em?/s]
Towers et al. [3] (1953) 40 40 20 1450 1x3x10°° Radioactive Tracer Technique, Ca®®
Towers and Chipman [4] (1957) 40 39 21 1430 1x 107° Radioactive Tracer Technique, Ca®®
1350 33 %1077
40 40 20 1400 6.2 x 1077
1450 1.3 x 1077
-7
Niwa [5] (1957) 1350 52 x10 ” Radioactive Tracer Technique, Ca®
39 43 18 1400 6.4 x 10~
1450 9.5 x 1077
1350 0.39 x 107
71 1 18 1400 32 % 1077
1350 39 x 1077
41 40 19 1395 6.9 x077
1440 10 x 1077
1440 8 x 1077
37 43 20 1510 10 x 1077
1440 11.5 x 1077
39 49 12 1510 17 x 107
Sait6 and Maruya [6] (1958) 36 45 19 1510 8.5 x 1077 Semi-infinite medium, Ca*
1530 9.9 x 1077
1440 3.8 x 1077
1485 7.1 %1077
34 46 20 1510 8.4 x 1077
1530 10.3 x 1077
1575 13.0 x 1077
1540 5.5 x 1077
31 48 20 1565 8.1 x 1077
1400 9.2 x 1077 Calculated values £
Goto et al. [7] (1977) 40 40 20 1450 1.6 x 106 alculated values rom
1500 26 x 10-6 Nernst-Einstein relation
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Table 1. Cont.

Authors Slag Composition Temperature D Comment
Si02 CaO A1203
[wt%] [°C] [em?/s]
60 30 10 7.41 x 1077
55 25 20 5.18 x 1077
65 20 15 33 x 1077
s 65 25 10 4.78 x 1077 Isotope tracer method
Liang et al. [8] (1996) 55 30 15 1500 712 x 10:7 Cat0 gn doai2 ’
60 20 20 3.66 x 1077
60 25 15 45 %1077
45 35 20 9.32 x 1077
40 40 20 1.34 x 107

Amini et al. [9] (2006)

Zhang and Chou [10] (2011)

Ren et al. [11] (2013)

Calculated from forced convection

In the range dissolution rate data using known

8 50 42 1500-1600

107510~ .
mass-transfer correlations
_7 Calculated values from
40 40 20 1350 9.0 x 10 Nernst-Einstein relation
1400 1.3 x 1077
1450 1.9 x 1077
1500 2.8 x 1077
Model from relation between
25 46 29 1350 3.74 x 1077 diffusion activation energy and
optical basicity
1395 6.13 x 1077
1440 9.8 x 1077
27 49 24 1440 8.80 x 1077
1510 18.90 x 107
45 45 10 1350 3.14 x 1077
1400 572 x 1077
1450 10.6 x 1077
44 47 9 1350 8.39 x 1077
1400 11.43 x 10~7
1450 15.28 x 10~7
25 49 26 1350 2.64 x 1077
1500 16.67 x 1077
1540 25.88 x 1077

The first studies on the diffusion process of the Ca ion into 5i0,-CaO-Al,O3 slag were
conducted by using the radioactive tracer technique and the capillary method [3-5]. The
results suggested that the diffusion coefficient for Ca diffusion in ~40 wt% SiO,—40 wt%
CaO—20 wt% Al,Oj is in the range of 1077-107° cm?/s in the temperature range of
1350-1550 °C. Saitd and Maruya [6] used the semi-infinite medium method in the temper-
ature range 1350-1600 °C to measure the self-diffusion coefficients of calcium in several
compositions of molten SiO,-CaO-Al,Os slags. The diffusion coefficients were found to be
in the order of 1076-10~7 cm?/s.

Goto et al. [7] calculated diffusion coefficients for 40 wt% SiO,—40 wt% CaO—20 wt%
AlyOs slag in the temperature interval 1350-1500 °C based on Nernst-Einstein relation. The
purpose was to examine its validity on multi-component oxide slags. For this, they com-
pared with experimental data from Towers et al. [3,4], Niwa [5] and Saitd and Maruya [6].
Zhang and Chou [10] used the same method to estimate the diffusion coefficient of calcium
ions in the same slag and a temperature interval of 1350-1500 °C. For both Goto et al. and
Zhang and Chou, the calculated results were larger than the experimental values.

Liang et al. [8] measured the diffusion coefficient of Ca*? and Ca*? at 1500 °C and 1 GPa
for several slag compositions using the isotope tracer method. Their results for 40 wt%
510,—40 wt% CaO—20 wt% Al,O3 are similar as the results from Towers and Chipman [4].
They also found that the self-diffusion coefficient increased with decreasing viscosity of
the slag, i.e., with decreasing SiO; and Al,O3 content in the slag. However, they did not
follow the Stokes—Einstein equation or the Eyring equation. The Eyring equation, shown in
Equation (2), has often been used to relate melt viscosities with diffusion coefficients [12]:
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p=*
nA

where k is Boltzmann constant, T is the temperature, 7 is the viscosity and A is the mean
interatomic difference.

Eyring et al. [13] suggested that the driving force for diffusion resulted from the
concentration gradient of diffusion ions, and that the standard free energy changed with
the jumping distance. The structure and physical properties of molten slags may then
change with the increasing content of CaO, which again changes the jumping distance of
Ca-ion and the value of the diffusion activation energy. Self-diffusion coefficients of alkali
and alkaline earth elements in molten silicates, however, did not follow this simple relation,
which was also supported by [14-16].

The diffusion coefficient is strongly influenced by the viscosity of the slag. The viscosity
of a slag is the resistance to flow of one layer of molecules over another and depends on
composition and temperature. The viscosity will affect the mass transfer of ions between
the CaO and slag interface, and through the liquid slag. Dogan et al. [17] found in their
study that with increasing slag density, the viscosity decreased and the diffusivity of slag
in S5i0,-CaO-FeO increased. This means that the slag structure is an important factor for
the diffusion of CaO in slag.

Ren et al. [11] developed a model for estimating the diffusion coefficient related to
the structure of the slag instead of viscosity and electrical conductivity. The structure of
the slag is often described by optical basicity, free oxygen, bridging oxygen, non-bridging
oxygen and the ratio of non-bridging oxygen to tetrahedral cations. The optical basicity
was used to both describe the structure of the slag and to estimate its physical properties.
They used Equation (3) from Mills [18] for optical basicity that accounts for the cations
required for the charge balance of Al04°~. The valence of AI** is lower than Si**, so Ca?*
is needed to keep the charge balance and forms [14Ca(AlO,)]*~.

(2)

1.0(Xca0 — Xa1,05) + 0.6 X 3x 4,0, + 048 X 2xsi0,

ACOVV —
(Xca0 — X a1,05) T 3X 41,05 + 2Xsi0,

)

where A" is the corrected optical basicity, x; is the mole fraction of each component, and the
coefficients 1.0, 0.6 and 0.48 are the optical basicities of CaO, Al,O3 and SiO;, respectively.

Next, they plotted A®"" as a function, as shown in Equation (4), and found the approx-
imate relation, as in Equation (5):

E
B=— 4
= @
B — aAcorr?) + bAcorrZ S+ cAOT 4 g (5)

where E is the activation energy and R is the universal gas constant (8.314 ] /K mol). The
constants a, b, c and d were optimized by using experimental data from Goto et al. [7]
and Zhang and Chou [10]. In the model from Ren et al. [11], there was an increasing
function relationship between the logarithm of the pre-exponential factor and the diffusion
activation energy calculated by optical basicity. With the increasing polymerization degree
of molten slag, the diffusion coefficient of calcium ions decreases. They explained that
a decreasing concentration of free Ca?* and weaker mobility of these calcium ions in
[1/2Ca(AlO4)]*~ resulted in a lower diffusion coefficient because of the charge balance in
the CaO-Al,O3-5iO; slag. The diffusion coefficients were calculated to be in the range of
10~7-10~% cm?2/s, and the activation energy was calculated to be about 140-320 k] /mol.
Amini et al. [9] calculated the diffusivity of lime in 8 wt% SiO;—50 wt% CaO—42 wt%
AlyO3 slag from experimental results on the dissolution rate in the temperature interval
1500-1600 °C. A rotating disc was used during the dissolution rate experiments, and they
calculated the diffusion coefficient via the total mass flux. They found that the diffusion
coefficient was in the range of 10~% cm?/s. As the diffusion coefficient was calculated
from dissolution data under forced convection, it is expected to give a higher value than
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for self-diffusion. They also looked at the effect of adding 5 wt% SiO; to the slag, which
decreased the CaO diffusivity.

CaO, in the form of limestone (CaCOs3), is often added as a flux in Si production.
Its purpose is to reduce the viscosity of the slag and thereby prevent accumulation. Too
much accumulated slag is negative for furnace operation. Therefore, the dissolution rate
of CaO into S5i0,-Ca0O-Al,O; slag plays an important role on the slag properties in the
furnace and it is of interest to investigate the kinetics of this process. The main goal of this
study is to investigate the effect of dissolving CaO in S5iO,-CaO-Al, O3 slag compositions
relevant for the Si production. A lot of research has been conducted on this reaction,
but the research is related to the steel industry with slag compositions around 40 wt%
Si0,—40 wt% CaO—20 wt% Al,O3. The CaO content in the Si furnaces is lower, around
10-20%. A lower CaO content increases the driving force of CaO mass transfer in the slag
and hence also increases the reaction rate. Dissolution experiments with slag compositions
similar to those found in Si furnaces were conducted in this study.

2. Materials, Equipment and Methods

Based on slag compositions found in accumulated slag samples in industrial Si fur-
naces [19,20], three different compositions of SiO,-CaO-Al, O3 slag were utilized. For slag 1,
a mixture of SiO;, limestone and Al,O3 powder was melted in an induction furnace. The
purity of the powders and the suppliers are presented in Table 2. To ensure a homogenous
slag phase, the mixture was remelted three times up to 1800 °C, which was well above
the expected liquidus temperature. Two slags from Kristiansen [21], slag 2 and 3, were
also used. Table 3 presents the compositions of all three slags, along with their respective
liquidus and solidus temperatures.

Table 2. The raw materials used for slag 1 and CaO for the dissolution experiments.

Product Supplier Purity
SiO, ThermoFisher Scientific (ThermoFisher, Trondheim, Norway) [22] >99.9%
Limestone (CaCO3) Franzefoss Minerals AS (Franzefoss AS, Inderay, Norway) [23] >99.7%
Al,O3 ThermoFisher Scientific [22] >99.9%

Table 3. Si0,-CaO-Al,Oj3 slags used in the dissolution experiments. Slags 2 and 3 are from Kris-
tiansen [21]. The amounts are given in wt%, the solidus and liquidus temperature are found from the
5i0,-Ca0-Al20; ternary diagram [12] and the viscosities are calculated with FactSage 8.1. A“"" is
the corrected optical basicity.

Slag SiO, CaO Al,O3 Tliquidus Tsolidus Acorr Viscosity [Poise]
[wt%] [wt%] [wit%] [°C] [°C] 1500 °C 1550 °C

1 56 15 29 1490 1170 0.50 456 250

2 38 20 42 1550 1385 0.50 - 48

3 56 21 23 1420 1170 0.52 180 108

To prepare the CaO for the dissolution experiments, limestones purity from Franzefoss
Minerals AS were heated in a muffle furnace at a heating rate of 5.6 °C/min up to 1000 °C.
The limestones were then calcined for 1 h. The resulting CaO was then stored in a desiccator
to prevent reactions with humidity or atmospheric CO, before the dissolution experiments.

The initial dissolution experiments were performed in a graphite tube furnace at
1600 °C. This furnace is equipped with a resistant graphite element for heat supply and
the furnace temperature is controlled by a B-type thermocouple. Additionally, a C-type
thermocouple is placed right above the sample. Samples containing 1 to 3 g of CaO and 25
to 30 g of slag 1 were heated with three different heating rates up to 1600 °C, which is well
above the liquidus temperature of 1490 °C. Different holding times were used. The heating
profiles are illustrated as the blue, green and grey lines in Figure 2.
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Figure 2. Heating profiles for the dissolution experiments in the graphite tube furnace shown as the
blue, green and grey lines. The red line displays the heating profile for the sessile drop experiments
at 1500 °C. The circles represent the different holding times, and “*2” and “*3” means that the
experiment is repeated 2 and 3 times, respectively.

The next dissolution experiments were carried out in a sessile drop furnace for slag 1,
2 and 3 at 1500 °C and holding times of 0, 5 and 10 min. A 0 min holding time refers to no
isothermal holding time. These are illustrated with the green line in Figure 2. A schematic
overview of the sessile drop furnace can be seen in Figure 3. The sessile drop furnace has
graphite heat elements, and the temperature is measured by a B-type thermocouple. For
each experiment, approximately 0.2 to 0.3 g of slag and 0.04 to 0.07 g of CaO with physical
contact were placed on a graphite substrate with 10 mm diameter and 3 mm height. Images
of the slag and CaO before the experiment, and the slag after experiment can be seen
in Figure 4.

It 1 Graphite
Rl radljzjnion Window
Jshield

Camera

I
Carbon substrate  Graphite
element ||
Figure 3. Schematic overview of the sessile drop furnace.

After exp.

. Slag
e

o

Figure 4. Slag and CaO before sessile drop experiment and slag after dissolution experiment.
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Electron probe micro-analysis (EPMA), JEOL JXA 8500 (Japan Electron Optics Lab-
oratory, Tokyo, Japan) was used to investigate the CaO and slag after both the graphite
tube furnace experiments and the sessile drop furnace experiments. X-ray computed to-
mography (CT) was performed on some of the samples from the graphite tube furnace
experiments to have a 3D view of the distribution of CaO in the SiO,-CaO-Al, O3 slag.
The scans were performed with a Nikon XT H 225 ST Instrument (NIKON Corporation,
Tokyo, Japan). After the furnace experiments, the samples were first mounted in epoxy
and then a vertical cross section was made in the middle of the samples. The cross-sections
were imaged with EPMA, and to quantify the different elements in the samples, the oxide
compositions were found using a wavelength-dispersive X-ray spectrometer (WDS).

3. Results and Discussion
3.1. CaO Dissolution in SiO,-CaO-Al,O3 Slag

The dissolution of a CaO particle into a slag bath at 1600 °C during different holding
times is illustrated in Figure 5. The initial CaO particle disintegrated between 1400 and
1500 °C and dissolved. The solidus temperatures for slag 1 and 3 are 1170 °C and 1385 °C
for slag 2. This implies that the dissolution of CaO into the accumulated slag in Si furnaces
may also occur if slag is present in the inactive zones, where the temperature exceeds the
solidus temperature of the slag. At 1600 °C, there are CaO footprints in the slag. This was
observed in the CT images, as shown in Figure 6. A brighter color, indicating a higher CaO
content in the slag, accumulates at the bottom. Fractions with a higher concentration of
CaO in the slag can also be observed higher up in the sample. From this, it appeared as the
dissolution is very fast in the beginning before it slows down after around 20 min. This
was also confirmed by the WDS analysis for the vertical samples, given in Figure 7.

S o e

Initial 1600°C — Omin 1600°C — 10min 1600°C — 60min

Si0,-Ca0-Al,0; initial slag

Figure 5. Schematic of the observed dissolution of a CaO particle into 56% SiO;—15% CaO—29%
Al,O3 at 1600 °C for different holding times in the graphite tube furnace.

50.0: vertical cross section

21.54 pmipx SR20201203
X Ca0-50-25-0m_40mm

Figure 6. CT images from graphite tube furnace experiment of the second parallel heated to 1600 °C
with heating rate 50 °C/min up to 1200 °C and 25 °C/min up to 1600 °C with 0 min holding time.
To the left is an image from the top of the sample, and the right image is a vertical cross section in
the center of the sample. The yellow line in the vertical section marks the height of the horizontal
image. More CaO in the slag can be observed as the brighter grey color. The darkest grey color is the
graphite crucible.
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Vertical section

40
35
< 30
B
=—:25
% 100%dissolved
© 20 ——
Dl —>=
15 e )
Initial concentration
10
0 5 10 15 20 25 30
50°C/min to 1200°C, 25°C to 1600°C: Sample vertical [mm]
—— 0min (1) ——20min
0 min (2) 30 min  ——60 min (1)
——10min  ——40min ——60min (2)

Figure 7. Results of WDS analysis vertical section for the samples with heating rate 50 °C/min to
1200 °C and 25 °C/min to 1600 °C. The CaO/slag ratio was 0.1.

3.2. Modeling the Dissolution Rate

For the dissolution experiments at 1500 °C, cross section images of the CaO and
slag were captured using EPMA, and WDS analyses were performed from the CaO/slag
interphase and across the slag. Images from three dissolution experiments with holding
times of 0-, 5- and 10 min are presented in Figure 8. The red line represents the line
analysis, and the results for slag 1, 2 and 3 can be found in Figure 9. The distance between
each analysis points is 100 um. It was observed a layer with brighter color around the
CaO particle in the EPMA images. Previous research [24-27] has found a 2CaO-SiO, or
3Ca0-SiO; layer next to the slag at the CaO-slag interface. However, in this study, the CaO
concentration in these layers were from 35 to 42%, which is close to the 1500 °C liquidus
line for slag 2 and somewhat lower than the 2Ca0-5iO, phase boundary line. In this study,
the layers are CaO-Al,O3-2Si0; for slag 1 and 2CaO-Al,O3-5i0O; for slag 2 and 3.

1500°C

500pum

5 min 10 min
7 2

1.55mm

< ./—/‘
] [1.55mm| :

Figure 8. Cross section images and EPMA images after experiments for the 1500 °C experiments with
CaO and slag 1 with 0, 5 and 10 min holding time.
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Slag 1 Slag 2
40 40 &
37
= 34
E 31
S~
= %g % 5 min (side 2)
r?: o 10 min —
&2
19 \ __5 min (side 2)
16 Omin.__>min side 1) 5 min (side 1)
13 J Initial C.,in slag 0.min
10 Initial C..,in sla
8 caol g
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Distance from CaO/interface [um] Distance from CaO/interface [um]
a) b)
Slag 3
44 J
— 40 .
e —5MIN— 14 min (line 2)
< 36 o 10-min (line 1) _
e © 0 min
32
o o
©
© 28
24
Initial C_in slag
20
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Distance from CaO/interface [um]
c)

Figure 9. Dissolution curves for (a) slag 1, (b) slag 2 and (c) slag 3 for the experiments at 1500 °C with
0, 5 and 10 min holding time.

Two models for the dissolution of CaO in SiO,-CaO-Al;O3 slag were used and com-
pared with experimental results. The models are based on the experimental dissolution
curves shown in Figure 9. The %CaO from outside the layer are the average slag concentra-
tions, which are shown as the black, flat lines in the figures.

Theoretically, the reaction can be controlled by either the rate of the chemical reaction
or mass transfer. In the first model, it is assumed that the dissolution is controlled by the
rate of the chemical reaction. This is described by the shrinking sphere model [28,29], with
the solid sphere CaO being consumed by dissolution into the liquid SiO,-CaO-Al,Os slag.
The model assumes that the rate of reaction depends only on the surface area of the CaO.
The rate of CaO dissolution in SiO;-CaO-Al,Oj slag is proportional to its surface area, and
the model assumes that mass transport is fast relative to the surface chemical reaction. The
dissolution rate expression is then given by Equation (6) [29]:

dc Vo NG
R = oltV_klAO(l_ MOAC> (6)
where R is the rate of dissolution, kj is the rate constant, and Ay is the initial surface area of
the total amount of CaO added, V is the volume of the slag, My is the initial mass of added
CaO. Cis the CaO concentration in the slag at time ¢, and AC is defined as AC = C — C;.

The second model assumes that the rate is controlled by mass transport. This model,
in addition to the rate constant and the surface area, considers the diffusion of dissolved
CaO away from the solid CaO into the slag. The driving force for this diffusion is the
concentration difference in dissolved CaO between that at the surface of the CaO, which
is the saturated concentration, and that of the bulk of the Si0,-CaO-Al,O3 slag. The
dissolution rate can then be expressed, as shown in Equation (7) [28]:

dc % 5
R="22V = kA(Cot — C) = koAg(1— ——AC ) (ACsat — AC) @)
dt My
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where k; is the rate constant, Cs is the saturated /equilibrium concentration of CaO in the
slag, and ACg is defined as ACsyt = Cst — Ci.

The modeled dissolution curves for slag 1, 2 and 3 together with the experimental
results at 1500 °C can be seen in Figure 10. The rate data which were found to be the best fit
from this model are listed in Table 4. The rate constants are in the order 10~°-10—* g/ s-cm?.
Slag 3 is found to have the highest dissolution rate constant and slag 2 the lowest.

Slag 1 Slag 2
27 38
C100% dissolved= 25.3% 36 C100% dissolved= 36.1%
5 34
32
= 23 5 o
= . E~ .
2 2
o2 o 28 .
S 826
19 24
22
17 ¢ 20 "
15 18
10 20 30 40 50 60 0 10 20 30 40 50 60 70 80 90
i i Time [min
e Experimental results Time [min] e Experimental results {min]
a — Shrinking sphere model —— Mass transport model b) — Shrinking sphere model — Mass transport model
Slag 3
a6 C100% dissolved= 44.1%
44
42
_40
xR .
< 38
2 (]
=36
=} L]
G 34
32
30
28
26
0 5 10 15 20 25 30 35
Time [min]
e Experimental results
C) —— Shrinking sphere model — Mass transport model

Figure 10. Modeled dissolution rate curves for (a) slag 1, (b) slag 2 and (c) slag 3 using shrinking sphere
model and mass transport model. The curves are compared together with the experimental results.

Table 4. Rate data obtained from shrinking sphere model and mass transfer model. k; and k; are the
rate constants and D is the diffusion coefficient.

Shrinking Sphere Mass Transport
Slag (SiOz-CaO-A1203) k1 k2 D
[wt%] [g/s-cmZ] [em/s] [cm?/s]
1: 56-15-29 12 x 1074 55 x 1075 1.7 x 1076
2: 38-20-42 9.0 x 107° 40 x 107> 1.2 x 10~°
3: 56-21-23 29 x 1074 1.4 x 1074 42 x 107°

The dissolution of CaO in SiO,-CaO-Al,Os slag has been studied by a wide range of
researchers, including [9,24-27,30-32], and it has been determined that mass transfer in
the slag is the rate-determining step. Ions of Ca?* and O?~ transfer through a 2Ca0-SiO,
or 3Ca0-5iO, boundary layer next to slag at the CaO-slag interface. However, as the
%CaO is not equal to the saturation CaO at the surface of the CaO particle, this is not
the case in this study. Based on the experimental dissolution data presented in Figure 9,
it is observed that the dissolution process in this study is a mix of chemical- and mass
transfer-controlled reactions. Models based on either chemical or mass transfer control
will therefore have some deviation from the actual dissolution rate curves. However, both
models have similar curves for dissolution, and it is therefore assumed that the models are
an acceptable approximation.
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The diffusion coefficient, D, describes the amount of CaO that diffuses per time unit
and can be found from relationship between the rate data and the boundary layer thickness,
5, through Equation (8) [28]. The boundary layer in this case is the CaO-Al,O3-25i0; for
slag 1 and 2Ca0O-Al;03-Si0; for slag 2 and 3 layers, which is found outside the remaining
CaO particle. The boundary layer thickness is assumed to be constant for all three slags.

D
k=~ (8)

The diffusion constants for the three slag compositions are presented in Table 4, along
with the rate data. The rate constants were found to be in the order of 10~ cm? /s, which
is somewhat higher than the literature data for similar slags. Liang et al. [8] used the
isotope tracer method and found the diffusion coefficients for a slag with composition of
65% Si0;—20% CaO—15% Al,O3 to be 3.3 x 1077 cm? /s and for a composition of 60%
$i0,—20% Ca0—20% Al,O3 to be 3.66 x 10~7 cm?2 /s at 1500 °C. In the experiments in this
study, the diffusion coefficient for slag 3, which has the most similar composition with 56%
Si0,—21% CaO—23% Al,Oj3, is found to be 5.7 x 10~® cm?2/s. For the most studied slag
composition of 40% SiO;—40% CaO—20% Al O3, the diffusion coefficients at 1500 °C are
reported as 1.34 X 107% cm? /s [8] and 2.6 x 107® cm? /s [7]. The last case was calculated
from the Nernst-Einstein relation. At lower temperatures, the diffusion coefficient was
found to vary between 1.6 x 107°-1.3 x 1077 ecm?/s [3-7,10]. This slag composition is
on the same dissolution path as for slag 1, 56% SiO;—15% CaO—29% Al,O3, where the
diffusion coefficient was found to be in the same order, at 10~® cm?/s.

The diffusion coefficient is often found to be proportional with the viscosity, 1, as
derived from both Stokes-Einstein [12] and Eyring [13] equations for diffusivity. The
calculated viscosities for slag 1, 2 and 3 at 1500 °C using FactSage 8.1 are 456 Poise, 82 Poise
and 180 Poise, respectively. However, this model does not consider solid particles in the
slag. The liquidus temperature of slag 2 is 1550 °C, which means that presence of solid
particles in the melt at 1500 °C increases the viscosity considerably. It is therefore believed
that slag 2 has the highest viscosity, and hence ngjag 2 > Nslag 1 > Nslag 3- This is consistent
with kslag 3>k slag1 > k slag 2+

3.3. The Effect of CaO on Slag Viscosity in Si Furnaces

The main purpose of adding CaO to Si furnaces is to lower the viscosity of the ac-
cumulated slag in the furnace. Too much accumulated slag is negative for the operation
and a sufficient low viscosity is important to ensure a stable flow of materials through the
furnace. However, with increasing amount of CaO added to the furnace, more SiO, will
enter the slag phase. This gives less SiO, to react to Si and would hence decrease the Si
yield. It is therefore beneficial to add the least amount of CaO that would decrease the slag
viscosity sufficiently to have a stable flow of materials through the furnace. Accumulated
slag analyzed from the higher, inactive parts of industrial furnaces have found CaO concen-
trations varying from ~10-30% [33], which are similar with the slag used in this study. The
viscosities, as a function of increasing CaO concentration for the slags used in this study,
can be seen in Figure 11. The initial CaO concentration for slag 1, 2 and 3 is 15%, 20% and
21%, respectively, and a great initial effect of dissolving more CaO into the slag systems
can be observed. For slag 1 at 1600 °C, the viscosity decreases to 1/12 of its initial value
when increasing the CaO concentration to 30%. From 30-35% CaO, the viscosity decrease
is smaller. In the Si furnaces, the CaO is expected to disintegrate and dissolve in any slag
close by. With increasing temperature, the dissolution rate also increases. The viscosity of
the slag is therefore expected to decrease rapidly in contact with the CaO.
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Figure 11. Viscosity with increasing %CaO for slag 1, 2 and 3 at temperature 1600 °C and 1800 °C.
The viscosities are calculated using FactSage 8.1.

4. Conclusions

Increased knowledge on how CaO dissolves into different SiO,-CaO-Al,O3 slags
relevant for the Si production is important to know the effect of adding limestone together
with the raw materials. Addition of limestone is the main action used today for reducing
the viscosity of the slag and thereby prevent accumulation. The dissolution and the
dissolution rate of CaO into three different compositions of slags with CaO content of
15-21% were investigated through experiments up to 1600 °C. The main observation is that
the dissolution is fast, and that the dissolution starts during heating at around 1300-1400 °C,
which means that the dissolution starts in the higher parts in the Si furnaces.

e Initial CaO disintegrates during heating before it dissolves in the slag. During the
dissolution process, a layer with 35-42% CaO is formed between the CaO particle
and the slag, which for slag 1 correspond to CaO-Al,03:25i0,, and 2Ca0-Al,O3-5i0,
for slag 2 and 3. This is different from earlier research [24-27], which has found a
2Ca0-5i0; or 3Ca0-SiO; layer next to the slag at the CaO-slag interface.

e  Two models for the dissolution rate for the three slags in this study were made. In
the first model, the CaO particle is assumed to be a smooth shrinking sphere, and
the rate controlled by the rate of chemical reaction. The second model assumes that
the rate is controlled by the mass transport and depends on the diffusion rate of CaO
through a boundary layer at the surface of the CaO. In both models, it was found
that Kejag 3 > Kslag 1 > Kslag 2, which is consistent with proportional relationship with
viscosities. The diffusion coefficients are found to be in the range of 107% cm?/s.

e  The initial effect of increasing the CaO content in the slag from 15-21% to 25-30%
gives a significant reduction in the viscosity.
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