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Abstract

The formation of silica fume when liquid metal is in contact with air during
refining of metallurgical grade silicon leads to a direct loss of silicon. Apart from
this yield loss the associated fume may be harmful to the workers in the plant.
During tapping, refining and casting of silicon, the fume formation makes up 40 —
80 % of the fugitive emissions from the plant. In this work, the kinetics and
mechanisms of fume formation during refining of metallurgical grade silicon were
studied.

Active oxidation is defined as the partial oxidation of Si to the gaseous
product SiO. This type of oxidation does not protect the surface from further attack
(passivation).When reviewing relevant literature, the majority of the research on
active oxidation of silicon is done on solid silicon Research to date on liquid silicon
oxidation on the other hand is primarily theoretical. As such, there is a knowledge
gap concerning a mechanistic understanding of the active oxidation of liquid
silicon. Boundary conditions, rate-controlling factors and flux dependencies on
oxygen partial pressure and gas flow rate have not been systematically studied
experimentally for active oxidation of liquid silicon. The amount of fume on an
industrial scale and the characteristics of the fume such as elemental content,
particle size and shape have not been adequately explored.

In this project, the active oxidation of liquid silicon was investigated at three
different scales; industrial measurements (~7 tonne Si); small-scale experiments 10
g Si); and medium-scale induction furnace experiments (1750 g Si). An
experimental element distribution analysis of both main and trace-elements in the
industrial refining ladle was performed. It was found that the amount of fume
formed during industrial refining is in the range 0.7 — 1.8 kg of SiO: per tonne
silicon produced. The main mechanism of SiOz-fume formation is oxidation of the
surface, so that the exposed surface area is a main parameter controlling the fume
formation in the industry. The boundary conditions for the oxidation of a still Si
surface were determined from the small-scale experiments. The measurements
confirmed an approximated theoretical mass transfer rate of oxygen and a

maximum bulk oxygen pressure for active oxidation. From the induction furnace




experiments it was found that the primary factor determining the rate of fume
formation is the rate of transport of oxygen to the surface, which in turn is given by
the velocity of the gas above the surface.

This work is the first qualitative and quantitative study containing
experimental investigations from small-scale to industrial scale on the kinetic and
mechanistic nature of silicon oxidation. The industrial work has also contributes to
a better understanding of distribution of elements in the silicon refining process,
and it gives implications for emission estimation of toxic and other trace elements

to the environment.
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1 Introduction

In the ferroalloy industry, fugitive emissions have become an increasing
concern over the past few years!. Fugitive emissions are both a threat to health and
environment, and represent loss of valuable resources. In 2006, after 94 days with
outdoor air dust levels exceeding the daily mean limit (50 ug/m? for PMo) in Mo i
Rana in Norway, the Climate and Pollution Agency (KLIF) initiated a large
investigation aiming at monitoring of dust concentration, characterization of the
dust and a mapping of their origin!. Several of the ferroalloy plants in the industry
park in Mo i Rana were forced to periodically shut down parts of the production in
order to reduce emissions'. Following this incident, the governmental restrictions
on emission limits for selected elements and compounds that the plants release
have become stricter, and thus the industry needs to present solutions to reduce
their emissions. The Norwegian Research Council funded “FUME” project
(Fugitive Emissions of Materials and Energy) is one of the projects addressing this
issue. This project is a collaboration between the Norwegian Ferroalloy Producers
Research Association (FFF), NTNU and SINTEF, where the overall aim is to reduce
the fugitive emissions in the ferroalloy industry. The FUME-project is divided into
three sub-projects; Emissions of Materials, Emissions of Energy and Measurements
and Tools. The present work has been a part of the first sub-project, where both
gases and fumes are considered material emissions. The last FUME-subproject has
focused on developing simple measurement techniques and tools which make
online monitoring possible. This is important to implement at the plants as a path

to documentation and reporting of all their emissions.




1. Introduction

Regarding human exposure of dust, three size-dependent fractions are
defined: Inhalable (aerodynamic diameter, dze <100 pm), thoracic (dae < 10 pum) and
respirable (dae <4 um) dust. The inhalable fraction is all particles that may enter the
body through the mouth and nose during breathing. Most of it will deposit high
up in the respiratory system and is not harmful. The thoracic fraction is a fraction
of the inhalable dust that may go past the larynx, and the respirable fraction may
penetrate all the way into the unciliated airways (the alveolar region) where the
gas exchange takes place?, see Figure 1-1. Research has shown association between
the indoor working environment in the Norwegian ferroalloy industry and lung
conditions such as decreased lung function, chronic cough and chronic obstructive

pulmonary disease (COPD)>.

Nose
Mouth

Larynx

Figure 1-1: Schematic of the human respiratory system. Modified from 3.

Silicon is produced in an electric arc furnace, where quarts and carbon

materials are the raw materials. Inside the furnace is a crater where SiO and CO




1. Introduction

gas are produced and rise up through the charge. The SiO and CO will burn at the
charge top and produce silica (SiO2) and CO:. The silica produced at the furnace
top is captured in filters and sold as a by-product’. A schematic of the process is

shown in Figure 1-2.

Furnace

Electrode

Silicon

Ladle

Figure 1-2: Simple, non-proportional schematic of the furnace with crater, furnace gases,
electrode, arc, silica fume, silicon and ladle.

The produced silicon is continuously tapped from a hole in the lower part of
the furnace into ladles. In the ladle the silicon is typically refined continuously
during the tapping process, and when the ladle is full the metal is ready for
casting. The refining is a process where oxygen-rich air is bubbled through the
melt in order to remove the main impurities; aluminum and calcium. During the

tapping and refining, a fume hood over the ladle captures the fumes produced.
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Conversely, when the ladle is moved from the tapping area and into the plant hall

for casting, there is no capture and the fume produced is emitted to the indoor

environment. This is a direct loss of silicon, which has economic consequences, and

it is a potential health risk for the workers at the plant.

An overview of the fugitive emissions of fume in the silicon production is

given in Table 1-1.

Table 1-1: Overview of sources of fugitive emissions of dust and fume from a silicon plant,

estimations of % of total emission from each source and a description of the emissions.

From Kamfjord® (2012).
Work process Share of Share of | Description of emission
diffuse internal
emissions | pollution
Raw material 0-5% 0% Fume generated by transportation, conveyer
handling from belts etc.
key to storage
Raw material 0-5% 5-10 % Fume generated by raw material mixing and
transport from internal transportation to furnace
storage to
furnace
Furnace 10-20 % 5-20% | Smoke and fume escaping the off-gas system
processes and spreading inside the plant
Tapping 20-40 % 30-50 % | Smoke and fume from tapping process
Casting 20-40 % 15 -25 % | Smoke and fume from liquid metal handling
Crushing 5-15% 5-15% | Metal fume from operations
screening and
packing
Off-gas system | 5-10 % 0-5% Fume and smoke escaping channels, fans,
etc.
Product packing | 0-5 % 5-10% | Fume into work environment from

of collected
fume from off-
gas

operations.




1. Introduction

The largest sources of total emissions and emissions to the indoor
environment are the tapping and casting processes, where liquid metal is in
contact with air. The percentages in Table 1-1 are crude estimates, and the amounts
of fugitive emissions in kg/year are not known. As such, there is a need for
quantification and characterization of the fume in the ferroalloy industry.

There is a lack of knowledge about the fundamental mechanisms and kinetics
of the fume formation and an increased understanding is needed. The refining
process has not been experimentally characterized in terms of trace-element mass
balances and element distributions. When studying fume, it is important not only
to know the amount and characteristics of the fume, but also its contents. The fume
may contain harmful trace-elements, and a source-to-sink investigation with a
broad spectrum of elements is needed. This project has focused on the fugitive
emissions from the silicon ladle refining step.

The principal aims of this work were to characterize the fume produced in
the tapping and refining of silicon and to obtain a fundamental understanding of
the mechanisms and kinetics governing the rate of fume formation. Qualitative
and quantitative investigations were conducted in order to obtain a complete
understanding from industrial scale through small-scale. In addition, a complete
element distribution in the industrial refining ladle, including main and trace-
elements, was performed.

This project has resulted in six papers which are enclosed in the back of this
thesis. The relevant literature for the work is presented in Chapter 2, and the
methods are presented and discussed in Chapter 3. Finally the results are summed
up and discussed in Chapter 4. Overall conclusions and suggested future work is

presented in Chapter 5.
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2 Literature review

The fugitive emissions of silica in the silicon and ferrosilicon industry results
in a possibly harmful indoor environment for the workers at the plants?. The
increasingly strict governmental constraints on the working environment have led
to enhanced attention to quantifying and characterization of the fumes the workers
are exposed to. However, there is a knowledge gap in terms of the fundamental
mechanism of fume formation, and lack of information on the physical and
chemical properties of the fume. The objective of this project has been to do
qualitative and quantitative investigations of the fume formation, as fundamental
knowledge about the mechanisms behind the problem is imperative in order to
further evaluate possible solutions.

In this chapter, a general introduction to silicon oxidation is presented, and
the published knowledge relevant to this project is presented and discussed.
Existing models for the oxidation mechanism of silicon will be presented. The
nucleation and growth of the silica particles will be briefly discussed, as the size
and shape of the particles is highly important in the discussion of how harmful the
fume is. The effect of impurities in the silicon is discussed, and also literature on
the mass balance of impurity elements in the silicon production is included. This
last subject is important in terms of establishing the fume composition, in addition
to silica, in the evaluation the toxicity of the fume to the environment and the

human body.




2. Literature review

2.1 Oxidation of silicon

Silicon is the second most abundant element in the earth’s crust and it is
usually found in combination with oxygen as silicates and quartz in nature, in
which silicon is in the oxidation state 4+. The production of silicon metal on
industrial scale began in the end of the 19% century, and in the 1950’s very pure
silicon was used to make silicon chips, which started a new era of computer
technology*. Solid silicon is a semiconductor, not a metal, however many refer to
solid silicon as silicon metal due to the metallic appearance and the metallic
properties of liquid silicon.

As silicon is most stable in oxidized form in ambient pressure and oxidizing
atmosphere, it will easily react with oxygen to form different oxides when in
contact with air. At high temperatures these reactions will happen readily®. In the
silicon production, the molten silicon comes in contact with air during tapping,
refining and casting. When liquid silicon is oxidized in these situations, silica fume
is formed. An example of the working conditions in the tapping area is shown in
Figure 2-1. At the tapping and refining stations, off-gas channels are usually
installed to capture the fume, however their efficiency is often not sufficient, and

fugitive emissions of silica will spread in the plant.
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Figure 2-1: A picture of the tapping area at a silicon production plant shows that the
capture of fume formed during tapping is not efficient. Photo: Mari Kirkebgen Neess.

Some oxidation reactions where silicon is oxidized from liquid state are
presented in Table 2.1, with their respective thermodynamic driving force. Silicon
can either be oxidized directly to become SiOzqs), or it may be partially oxidized to
become SiO gas. When the partial oxidation occurs, the reaction product, SiO, may
escape from the silicon surface, and be further oxidized in the combustion reaction
in Eq. 2.6.

In all reactions presented in Table 2-1 where SiO: is the product, the gaseous
form is used, and the condensation reaction is presented in Eq. 2.10, to show that

the condensation of SiOz) to SiOz2p is a highly exothermic reaction itself. It has been




2. Literature review

shown that the oxidation and especially the condensation of SiO: results in such

high local temperatures, that large amounts of thermal NOx gas is produced”.

Table 2-1: Reaction equations for different types and stages of oxidation of silicon with

thermodynamic driving force for each equation given. The Gibbs free energy of reaction
(AG) is calculated at 1500°C using the software HSC Chemistry?.

(o]

Description Reaction Eq. # AG at1500°C

[kJ]
Direct oxidation of silicon to form . .
silica Sigy + O,y = SiO,) (2.1) -594
Stoichiometric partial oxidation of . .
silicon to form I;iO gas Sty +3 029 = SIOy, 22) -248
Partial oxidation of silicon formin: . . .
SiO and a radical s Sy 0z = S10) +Og) 23) -112
Partial oxidation of silicon from a . * .
radical, forming SiO Sy 0 =510 @4 -385
Partial oxidation of silicon with . .
water Siyy +HO4y = SO, +Hy, (2.5) -99
Combustion of SiO gas to form silica Si0,, +3 0y, — SiOyg, 2.6) 7
gas
Combustion of SiO gas to form silica . . -
gas and a radical SiOy) + Oy = SOy, +Oy (27) 64
Combustion of SiO gas from a ; * :
radical to form silica gas 510, +Og = S0z, (28) -210
Condensation of SiO to form silicon . . .
and silica 2Si0.,, — Sijy +SiO,, (2.9) -99
Condensation of silica from gas to $i0,,, > Si0y,, 2.10) 73

liquid phase

2.1.1 Thermodynamic and kinetic calculation of boundary conditions

A simple schematic of the active oxidation of liquid silicon is shown in Figure

2-2. Diffusion of gaseous species both inward towards the surface and outward to

the bulk gas are expected. Oxygen from the bulk, with partial pressure pgz , diffuses

10




2. Literature review

through a boundary layer of thickness d, and meets the liquid silicon surface with a
partial pressure p;z. This value is very low as a result of the rapid consumption of

oxygen via the reaction in Eq. 2.2 (Table 2.1). The resulting SiO¢), with surface
partial pressure p;, , diffuses out of the boundary layer. Its bulk partial pressure
is pgo = 0, due to the instability of SiO¢) and its prompt oxidation presented in Eq.
2.6 (Table 2-1).

These processes generate the concentration gradients of gaseous species
within the boundary layer shown schematically in Figure 2-2. The diffusion of
S5iOg) out to the bulk will be a counter flux to the oxygen coming in, and the
production of SiOg) is controlled by the rate of the oxygen flux. In this discussion,

it is assumed that SiO) oxidizes to SiO: outside the boundary layer.

I
Boundary | Bulk gas

layer |

1

!
L.

M

g
@
3

Po, Psio

Figure 2-2: Schematic of active oxidation in the Si-O system, where oxygen diffuses in to

the surface and reacts with liquid silicon to form SiOg), which diffuses out through the
boundary layer of thickness .

11
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Thermodynamic equilibrium calculations using HSC Chemistry® were used
to establish the partial pressure of Si-bearing species at 1500°C. The results are
shown in Figure 2-3, which illustrates the principal features of the Si-O system. The
partial pressure of SiO is controlled by the equilibrium of Equation 2.2 (Table 2.1)

at oxygen activities too low for solid silica formation.

E
=
R <
Q oY =i
) X ON i
2} - o
E‘J 25 7 Mid T log P(SiO)
‘ (0] 1
— '/ @ g
30 < - = log P(Si)
@ — - -log P(Si0,)
35 ; ; ‘ |
40 30 20 -10 0

log P(O,) [atm]

Figure 2-3: Thermodynamically calculated partial pressures of Si), SiO) and SiOz) as a
function of P(O2) at 1500°C.

The variation of pg, with p(’;z is represented by the solid line in Figure 2-3,
and reaches a maximum at a surface oxygen pressure of ng (max) = 2.86:10"' atm,

where SiO2 becomes stable. At higher p[;z values, the equilibrium in Equation (2.1)

leads to formation of a stable SiO: phase, and passivation of the silicon surface.

12




2. Literature review

The maximum oxygen partial pressure in the bulk gas permitting active oxidation,
pgz (max), may now be calculated.

Boundary value gas partial pressures are related to the rate of mass transport
across the hydrodynamic boundary layer. Assuming that the melt surface is clean,
and Sig freely available, then if chemical reaction at the liquid-gas interface is fast
enough to establish local equilibrium, the molar flux of SiO), Jgq, from the silicon

surface can be calculated with:

ko Ko
0, =—2-~ Po, = J o0 Psio (2.11)

Here ksio is the mass transfer coefficient for SiO [m/s], R is the gas constant (here:
8.21-10° mPatm/K-mole), T is the absolute temperature [K] and the stoichiometric
balance between SiO and Oz fluxes is recognized.

The mass transfer coefficient, k, is calculated from the relationship® 1°

1

k= 0.664(D—4j4 [V—gJZ (2.12)
v |

where D is the diffusion coefficient, [ is the characteristic length of the surface in
the direction of the gas flow, v is the kinematic viscosity (ratio of viscosity and
density, u/ p), and vy is the uniform linear velocity of gas in vicinity of the metal
surface. A condition! for the applicability for Eq. 2.12 can be expressed in terms of

the Schmidt number, Sc,
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Sc=-+-,  06<Sc<50 (2.13)

The diffusion coefficient and viscosity of the gases are calculated in Chapter 3,
according to the Chapman-Enskog method as described by Bird et al.’? (2002).

For T = 1500°C and p, = 1-10"% atm (just below the maximum p, ), Pgo is

calculated to be 2.1-102 atm. This value allows calculation of the outward SiO flux
from Eq. 2.11, as 1.47-10° moles m?s? at a linear gas velocity of 0.047 m s. The
stoichiometric equivalent inward flux of oxygen of 7.34-10* moles m?s? then leads

via Eq. 2.11 to an estimated maximum p,, (max) of 8.6-10° atm. Higher values of p,,

are expected to produce faster rates of inward mass transfer and silicon

passivation. Lower values of pgz would reduce the rate of SiO) volatilization. This
estimate of the maximum p, is independent of v; because both ksio and k;

depend in the same way on gas flow rate, and the effects cancel out.

2.1.2 Oxidation models

In 1958, Wagner® presented a theoretical derivation on the oxidation
mechanism and boundary conditions for the Si-O system, based on the
experimental findings of Kaiser and Breslin®® (1958). He introduced the terms active
and passive oxidation. Passive oxidation is the oxidation mechanism resulting in a
protective oxide layer at the surface of the silicon. The stoichiometric reaction is
presented in Eq. 2.1. This reaction may also be referred to as passivation of the
surface. The silica layer at the surface is protective in the way that it inhibits the

transport of oxygen to the silicon surface, and thus stops any further oxidation.
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Active oxidation is the oxidation mechanism where the silicon surface is only
partially oxidized, resulting in the formation of gaseous SiO which escapes the
surface (Eq 2.2). The silicon surface will remain bare and thus the reaction can go
on and on, as there is no oxide layer stopping the transport of oxygen to the Si
surface.

At low oxygen partial pressures above the silicon surface, the gaseous oxide

species SiO will form and a partial pressure Py, is obtained. If the p, at the

surface is lower than the equilibrium partial pressure, pgq,,  from the reaction in

ea)”
Eq. 2.9¢ the surface of the silicon will remain bare. In this state of active oxidation
the rate of attack is increasing with increasing oxygen partial pressure. When the

partial pressure of SiO reaches py,, , SiO2becomes the stable phase and a layer of

oxide may be formed at the surface.
Wagner makes an important assumption prior to the derivation of the
equations for the rate of oxidation; the reaction between Si and O: has a low

activation energy, thus the reaction is fast and the partial pressure of oxygen at the
Si surface, p;z is low, - much lower than the bulk partial pressure, pgz . This

assumption simplifies Fick’s law, the diffusion equation for the consumption of

silicon in moles per unit area per unit time, Jg, during active oxidation to °

_ 2Po, D,

P = 2.14
Si 502 RT ( )

where D, is the diffusion coefficient of oxygen through the boundary layer with

thickness &, , R is the gas constant and T is the absolute temperature. The rate of
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oxidation is determined by the supply of oxygen for the formation of SiO, and

when p; become larger than pg (max), passivation occurs according to Eq. 2.1.

Based on the data by Kaiser and Breslin, Wagner calculated the maximum bulk

partial pressure of oxygen at 1410°C to be 6.1-10% atm®. In Figure 2-4, Wagner’s

derived partial pressure of SiO as a function of Py, is shown. The partial pressure

of SiO at the surface increases linearly with Py, and is equal to the equilibrium

partial pressure when the oxygen pressure reaches maximum. Now, the SiO
pressure drops to a value eight orders of magnitude lower.

In Figure 2-4 there is a clear hysteresis between the point where the SiO: layer
becomes stable (6.1-10-* atm) and the point where the SiO: becomes unstable when
lowering the oxygen partial pressure (3-10% atm). Thus, it takes a very low oxygen
partial pressure to remove an already existing SiO: layer from the silicon surface.
This hysteresis effect has been confirmed by several authors in later works!+.
Wagner does not discuss SiO reacting further with oxygen or the formation of
silica fume. However, the theory is important in that it includes the formation of

SiO.

" Wagner’s work was published in 1958, and was indeed a theoretical work on oxidation of
liquid silicon, even though the melting point according to today’s version of Handbook of
Chemistry and Physics is 1414°C?. It may be assumed that the techniques for measuring high
temperatures may not have been as precise in 1958 as they are today, thus the melting point of
silicon was erroneous by 4°C.
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Figure 2-4: Rate of attack of silicon, Jsi, as a function of oxygen partial pressure. Constant
total pressure of different He-Oz-mixtures, at 1410 °C. From Wagner (1958)°.

Turkdogan et al.’’ (1963) had a somewhat different approach to the oxidation
of liquid metals. They studied the effect of reactive atmospheres on vaporization of
metals. The theory was stated to be general for all metals and included the
vaporization of the liquid metal and a counter diffusion of oxygen in a gaseous
boundary layer. As the two gases meet at a short distance, §, from the metal
surface, a “fog” (condensed fume/aerosol) of oxide is formed and provides a sink
for the metal vapor and oxygen. This reaction results in the enhanced counter flux
of the gaseous species due to the enhanced driving force for diffusion in terms of a
greater concentration gradient. A sketch of the mechanism can be seen in Figure
2-5, with a concentration profile for the metal vapor and the oxygen in Figure 2-6.
The oxygen partial pressure affects the vaporization rate of the metal, and in the

case of iron the derived equations for the fluxes (moles/cm?s) are '°
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23, = 2Do,Po, _ 2KPo,

I, =
=~ ART RT

e

(2.15)

where Ji,and J, are the fluxes of iron vapor and oxygen, respectively, k= Do/A is
the average film mass transfer coefficient for the transport of oxygen through the
boundary layer of thickness A, P, and D,, are the same as previously stated.

Equation 2.15 shows a linear relationship between the flux of iron (vaporization)

and the oxygen partial pressure .

{a) {b)

Po, CONST.

CFe ond Coz

=
[ .

b
DISTANCE x——=

Figure 2-5: (a) Sketch of how the metal vapor and the oxygen forms an oxide “fog” at a
distance d from the metal surface, and (b) the concentration profile for the iron vapor and
the oxygen partial pressure in the boundary layer (at steady state and isothermal
conditions). From Turkdogan et al. (1963) 1°.
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Figure 2-6: (a) Flux of iron vapor as a function of the distance 6 at which the condensed
oxide is formed, and (b) the flux of iron vapor as a function of the oxygen partial pressure
in the bulk. From Turkdogan et al. (1963) .

In the Turkdogan theory, passivation of the metal surface is explained in a
different manner than in the Wagner theory: If the oxygen partial pressure
increases, the distance at which the oxide condensate is formed, & , will decrease
(Figure 2-5), and the vaporization is increased. However, the vaporization rate
cannot exceed the maximum vaporization rate in vacuo. When the oxygen partial
pressure exceeds this critical value, § becomes very small and the flux of oxygen
will be greater than the counter flux of iron vapor. An oxide layer will form at the
metal surface, which will stop the vaporization (Figure 2-6). In the above
calculations it was made an assumption that the formation of the condensed oxide
at 0 will not interfere with the gas transport processes, but rather be transported
away with natural convection. The terms A and § in Turkdogan’s theory may be
equated with Wagner’s boundary layer thickness for oxygen and SiO respectively.

Turkdogan and coworkers also examined the general validity of Eq. 2.15, and

did experiments with iron, nickel, copper, cobalt, chromium (solid) and manganese
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in streams of argon + oxygen. They measured the rates of vaporization of the liquid
metals, and found that the experimental data concurred with their theory. The

general form of Eq. 2.15 became

3,=2Lp, (2.16)

where «a is the number of gram-atoms of metal vapor required to combine with one
mole of oxygen at the distance X =0 very close to the surface of the metal. The rate

J;is independent of the vapor pressure of the metal, and can be calculated when k
is calculated for known boundary conditions by Eq. 2.12. Turkdogan et al. showed
that the logarithmic relationship between J; and P, from Eq. 2.16 became a

straight line for all the metals they investigated *°.

Turkdogan’s theory states that the oxidation reaction happens between
metal vapor and oxygen to form an initial condensed oxide, and later an oxide
layer on the metal surface when the oxygen partial pressure exceeds a critical
maximum value. A consequence of this theory is that the oxygen does not have
access to the metal surface as it is consumed by the reaction prior to the surface.
Furthermore, the theory does not include the formation of volatile oxide species
(like SiO in Wagner’s approach). The theory clearly fit with metals that do not form
volatile oxides, such as those they examined, however in the case of silicon, the
equilibrium SiO pressure will be approximately four orders of magnitude larger
than the vapor pressure of Sig), thus in this particular theory it is more probable
that SiO vapor, rather than Sie), will react to become an oxide aerosol. It is argued

that the Turkdogan approach probably is what happens with the 5iO formed at the
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surface’. One evidence of the Wagner theory being correct in terms of the initial
oxidation mechanism is the finding of Kaiser and Breslin'®, which showed the
oxygen content in silicon to be linearly correlated with the oxygen pressure during
active oxidation. This result indicates that the oxygen must have been in contact
with the silicon surface, and thus Turkdogan’s theory with all oxygen being
consumed prior to the surface is not suitable in the case of liquid silicon oxidation.
Hinze and Graham® (1976) did an extensive experimental and theoretical
study of the active oxidation of solid silicon, and they also identified
experimentally the active-to-passive transition in terms of oxygen partial pressure.
They found that there was actually two different active oxidation regimes, with
each their own maximum oxygen partial pressure. In the first active oxidation
region, they observed a bare silicon surface, as found by Wagner. However, in the
second regime, thin whiskers of amorphous silica would grow perpendicular to
the surface, and there would still be a very high oxidation rate. At oxygen
pressures higher than the second maximum, the entire silicon surface would be
covered by silica, and the oxidation rate would decrease significantly. The absolute
value of the weight change (loss in the first region and gain in the second region)
was linearly correlated with the oxygen partial pressure, and they could extract an
experimental mass transfer coefficient from their results. The mass transfer
coefficient found by using Wagner's theory on the experimental results

(=23, =Jg), was very close to the theoretically calculated one, whereas if they
used the Turkdogan approach (—J, =Jg), the mass transfer coefficient did not fit

as well. The conclusion was that the Wagner theory is more suitable for the

primary oxidation mechanism, but that the Turkdogan theory could account for
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the continued oxidation at higher oxygen pressures where the outgoing SiO would
consume some of the incoming oxygen in building these silica whickers.

Another theory working from the assumption of an aerosol of oxide forming
away from the silicon surface, is the thorough theoretical investigation performed
by Ratto et al.'”-1® (2000, 2001). They made an extended and more general Wagner
theory, and they looked at two limiting cases; null reactions in the gas phase,
represented by the Wagner theory, and instantaneous reactions in the gas phase.
The derivations are applicable to all metal and non-metal systems at high
temperature in the presence of gaseous oxygen, and they make an example of the
reactions between 5i/5iO and O: with the subsequent formation of SiO2 gas and
particles in the boundary layer. In the latter case they assumed that chemical
equilibrium is reached instantaneously between all species. In both cases an
assumption of steady-state was assumed, thus there would be no accumulation. A
fundamental result of their study was the derivation of the expression of the
curves of the asymptotic behavior of the system. They derived theoretical
expressions for the concentration gradients for all gas species in the system (O,
Sig), SiO), SiO2) for both null reactions and instantaneous reactions. The full
derivation of Ratto and coworkers’ model will not be given here, however parts of
their conclusion will be discussed.

In the Ratto model several case studies on silicon were presented, and one of
them a case where there was a combined boundary layer; homogeneous close to
the silicon surface, then a part with heterogeneous gas phase (condensed phase of
SiOz¢) present) and then homogeneous again (bulk gas). When the concentration
profiles for oxygen were derived for this particular case study, they could show

that the oxygen partial pressure at the Si surface would be independent on the
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bulk partial pressure of oxygen. This could be theoretically possible due to the
consumption of the incoming oxygen by the reactions with SiO/Si, with the
formation of SiO: particles inside the boundary layer, which now would make up
the heterogeneous part of the boundary layer. This is of course the extreme case of
instant reactions and would not be possible in reality. For an intermediately
reactive boundary layer (compared to the two limiting cases of instant and zero
reactions boundary layers) where some oxide would be present, the oxide
formation would not be able to maintain the surface oxygen pressure constant at
all bulk oxygen pressures, but the surface oxygen pressure could become much
lower than expected from the Wagner theory. The concentration gradients for the
gaseous species in this particular mixed boundary layer as calculated by Ratto et

al. are illustrated in Figure 2-7.
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Figure 2-7: Relative pressure profiles for Si, Oz, SiO and SiO: at asymptotic behavior at 0.1
Pa and 1750°C, calculated by Ratto et al. (2001). C is the relative distance from the silicon
surface, where 0 is at the Si surface and 1 is the bulk gas-boundary layer limit .
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In Figure 2-7 the solid lines are the gradients in a system with instantaneous
reactions, and the dashed lines are the gradient according to Wagner’s theory. The
concentration gradients are strongly nonlinear in the heterogeneous system. The
combination of the Si and O: concentration profiles are quite similar to those of
Turkdogan et al. in Figure 2-5 (b).

Ratto and co-worker’s theory is interesting in that it may give an explanation
to why it is possible to have active oxidation of liquid silicon in an air atmosphere,
as is clearly the case in industry. However, they use Si as the main reactant to
form the SiO: in the boundary layer, even though the partial pressure of Siw) at the
silicon surface is four orders of magnitude lower that SiO at 1500°C.

A simpler theoretical derivation of the system Ratto presented was published
by Arato et al.’® (2009). They derived simple equations of thermodynamic and
kinetic significance which could be used to test if there would be formation of
condensed oxide inside the system in question, or not. Arato and co-workers
evaluated a system where one can have two oxides present; a volatile oxide C1 (SiO
in our case) and a stable oxide, C2 (S5iO:2 in our case). The evaluation is concerned
with both the thermodynamic and kinetic terms in the boundary layer. The first
test was to check if the thermodynamics is favoring the formation of the second

oxide in gaseous form. In Arato’s derivation, the criterion is

. . 05
Pso, 4y 0.3849( _Psio j . Po, (2.17)
pSiOZ, sat psio (maX) po2 (maX)

If the right hand side of Eq. 2.17 is more than unity, the thermodynamics favors

formation of SiOzg under the present conditions. However, even if the
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thermodynamics favors the oxidation of Sig/SiO to SiO2g, the kinetics of the
reaction and/or condensation may still be slow, thus the reaction rates must be
evaluated and tested. If the kinetics are overestimated, a conservative limit is set;
the collision efficiency is set to 1 (all collisions lead to a successful reaction), and
the reaction has no activation energy. Then the reaction constant, », will only be
dependent on mean velocity and mean free path (just like the diffusion coefficient).
Thus, in the second test, the kinetics of the reaction between Si)/SiO and O:2 is

evaluated. Arato’s derivation gives the criterion

Y
Psi» Psio S4(gj (2.18)

where 6 is the boundary layer thickness and A is the mean free path calculated by

kT

where Kgis the Boltzmann constant [J/K], T is the absolute temperature [K], P is the

total pressure [Pa] and d is the diameter of the molecule, approximated to be a
hard sphere®. If the criterion in Eq. 2.18 is fulfilled, the reaction between Si()/SiO
and Oz will not take place inside the boundary layer, thus the kinetics will hinder
the thermodynamically favorable reaction path. If however, inequality in Eq. 2.18
is violated, there will be SiOz) in the boundary layer. Now, the kinetics of the
collision between SiOz2-molecules must be evaluated. The condensation

phenomenon may still be slow, and is roughly checked by referring to the
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initiation of a dimer reaction (formation of a SiO:-SiO2-unit), which gives the

criterion:

2
2
(pSiOi,sat) < 2(&} (2.20)
Psio o

where pg, . is the saturated SiO: pressure, and the other symbols are as

previously stated. If this criterion is fulfilled, the rate of the nucleation is too slow,
and will not take place inside the boundary layer. If the inequality in Eq. 2.20 is
violated, there will be condensed SiO: in the boundary layer.

In the discussion of passive oxidation of solid silicon, Deal and Grove?' (1965)
are the pioneers. They presented a general relationship for the rate of oxide layer
growth, and they found that the growth rate is linear at short oxidation times and
parabolic at longer oxidation times. They show that the oxidation at the surface is
the rate limiting step, and activation energies for diffusion and reaction are
presented. They did experiments with both wet and dry oxidation, and found that
the wet oxidation is faster than the dry oxidation. The theory is widely used in
research where the controlled passive oxidation of silicon for wuse in
microelectronics is in focus?> 2. The theory has been used and debated in the field
of silicon oxidation; however, in this thesis the theory will not be further
elaborated as this is a study of the active oxidation of silicon. The main difference
between active and passive oxidation is that the rate is linear in active oxidation
due to the gas diffusion barrier, as opposed to linear-parabolic in passive
oxidation, where the oxygen has to diffuse through an increasingly thicker oxide

layer.
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Some authors have debated the validity of Deal and Grove’s model in the
initial stages of oxidation. In their research, Engstrom et al.* 2 (1991, 1992)
considered the atomic oxidation mechanism for active and passive oxidation of
solid silicon. They used supersonic molecular beam techniques and X-ray
photoelectron spectroscopy to study the reactions of atomic oxygen with the
surface of solid silicon. Their main conclusions are that the reaction is divided into
several steps, where the first step is the adsorption of the oxygen atom, and the
next step is the reaction with the surface silicon atoms. The Si-O unit can now
either desorb and become SiO), or the surface coverage of Si-O units is too large,
and the favored course of reaction is the nucleation of the Si-O units to become an
oxide layer. Engstrom and coworkers suggested that the first step is very fast and
practically unactivated (has no activation energy barrier). The step of nucleation of
Si-O units into oxide is a very slow reaction, and the nucleation will make islands
of oxide at high temperatures, with the islands being surrounded by clean Si
surface. At lower temperatures (< 1000 K) the nucleation happens layer by layer.
The interesting part with relevance to the present work is the proposed atomic

mechanism for the active and passive oxidation, which is illustrated in Figure 2-8.
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Figure 2-8: Proposed mechanism for active and passive oxidation of silicon by both
molecular (left) and atomic (right) oxygen. If the chemisorbed oxygen is next nearest
neighbor with one or more oxygen atoms (mid right part of the picture), the residence time
for the oxygen becomes longer and the probability for nucleation (passive oxidation)
increase. If however the adsorbed oxygen, coming from either molecular or atomic oxygen
is alone at the surface, the residence time is short and the SiO is readily vaporized .

Even though their main focus was to study the oxidation of silicon by atomic
oxygen, they also did experiments with molecular oxygen for comparison. They
found that the atomic oxygen reacts with a unit probability with the clean Si
surface, independent on the mean kinetic energy and sample temperature.
However, for molecular oxygen, the reaction probability was 0.05 at the same
conditions. The reaction rate for the “slow” step was the same for both reactants,
which in this case is the step from adsorbed O* to adsorbed SiO*. Thus the rate of

the reaction is the same, but the probability for the atom/molecule to stick to the
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surface is significantly different. The low reaction probability for molecular oxygen
is supported by Lander and Morrison? (1962), who found a probability as low as
0.01. They also conclude that the adsorption of oxygen is the fast reaction, and that
there is a significant energy barrier for the required cooperation of several Si-O
units to form a silica layer.

In a more recent study, Choi et al.¥” (2002) presented results found by
computational modeling using multi reference wave functions in combination with
a hybrid Quantum Mechanics/Molecular Mechanics method. They also studied the
oxidation of solid silicon by atomic oxygen, and proposed a new model for how
the active oxidation can occur. Their assertion is that desorption of SiO* can only
occur if the oxygen is in a “back-bond” configuration. They found that the
previously stated weakly bonded silanone does not exist, or if it does, the
activation barrier for desorption of such a species is too high. The calculated
activation barrier for desorption of SiO* via the backbonded configuration is 90
kcal/mole, which is in good agreement with other studies?-2>2,

Using a molecular modeling method called ReaxFF, Pamungkas et al.?? (2011)
found that in the dry, high temperature oxidation of a Si(100) surface, the kinetic
energy of the oxygen molecule is large enough to break the O-O bond before
chemisorption of both atoms at the surface, and thus the oxidation of the silicon
surface produce O* radicals (Eq. 2.3). Snapshots of the oxidation reaction with two

different angles of the incoming oxygen molecule are shown in Figure 2-9.
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Figure 2-9: Snapshots of the molecular modeling of the early stages of dry oxidation of
Si(100) at 1200 K., with the oxygen bond having an angle of a) 90° and b) 0° relative to the
normal axis to the surface. The oxygen is represented by dark blue balls. Figure modified

from Pamungkas et al. (2011).

They found that the first stage of the surface oxidation happens with
spontaneous dissociation of the Oz molecule and without an energy barrier. When
both O-atoms adsorbs to the surface, they will move away from each other due to
Columbic repulsion. The oxidation results in an amorphous oxide layer both at
room temperature and 1200 K, however with more oxygen in the deeper layers of

the silicon structure at higher temperatures.

2.1.3 Nucleation of SiO,

As we have seen in the previous chapter, the oxidation of liquid silicon
involves several steps, and the place and rate of the formation of the silica fume is

debated. The presence of a condensed phase inside the boundary layer may affect
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the transport of gaseous reactants and products. The boundary conditions of the
oxidation in terms of maximum oxygen partial pressure in the bulk gas may also
be affected by the formation of silica in the boundary layer. In addition, the size of
the silica particles (which is a function of growth parameters) in the fume in
industry is an important factor in evaluating how harmful they are to be exposed
to?®. In this section, the nucleation and growth of silica particles is presented.

Ulrich (1971)%! derived theoretical expressions relating particle concentration
and size to residence time and other parameters in a silica synthesis flame. He
studied the nucleation and growth of silica in a flame where premixed silicon
tetrachloride, hydrogen and air were burned. In such a case, there will be a
turbulent velocity field where the particles form, however he argues that the
microscopic zones in which individual particles grow are orders of magnitude
smaller that the macroscopic turbulent movements, thus they will not be affected.
Removing the turbulent gas situation as a parameter, Ulrich argues that the rate of
particle growth only depends on the chemical reaction, nucleation and Brownian
collisions. In the theoretical study, it is assumed that the chemical reaction occurs
instantaneously to produce silica nuclei, or at least this step is faster than the
growth step.

In general condensation theory, two opposing forces determine the critical
size for nucleation; the thermodynamic free-energy driving force for condensation
versus the surface tension force which resists growth of a nuclei. The condensation
free energy depends on relative super saturation of the gas mixture, and the
surface force is proportional to the square of the particle radius. When the sum of

the two opposing forces is zero, one can find the critical radius:
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r= AZTJ 2.21)
P

cond

Where r* is the critical radius, o is the surface tension, p is the density and AGcond is
the condensation free energy. However, assuming that nanoparticles have the
same properties as the bulk of the same substance is a very questionable
assumption. Nevertheless, using the bulk properties of silica, Ulrich found the
critical radius to be less than the size of a single SiO: molecule. This unrealistic
result suggests that the super saturation at the temperatures in question (1527°C
and 1827°C) reflects the fact that the flames are far below the boiling point of silica
(2950°C?). This result, in turn, suggests that any silica particle is stable for growth
under these conditions.

In arguing that a nuclei of liquid silica is the reaction product, rather that
gaseous SiO2, Ulrich points to the fact that a the reaction between silicon
tetrachloride, hydrogen and air is almost thermodynamically neutral when
producing SiOzg (-29 J/mol), but is highly exothermic when liquid silica is the
product (-585 kJ/mol). As a flame needs to be highly exothermic, the latter must be
the case, and thus the condensation phenomenon has the heat effect in this
reaction.

The main conclusions from Ulrich’s theoretical work are that Brownian
collisions and coalescence dominates as the growth mechanism, and that
nucleation is not a rate limiting factor in the condensation of silica particles.
Ultimate particle size is highly dependent on the flame temperature, as a higher

temperature will result in higher residence time, and thus a longer time for the
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particle to grow before it is quenched to become a rigid sphere. This finding is
supported by later studies 2.

In a later work, after testing the theories in the earlier work with experiments,
Ulrich and Subramanian (1977)% suggest that the rate controlling step in the
growth of silica particles is the fusion, rather than the collision rate. Silica has a
very high viscosity, thus the fusion and coalescence of the particles is so slow that
the small primary particles rather grow into aggregates where the small primary
particles keep their shape and can be seen as discrete particles. The particles stick
to each other when colliding, but the coalescence is so slow due to high viscosity,
thus they quench before they become a new spherical particle. Ulrich and
Subramanian propose the collision as the main particle growth mechanism when
the particles are still very small (at short residence time), until they become large
enough to exhibit macroscopic viscosity. This transition is assumed to be when the
particles consists of 1000 SiO2 molecules, which corresponds to a diameter of 4.4
nm. After this transition point, the coalescence and fusion is the rate controlling
process.

In the evaluation of the condensation phenomena, the physical nature of
these ultrafine particles/nuclei has to be considered. Preining (1998)* describes
how the physical state of particles become distinctly different from the larger, bulk
material as the particles become smaller and smaller. When a particle of unity
density (water) has a diameter of 20 nm, 12 % of the molecules will be at the
surface. For a 10 nm diameter particle, 25 % of its molecules are at the surface.
When particles are smaller than about 5 nm in diameter, the concept of a “surface”
no longer has any meaning, because there is no continuum in the material

structure of the particle. The particle can no longer be regarded as solid or liquid
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but rather a molecular cluster, an entirely distinct phase which Preining calls the
nanophase*. Cluster physics will be important to consider when interactions
between such ultrafine particles are to be evaluated.

Using Ulrich’s equations for particle growth, Kamfjord et al” (2012)
calculated the time for the growth of an industrial silica particle with 55 nm
diameter at different particle concentrations measured in the off-gas channel in the
tapping area at a silicon plant. They found that the formation time of one such

particle was 0.014 - 0.028 s, depending on the particle concentration in the off-gas.

2.1.4 Effect of impurities on the oxidation

In his PhD thesis, Hildal®* (2002) investigated the reaction mechanisms and
kinetics for the oxidation of liquid silicon with water, in order to explore the reason
for steam explosions associated with water granulation of FeSi and Si in their
production processes. He found that oxidation of liquid silicon with water also
produce SiO gas in the endothermic reaction in Eq. 2.5, (Table 2-1). He found that
SiO would either oxidize to SiO: in further contact with water, or it would
condense (Eq. 2.9, Table 2-1) when the availability of oxidizing agent was low.
Reacting pure silicon with water, he found a layer of condensate close to the silicon
surface, inside the porous oxide layer. He concluded that the initial reaction when
the liquid silicon came in contact with water was formation of SiO, which would
either condense or be oxidized. Adding small amounts of Al and Ca to the Si-melt
resulted in a mixed oxide layer (slag) closest to the surface, with the same porous
silica layer as found in the pure Si experiments further away from the silicon

surface. He concluded that the formation of the slag on the surface was slow due to
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low concentrations of Al and Ca in the melt, and that the active oxidation would
occur first. When the oxide slag had been formed, it would inhibit further active
oxidation.

There are several other metals which will react with oxygen at high
temperatures to produce gaseous oxides*. Aluminum, for example, usually form a
thin, dense protective layer of AlOs very fast in contact with oxygen, but at high
temperatures and under high vacuum Al:O may form due to the reaction®: %

4Al, + ALO,,) —> 3AL0, (2.22)

9
and at 1727°C in vacuum a partial pressure of 0.01 atm of Al2O¢) may be obtained¥.
In the Al-O-system, at low oxygen pressures, Alg and Al:O will dominate, and at
higher oxygen pressures (where a-AlOs is stable) Og), Alg and AlOg will
dominate in the gas phase®.

The Si-O-system is to our knowledge one of the few systems where a very
high partial pressure of gaseous oxide may be obtained at ambient pressures. Most
other metals will react to form a more or less protective oxide layer, where the

degree of protectiveness is determined by the Pilling-Bedworth ratio, Rrs*;

RPB _ Voxide _ Moxide * Pretal (223)
Vmetal n-m metal © poxide

where Voxidemeta 1s molar volume of oxide/metal, Moxideimeta is the molar mass of
oxide/metal, poxidemear is density of oxide/metal, n is the number of atoms of metal

per molecule of oxide. The rule states that if the volume of the oxide is smaller than
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the metal it has consumed/replaced (Rrs < 1), the oxide layer will not be protective,
and if the volume of the oxide layer is larger than the metal it has
consumed/replaced (Res > 1), then the oxide layer will be protective and non-
porous®. If however the ratio is more than 2, then the stress on the oxide scale may
make it crack and rupture, and the protective effect will be lost.

When an oxide scale is formed on an alloy, the mixed oxide layer may have
characteristics that will deviate from the rule of Pilling and Bedworth, and thus
this simple calculation of the ratio may not be sufficient to characterize the

protective effect of the oxide layer*.

2.2 The industrial refining process
2.2.1 The refining

In the oxidative ladle refining process, the method is to bubble oxygen
enriched air into the liquid silicon, usually through a nozzle in the bottom of the
ladle, with the goal being to remove the main impurities, Al and Ca. The refining
processes is illustrated in Figure 2-10, there the flow pattern in the liquid silicon is

shown.
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Figure 2-10: Illustration of the flow pattern in the oxidative ladle refining of silicon, where
a mixture of air and oxygen in purged through the melt through a nozzle in the bottom of
the ladle. Figure by Jan Erik Olsen.

First the oxygen in the bubbles readily reacts with the silicon to form SiO: and
SiO according to the reactions in Eq. 2.1 and 2.2 (Table 2-1), respectively. Next,

exchange reactions between the silica and the dissolved Al and Ca take place,

3Si0,,,, +4Al — 2AL0,, +Si,, (2.24)

SiO, ., +2Ca —> 2Ca0, + Si, (2.25)
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where the underlined species designates elemental presence in the metal phase. In
the exchange reactions, silicon is recycled back to the melt as the slag is enriched in
alumina and calcium oxide. The slag formed at the bubble-melt interface is
transported to the surface of the silicon due to uplift of the bubble* . In the ladle
refining process the reaction rates are only determined by the mass transfer of the
reactants to the reaction zone at the interface, as the reaction kinetics are fast due to
the high temperatures.

Tang %3(2008) used the equilibrium constants of the reactions in Eq. 2.1 and 2.2
in the derivation of an equation for calculating of the equilibrium partial pressure

of SiO in the bubble in the refining process:

exp(11.13+39464/T
Psio & b\/ b ) (2.26)

exp(-23.66 +113623/T)

where P is the total pressure in the bubble, usually set to be 1 atm. If the bubble

initially contains N, moles of air, with a molar fraction of oxygen x, , the molar

fractions (x) of SiO and SiO: in/at the bubble when the oxygen is consumed

completely can be calculated with #

X0 = Ngir (1— XOZ)—P ESio (2.27)
b~ Psio
Xsio
Xsio, = NairXo, Y (2.28)
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In Figure 2-11 the number of moles of 5iO and SiO: produced is plotted against

temperature.
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Figure 2-11: One mole of Si reacts with a gas mixture of 0.5 Oz + 0.5 N2 at P=1 atm.

Number of moles of SiO and SiO: produced plotted against temperature.

The discontinuity in the curve of SiO2 is where production of silica becomes

unstable at a critical temperature

T

crit

=1874.7 +88533In(x,, ) (2.29)

where the temperature is in degrees Celsius. At this critical temperature the
production of SiO: is terminated. This leads to production of only SiO, which is a

condition of pure Si-loss with no refining of Al and Ca*®.
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The flow of gas and liquid metal, reactions, and mixing have been extensively
investigated in the steel making industry due to the importance of the refining
process %, In a recent study, Xia et al.¥ (2001) compared modeled data to
experimentally measured data where gas and liquid flow was analyzed and a
sensitivity analysis of different physical constants was performed. As the physical
properties of water and mercury (which is often used in such experimental studies)
are quite different from molten steel, the use of Wood’s metal (a low-melting-point
alloy) was used with N: as the purge gas. Xia and coworkers found a good
agreement between the model and the measured data for the liquid velocity,
however the velocities in the plume were overestimated by all modeled cases
compared to the experimental data. The experimental radial velocity of the melt
was found to be 0-0.13 m/s at the surface of the plume. They found, like several
other researchers*, that the velocity of the bubbles after the initial nozzle zone, and
prior to the surface, had a constant upwards velocity in the axial direction, with a

Gaussian shape of the velocity distribution in the radial direction.

2.2.2 Distribution of elements in the melt-slag-gas system

In the silicon industry the distribution of the main impurity elements, Al and
Ca, between metal and slag is well documented, as the refining process is
primarily performed to remove these elements to meet the customer demands on
product specifications*. In the solar cell industry, the distribution of boron (B) and
phosphorous (P) between metal, slag and gas is also well studied***!. Boron and
phosphorous are dopants in the solar cells, and thus their content in the silicon has

to be very low, <1 ppmw. Furthermore, B and P are particularly hard to remove
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from silicon due to their high segregation coefficients in silicon® and are thus
unresponsive to directional solidification, which is a widely used method for
removing most other elements from silicon. The main methods for removing boron
that have been investigated are volatilization by H>-H20 purging, with or without
plasma, where the compound HBO is by which boron is volatilized® . The other
main method of boron removal is slag refining, where the slag composition and
basicity are the factors determining the efficiency for the boron removal®. The
methods studied for phosphorous removal have mainly been in the area of
vacuum refining, where the high vapor pressure of P: is utilized, and some
investigation have been done in the area of slag refining of phosphorous % %. Due
to the large interest in B and P removal, the activity of said elements in silicon, slag
and gas are well documented in literature.

The distribution of trace-elements in the silicon (Garcia and Myrhaug®
(2007)) and ferrosilicon (Myrhaug and Tveit® (2000)) production furnace has been
studied. Samples from all raw material going into the furnace (quarts, reduction
material and electrode), and samples of the outgoing phases; silica from furnace
top and silicon were collected, and measurements in the purified off-gas was
performed. In the material balance in the silicon process, 31 trace-elements were
analyzed and given distribution coefficients as to where they go (excluding Al, Ca,
Fe, Si and C, as they are main elements in the process). A boiling point model was
developed and used to explain the results of where elements end up; in the silicon
(bp > 2000°C), microsilica (2000 > bp > 1300°C) or the off-gas (bp < 160°C). The
element balance in the outgoing phases in the FeSi-process is shown in Figure 2-12,
where the elements are sorted with decreasing boiling point from left to right.

From this result, it can be seen that most of the elements follow the boiling point
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model. The elements not following the boiling point model are assumed to be
present as oxides or sulfides, which will alter the boiling point, or, as in the case of
e.g. As and P, they have a high affinity for the Fe present in the ferrosilicon
process, and thus stay in the melt. Several stable gaseous compounds around or
below 1300°C are discussed in the FeSi-furnace material balance, e.g. SOs, SeOs,
As203, MoOs and PbS. All these compounds have lower boiling points than their
respective pure elements, and will thus behave differently in the furnace than

anticipated by looking at only the pure elements’ boiling points.

Distribution of trace elements

|D % to filtered off-gas % to silica W % to metal |

100 % -~
90 %
80 % -
70 %
60 %
50 % 4
40 %
30 % 4
20 %
10 % -

Distribution of elements to various outlets

0% ——
W Mo Zr B V Fe M Co Sc Sn Cr Cu Al Mn Pb Ba Sb Bi Ca S Mg Na Zn K Cd Se As S Hg P

Figure 2-12: Distribution of trace-elements in the FeSi process®.

Activities of several main and trace-elements in silicon melt have been
experimentally determined or modeled ¢ ¢'. Using well known databases for alloys
and slags, like the Fact-database®, phase diagrams for several binary Si-alloys are

well documented and also some binary and ternary silicate slags are well-studied.
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For silicon, the Fact-database has limited information, and as such, more
specialized database was developed by Tang et al.®>. The documented activity
coefficients of 29 elements in liquid silicon and of 22 associated oxides in a
multicomponent 34 % SiOz2 — 25 % AlLOs — 40 % CaO slag are presented in Table
2-2 and Table 2-3, respectively.

Although the databases cover many elements, several alloy-slag systems are
not entirely determined thermodynamically. Gaseous compounds are neither well
determined. As such, data on the distribution of elements between silicon, slag and
fume/gas is challenging to model given limited experimental data. The only
references looking at the fume composition are Myrhaug and Tveit (2000) and
Garcia and Myrhaug (2007), but both those studies are on the furnace, not the
refining ladle, and thus the slag is not a major phase. Furthermore, the conditions
are very different in the furnace (up to 2000°C, reducing environment, one liquid
phase) than in the refining ladle (1450-1600°C, purging with oxidizing gas, two
liquid phases), thus although some fundamental similarities, the results from the

furnace are not directly applicable to an oxidative refining system.
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Table 2-2: Activity Table 2-3: Activity coefficients

coefficients of elements in of oxides in a multicomponent

dilute solutions in silicon at 34 % SiO2 — 25 % AlOs - 40 %
1600°C % CaO slag system at 1600°C

Element 7 Me—si Oxide 7 Me,0,-slag
Ag 1.4 AlO:s 0.14
Al 0.46 As203 1.1-10-1¢
As 4.4 B20s 1.2-10°
Au 1.8-103 CaO 0.012
B 2.1 CoO 0.97
Bi 26 CrO 2.69
Ca 4.0-10° Cr20s 8.8-10-10
Co 0.013 Cu0 5.2-10°
Cr 6.7-10+ FeO 1.78
Cu 0.72 Fe203 4.5-101
Fe 8.1-10+ K0 1.6-1010
Ga 1.4 MgO 0.15
Ge 1.5 MnO 0.28
In 3.9 Mn20s 2.6-1012
K 510 NaO 2.5-101
Li 0.017 NiO 2.3
Mg 0.28 PbO 0.18
Mn 4.6-10° SnO 52
Mo 1.9-103 TiO2 0.65
Na 0.018 Ti20s 5.8-10
Ni 2.7-107 ZnO 0.53
P 3.1 ZrO2 2.7
Pb 29
S 0.25
Sb 4.4
Sn 5.5
Ti 2.5-10%
\4 3.7-10*
4 0
Y 1.1-107
Zn 5.7-10-+
Zr 6.7:10°
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2.3 Summary of state of the art
2.3.1 Oxidation of silicon

In existing literature, there are two main works which have evaluated the
active oxidation of liquid silicon theoretically; Wagner® (1958) and Ratto et al. !>
(2000, 2001)'” 5. Both theories present theoretical boundary conditions for the
active oxidation in terms of oxygen partial pressure in the bulk gas phase. Ratto
also presents theories on how the concentration gradients of the four species Ox),
Sig, SiOq), SiOzgs in the boundary layer at null reactivity and instant
reactivity/equilibrium conditions. However, there is no experimental validation of
these theoretical evaluations for liquid silicon.

For solid silicon, there are several experimental investigations presented, with
Hinze and Graham’ being the most thorough. From their experimental results they
suggested that the oxidation mechanism of active oxidation of silicon is a
combination of Wagner and Turkdogan’s suggested mechanisms, where Wagner’s
theory is what takes place at the surface with the formation of SiO), and that
Turkdogan’s theory is what happens when the SiO meets the incoming oxygen to
produce SiO: and grow whiskers at the surface. Even though Hinze and Grahams
theoretical and experimental investigation is very thorough and well performed, it
is for solid silicon, and we cannot assume that the conditions will be exactly the
same for liquid silicon. With regards to diffusion and mass transport in the gas
phase, the system will likely be similar, if the physical properties of the gases are
adjusted for the increased temperature. However the reactions at the surface may
be different due to the change in the surface structure, or lack thereof. The silica

whiskers Hinze and Graham observed will probably not form on a liquid silicon
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surface, and very doubtful on a moving liquid surface, however the proposed
mechanism with a sink of 5iO at some distance away from the surface is interesting
to pursue.

The atomic models presented by Engstrom?* 25 (1991/1992) and Choi? (2002)
are important to evaluate in the active oxidation of liquid silicon. The explanation
for the observed active oxidation of silicon during industrial refining may very
well be explained from molecular theory and activation energies and kinetics for
desorption versus nucleation of Si-O units at the surface. Maybe the active
oxidation of liquid silicon in air atmosphere is possible because there is new fresh,
uncovered silicon exposed all the time due to the stirring in the ladle refining. The
adsorbed oxygen is in a single state with no neighbors, thus in this particular
situation desorption of SiO is more favorable than the nucleation, which is shown
to be a slow step. Choi presents the activation energy for SiO desorption of 90
kcal/mole, however no activation energy for nucleation have been found. In
addition, Engstrom and other authors have observed a sticking coefficient for
molecular oxygen of 0.01 - 0.05, which may be important to take into account when
theoretically evaluating the experimental results.

The modeled result presented by Pamungkas et al.?” (2011) is significant as it
shows that the surface oxidation reaction actually may produce oxygen radicals.
As the oxygen molecule has large enough kinetic energy to break off the O-atom
already at 1200 K, it will most probable have even more probability of breaking off
an O-atom at 1800 K, which is the typical working temperature in the industrial
situation. What is not clear, however, is to what degree this reaction is
energetically preferred. The reason this question is important is due to the high

reactivity of the relatively unstable O* radical. Remembering atomic oxygen
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having a sticking coefficient of unity in solid silicon oxidation, the radicals
produced may readily react with the silicon surface, or, as both oxygen radicals
and SiO gas are relatively unstable at lower temperatures, they may readily react
to for SiOzg (ref Eq. 2.4 and 2.8 in Table 2-1). Which of these two paths for the
atomic oxygen are most favorable we cannot be sure.

The literature offers several studies on active oxidation of solid silicon which
are not elaborated here, however some of the key information from experimental
and theoretical results found in literature are summarized in Table 2-4.

This literature review have shown that, to date, there are no fundamental
experimental data on the active oxidation of liguid silicon, and no research
coupling the fundamental theory of active oxidation of liquid silicon with the

industrial observation of active oxidation in air.

Table 2-4: Results from earlier investigation of active oxidation of silicon, with
temperature, flow regime, maximum oxygen partial pressure in bulk gas and method of
investigation given.

F1
Authors T OfN Po, (Max) Method | Ref

regime
Gulbransen et al. (1966/1972) | 1300°C | Knudsen 1.18-10% atm Exp. .
Gelain et al. (1971) 1060°C | Knudsen 7.9-106 atm Exp. 14
Kaiser & Breslin (1958) 1410°C | Viscous 0.01 atm Exp. 13

I: 0.385-10% atm
. o . 0

Hinze & Graham (1976) 1227°C | Viscous 11 3.87-10° atm Exp.
Wagner (1958) 1410°C | Viscous 6.1-10° atm Theor. |¢©
Ratto et al. (2001) 1500°C | Knudsen ~107 atm Theor. |18
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2.3.2 The industrial refining process

The purging in the refining process leads to a plume of violently stirred
silicon, where new silicon surface is exposed to air all the time. If the oxidation of
liquid silicon is only determined by the oxygen availability to the Si surface, then
the amount of fume must be determined by the exposed silicon surface. In the case
of the ladle refining the silicon surface area is large due to the violent stirring, and
also constantly renewed. To date, there is a lack of experimental data on the fume
formation rate in the industrial silicon refining process. The main mechanism for
the fume formation has not been identified, and there are no quantitative or
qualitative studies on the fundamental boundary conditions for the fume
formation.

The distribution of elements in the Si and FeSi production processes has been
established by Garcia and Myrhaug® (2007) and Myrhaug and Tveit %(2000).
However, as the present study is on the fume from the refining, there is a lack of
information on the distribution of elements between silicon melt, slag and fume in
the ladle. The boiling point model is not sufficient to describe the element
distribution, as the environment is different at the silicon surface in the ladle,
compared to the environment inside the furnace. In addition, the boiling point
model uses the boiling point of the elements in their pure systems, thus ideal
behavior is assumed. Not taking element activities in the silicon melt into account,
this model is more a crude estimation than a thorough thermodynamic analysis.

The distribution of the main elements in the refining ladle are well
documented in terms of activities in silicon and slag, however, the number of
elements with well-known thermodynamic behavior in both these phases are

limited, and as such we know little of what happens to the trace-elements in the
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refining process. Additionally, the systems studied are confined to the melt-slag

system, without taking the gas phase/fume into account.
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2.4 Research questions

In the area of liquid silicon oxidation and refining, there have been several

issues to investigate, and the main research questions asked in the present work

were:

1.

How much silica fume is produced during industrial refining of silicon, and
what are the factors determining/limiting the rate of fume formation?

What is the main mechanism for fume formation in industrial silicon refining?
What are the characteristics of silica fume (particle size, shape, structure,
elemental content) and what characterization methods are applicable to
determining these properties?

What are the boundary conditions for active oxidation of liquid silicon, and
how does it vary with oxygen pressure and gas flow rate?

Is gas flow rate or amount of oxygen available the most important factor for
the fume formation kinetics?

When and where does the SiO combust to form SiO:, and does the silica
condense inside or outside the boundary layer?

What does the fume from the industrial refining ladle contain other than SiO,
and where do these impurities come from? A mass balance on the refining
ladle is needed.

With what level of accuracy can elemental distribution between condensed
and gaseous phases in industrial silicon refining be determined for emissions

reporting purposes?
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3.1 From industrial scale to small-scale

In this work, several different approaches have been used to study the active
oxidation of liquid silicon. The main difference between the sub-projects have been
the size; industrial measurements (~7 tons of Si), induction furnace experiments
(1750 g Si) and small-scale experiments (10 g Si). The experiments are summed up
in Table 3-1, where scale, method, conditions and goals are given.

The project began with the industrial scale measurements, where
quantification was the main goal. Finding the main macroscopic mechanism for
the fume formation in the refining process was also important in order to plan later
fundamental experiments. Samples of silica fume were collected and characterized
with BET, SEM, TEM and ICP-MS. A particle size distribution was found from the
SEM-images. Thermodynamic calculations of the SiO-pressure inside the refining
bubbles were done to determine the amount of fume originating from the bubbles,
and thereby discussing the main mechanism for fume formation.

In the industrial measurement campaign, samples were also collected from
the tapped silicon, the refined silicon, slag and additives (flux material and cooling
metal). This was done in order to do a mass balance and an element distribution
study of the refining ladle. 105 samples from 8 different ladles were collected
during three days. All samples except fume were crushed into a powder prior to

the ICP-MS analysis.
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Table 3-1: Overview of the three main experiment types used in this work. Scale,
conditions and goals are given.

Experiment type Industrial Induction furnace Small-scale
measurements experiments experiments
Amount of Si ~7000 kg 1750 g 10g
Gas flow Turbulent, natural Laminar, forced Laminar, forced flat
convection impinging jet flow plate flow
Gas composition | Ambient air Synthetic air, water Ar+02
saturated synth. air,
synth. air + Ar
Silicon surface Gas stirred Induction stirred, Still, flat

turbulent, not flat

moving, flat

Method Measurements of 75 kW induction Horizontal, high
fume amounts with | furnace run at 10-20 temperature
LaserDust MP kW. Weight gain of resistance furnace.
(NEO). Sampling of | filter and other parts | Weight loss of
fume, metal, slag used to measure fume | sample monitored
and additives. formation rate. for measuring
Filming with IR- oxidation rate.
camera.

Measurements Amount of fume as | Amount of fumeasa | Amount of Si lost as

done a function of gas function of gas flow, a function of Po, /
purge rate and humidity in gas and linear gas velocity
composition. oxygen pressure. and time. Samples
Samples analyzed Samples of silica of silica collected
with ICP-MS (all collected and and analyzed with
samples), and SEM, | analyzed with SEM SEM and XRD.
BET and TEM (fume | and BET.
only)

Aim Quantify and Measure rate of fume | Accurately measure
characterize fume in | formation in air. the rate of active
industry. Investigate the effect | oxidation of silicon.

Find distribution of
main and trace-
elements between
the three outgoing
phases; refined
silicon, slag and
fume.

of humidity in air.
Examine whether the
increased oxygen
amount per unit time
or the increased flow
is the main factor
determining the rate.

Find boundary
conditions.

52




3. Methods

Small-scale experiments were performed to develop a more fundamental
understanding of the active oxidation of silicon. The goal was to find boundary
conditions for the bulk oxygen partial pressure, and to find the mass transfer
coefficient for oxygen. The oxygen partial pressure, gas velocity and oxidation time
were varied. The results were compared to theoretical mass transfer calculations

based on the laminar flat plate theory, where the mass transfer coefficient is a
function of vé .The experimental setup was also modeled with CFD (see section 3.3)

to see if it was possible to explain discrepancies between the measured and
theoretically calculated mass transfer coefficient and maximum oxygen partial
pressure.

When industrial measurements and small-scale experiments were compared
it became clear that more investigation was needed. In an attempt to simulate the
industrial case in a best possible way, induction furnace experiments were
performed. In this setup the surface of the silicon would be dynamic like in the
industry, but not as violent and uncontrolled and thus more precise surface area
estimations would be possible. The impinging jet would also simulate the gas flow
towards the surface in the industry, which is an impinging flow due to the natural
convection above the hot ladle, as described in the CFD modeling®®. The setup
was made so that laminar impinging jet theory could be used to do theoretical

calculations of the mass transfer. In this theory, the mass transfer coefficient is a
linear function of vg%, thus the flux would be even more dependent on the gas

velocity close to the surface than in the small-scale experiments, which is also
probably the case in industry. The gas flow of synthetic air was varied, and

experiments with wet air were carried out in order to simulate plant conditions on
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a rainy day with high humidity. Furthermore, experiments with diluted synthetic
air were performed in order to investigate whether the increased amount of
oxygen per time unit, or the increased gas velocity itself (i.e. thinner boundary
layer) was the governing mechanism for increased silica formation with increased

gas flow.

3.2 Experimental control and accuracy

The main difference between the three experimental cases is obviously the
scale. With decreased scale, it is easier to control the conditions and thus reduce
the uncertainty in the measurements. In the industrial measurements, the only
parameter possible to control or change was the purge gas amount and
composition, which has a certain degree of inaccuracy given the flow control
devices used. The fume measuring equipment was a LaserDust MP, a commercial
apparatus from NEO Monitors (Lerenskog, Norway)®. The LaserDust measures
the transmission of a laser beam and the reduction in the signal will correspond to
the amount of fume in the measuring path. This change in signal is dependent on
the properties of the particles, primarily the particle size distribution. The
LaserDust used was not calibrated particularly for silica fume, however the
measurements are evaluated to have a total measuring error of 30 %, which is in
the same order of magnitude as the typical standard deviations in the
measurements. The apparatus had a relative error of 2 % in the measurements, and
measured the fume amount in the off-gas channel every 5 s. The frequent
measurements gave a large amount of measurements point, which made it

possible to obtain a good statistical analysis of the measurements. The
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measurements of fume amount had a total uncertainty of ~30 %, which is not too
bad, considering the crude nature of the industrial conditions. The laser
measurements gave an output of kg/h, which, to be compared to other studies,
needed to be converted into flux; mol/m?2s. For this a surface area is needed. The
surface area of the liquid silicon in the industrial case is not possible to measure or
calculate in an accurate manner, however, attempts to estimate it was made. This is
described and discussed in the next chapter.

In the small-scale experiments, the control of all parameters was greatly
increased, and the uncertainty in the measurements decreased accordingly. The
temperature gradient in the furnace and the gas flow rate were calibrated. The
scale of the experiments made it possible to use a balance with an accuracy of 0.1
mg, which represents an uncertainty of 0.02 % for the samples with the smallest
weight change. Other sources of error may have been leakage of oxygen into the
tubing and thus into the furnace. This would be a larger problem at low flow rate
and low oxygen partial pressure. Without measurements of the oxygen partial
pressure in the ingoing gas it is not possible to quantify the error in gas
composition directly. One parallel was performed, and the difference between the
two experiments was 3.8 %, reflecting the high level of control in the experiments.

In the induction furnace experiments, the measurement uncertainty was
increased compared to the small-scale experiments, however, the control of the gas
flow and the surface area was better than in industry. The main points of
experimental variation in the induction furnace experiments were temperature and
power input, however these variations were in the order of 0.3 % and 6.4 %,
respectively. The balance used had an accuracy of 0.01 - 0.1 g (depending on the

weight of the item being weighed), which gives a maximum uncertainty of 10 %

55




3. Methods

for the smallest silica samples (1 — 2 g). The difference between parallels (all
experimental conditions were tested twice) varied greatly; 3 — 37 % (one parallel is
not included here, where the variation was as high at 49 %. However, one of those
experiments is considered an outlier. This is further elaborated in the next chapter).
The reason for the large variation in some of the parallels is unknown, but small
variations in the height of the lance tip above the silicon surface (i. e. human error)
in addition to the mentioned variations may be parameters which have potential
for improvement for greater experimental accuracy.

In the element distribution, the sources of error were explored in great detail,
and a whole paper was dedicated to calculate the total measurement error for each

element in each phase. For more details, see Paper 5.

3.3 Computational Fluid Dynamics (CFD)

In all parts of this project, experimental investigations have been
complimented with Computational Fluid Dynamics (CFD) modeling. All the
modeling was performed by Jan Erik Olsen at SINTEF Materials and Chemistry
and published and to-be-published modeling results and interpretation of these
results will be used in order to explain observed phenomena in the present work.
The elaborated description of the modeling parameters is found in the published
papers®s ¢,

CFD modeling is a tool which can increase the understanding of the flow-
patterns in and above the silicon melt. It can be used for qualitative understanding,
but also for quantitative modeling. In several cases, the model has been “tuned” to

fit the experimental results in terms of measured amounts of silica. An important
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function of the CFD modeling has been sensitivity analysis. In especially industrial
experiments it is not trivial to change or control all parameters. As such, CFD
modeling may be used to get a macro-picture of limiting parameters.

In the industrial measurements, CFD modeling of the flow in the melt was
done for a qualitative picture, and it was also found that in the active oxidation of
the surface of the silicon, the “supply” of silicon to the surface was not the limiting
parameter as the surface velocity is high and hundreds of kilograms of silicon are
flowing towards the surface per second. In further modeling it was thus possible to
model a wall of silicon with infinite access of silicon. In order to model the fume
rate, a sensitivity analysis was done, where several parameters were tested; a flow
of nitrogen through the “wall” of Si (from the refining bubbles), temperature in the
melt, emissivity of the silicon surface, surface area of exposed silicon and the effect
of different lid designs. All these parameters would be impossible to test for or
analyze in the industry. Fume rate was plotted as a function of all these
parameters, and the flow/natural convection in the air above the melt was modeled
to see if the change in parameters had an effect on the flow pattern and gas
velocity magnitude.

In the small-scale experiments, the CFD modeling was used to make sure the
flow in the tube, and especially above the silicon surface, was indeed laminar. The
laminar gas flow was an assumption made in order to use the classical flat plate
theory in the theoretical calculations of the mass transfer coefficient. Furthermore,
a CFD-modeled mass transfer coefficient for oxygen was found and compared to
the theoretical and measured mass transfer coefficients. The modeling was done
for all gas flows tested in the experiments, and the results became a very useful

tool when it came to analysis of measured data.

57




3. Methods

In the induction furnace experiments, the only gas velocity we could directly
calculate with some certainty was the velocity at the tip of the lance. The overall
flow pattern could only be coarsely envisaged from theory on impinging jets.
However, when a fundamental understanding of the active oxidation of liquid
silicon in air was the goal of these experiments, a better understanding of the flow
was imperative for the results. The CFD modeling gave the gas velocity close to the
surface, and these data were further used in the laminar impinging jet theory to

calculate the theoretical mass transfer coefficient for oxygen.

3.4 Diffusion coefficient and viscosity

In order to evaluate the settings of experimental parameters, and to interpret
results by comparing to theoretical calculations, the physical properties of the
gases had to be determined for every experimental condition. In this section, the
calculations are elaborated and examples are given.

The binary diffusivity of gases at low density is given by the Chapman-

D,; =0.0018583 Tg[i+ij+ (3.1)
M, Mg ) poeQpas

Where T is temperature [K], Mi is the molecular mass of species i, p is pressure, o is

Enskog equation:

the collision diameter, and Q ,;is a collision integral, which is a tabular value

found by calculating the dimensionless temperature, kT /¢,;, where k; is the
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Boltzmann constant and ¢,; is the characteristic energy of interaction. The
combined values for o,; and ¢,; is calculated from
one =3(0atog) ; Eag =/€a B (3.2)

These combining rules predict values for DAB within about 6 % for non-polar

gas pairs. Tabular values for o, and ¢, for SiO and SiO:2 were found in a NASA
report from 19627, and are given in Table 3-2 together with the values for oxygen,

argon and nitrogen.

Table 3-2: Lennard-Jones parameters for a argon, oxygen, nitrogen, silicon monoxide and
silicon dioxide > 7
Species M, [g/mol] o,[A] &k, [K]

Ar 39.948 3.432 122.4
0, 31.999 3.433 113
N, 28.013 3.667 99.8
SiO 44.085 3374 569
SiO, 60.085 3.706 2954

As an example, the diffusion coefficient and viscosity of 1 % Oz in Ar is

calculated with all details below:

G, p = +(3433+3.432)=3.4325 A ; SOTA — (1131224 =117.61 K (3.3)
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In which the &, , /k value is used to calculate kT/g, , that we need to find

the tabulated value of O At 1500°C we get KT /&, _, = 15, which gives the

D,0,-Ar*

tabulated value for Q of 0.69515 (page 865-866 in Bird et al.’?). Now we have

D,0,—Ar

all we need to calculate the diffusion coefficient for oxygen in argon:

D, =0.0018583, |(1773.15 K’ 1 + 1
2 31.999 g/mol 39.948 g/mol (3.4
. 1 . =4.02 cm?/s
1 atm-(34325 A) 069515 ————
The viscosity of a pure gas is
JMT
=2.6693-10"° 3.5
H 20 3.5)

I

Also here Qy is a collision integral which is found in the same table as b, a5, but

with a different value. For pure oxygen at 1500°C we get kT /¢, = 16, which gives

Q. =0.7683 12. The viscosity of oxygen at 1500°C is then

\/31.999 g/mol -1773.15 K
(3433 A)"-0.7683

Ho, = 2.6693-10°° =0.0007022 g/cm-s (3.6)

By doing the same calculation for Ar, we get u, =0.0007697 g/cm-s at

1500°C. The viscosity of gas mixtures is calculated according to
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AluB
P = ZZ " (37)

Where N is the number of species in the mixture, x, and X, are the mole fractions
of species A and B, u, and y; are the viscosities of the pure species A and B at the

system temperature and pressure, and the dimensionless quantity @ ,; is

(M) (M)
o gt ol ]

where M, and M are the molecular weights of species A and B, respectively. In
order to calculate the different values of @ ,; it is useful to set up a table, see Table

3-3.

Table 3-3: Calculation of Eq. (3.8) and the denominator in Eq. (3.7) for a gas mixture of
1% Oz21in Ar.

A B M./My wls Dp D XD
B=1

0, Ar 0.8010 09123 1.064 1.063

Ar O, 1248 1.096 0.9342 0.9993

From this, the viscosity of the mixture may be calculated:

1.063 0.9993
=0.00076912 g/cm-s

0.01-0.0007022 g/cm-s 0.99-0.0007697 g/cm-s
Ho, ar = + (3.9)
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These methods for calculating diffusion coefficients and viscosities were
applied to SiO in Ar, and also Oz, SiO and SiO: in N2 for the cases when the

reactions take place in air (industry and induction furnace).

3.5 Other methods

In the chase for finding the answers to our questions in this project, several
different techniques have been used in the exploration of the oxidation of liquid
silicon. Some were successful, as illustrated by the papers included in this thesis.
However, in the early stages of this work, some experiments were performed with
disappointing results, and as such, they were never published. However, for
documentary reasons, it is believed important to report all results, not only the
successful ones, in order to pass on the knowledge about what does nof work. In

this section, the methods used but not mentioned in papers are described.

3.5.1 Wettability experiments

Wettability experiments were performed in a vacuum, sessile drop furnace
set-up with a boron nitride (BN) sample holder of 10 mm size. The sessile drop
furnace consists of an outer vacuum chamber, a graphite heating element and a
sample holder. A camera system at one side allows visual observation of the
sample during the experiment as it proceeds. A calibrated pyrometer is mounted
on the opposite side of the furnace, which continuously measures the temperature

of the sample. The furnace is shown schematically in Figure 3-1.
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Heating element
Silica glass window

Pyrometer -_— D Lens + Camera

Sampl
ample Vacuum chamber

Figure 3-1: Schematic of the sessile drop vacuum furnace.

The vacuum chamber is continuously flushed with argon, and the oxygen
partial pressure is typically stable at 10> atm. This low oxygen partial pressure is
obtained by flushing the argon through a separate magnesium furnace kept at 200-
300°C prior to the vacuum furnace. One of the reasons to keep such a reducing
environment inside the vacuum chamber is because all the parts are made of
graphite which readily reacts with oxygen if present at high concentrations at such
elevated temperatures.

In the investigation of active oxidation of liquid silicon, this type of apparatus
could possibly have provided information about oxidation rate. In the present
project, three different samples were tested at two different holding times (1 h and
4 h) and two different temperatures (1450°C and 1650°C). The tested samples were
9N electronic grade silicon, and two alloyed samples; 1 % Al 0.5 % Ca. The
purpose of alloying the electronic grade silicon was to mimic MG-Si and see how
the main impurities Ca and Al could affect the oxidation rate.

Cube shaped samples of approximately 3 mm size were placed on the BN

substrate and inserted into the furnace. After evacuating the chamber and flushing
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with Ar, the heating began. The camera recorded pictures every second. When the
goal temperature was reached, the samples were held for either 1 h or 4 h.
After the experiments, the samples were prepared in epoxy and polished for

metallographic investigation with EPMA.

3.5.2 Thermo gravimetric analysis (TGA)

In the very beginning of this project, TGA was used to measure the oxidation
rate of liquid silicon. Small chips of 9N grade silicon were placed in a BN crucible
(ID 5 mm) and heated to 1510 - 1600°C. The crucibles were stored at a constant
temperature of 105°C for a minimum of 48 h prior to the experiments to evaporate
any water present in the crucible material. Baselines showed that this low
temperature baking was necessary to obtain a reproducible mass loss in the
crucibles alone. Platinum suspension wires were used to hang the crucible from
the balance in the furnace. The samples were held for 1 or 4 hours under air-
vacuum, oxygen-vacuum or 20 mL/min flow of Ar under vacuum. The oxygen-
vacuum was done to control the oxygen potential in the furnace, thus the chamber
was first flushed with pure oxygen and then put under vacuum (1 mbar) before
heating. Other parameters that were varied were the crucible type (alumina
crucibles were tested) and temperature (it was discovered that 1510°C did not melt

the sample, thus 1600°C was used. The furnace temperature was not calibrated).
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4.1 Oxidation of liquid silicon

In the present investigation of active oxidation of liquid silicon, several
experimental methods and scales have been applied. The key results from the
different studies are presented in Table 4-1, where the scale and experimental
conditions are given. The results will be presented in terms of a short summary of
the publications they are given in, and then discussed in light of each other and
existing literature.

In Paper 1 and 2, the industrial measurements of fume formation are
presented. In Paper 2 the overall conclusion is that the surface oxidation of the
silicon during refining is the major mechanism for silica formation in the industrial
refining process, as opposed to SiO from the bubbles or splashing. Paper 2 also
shows the particle size distribution of silica from the refining compared to silica
from the furnace top, and it is found that the silica consists of spherical,
amorphous and nonporous particles (TEM and BET). In addition to the silica
particles, some few large particles 20 - 70 um in diameter were found (SEM),
assumed to originate from splashing of the silicon metal. The amount of silica
produced in kg/h is presented and found to increase linearly with the total amount
of gas purged through the melt in the refining, which is concluded to be caused by
the increased surface area exposed to the air due to more violent stirring with
increased gas rate in the purging. An estimate of the flux of silica in moles/m?s is
presented, but because of the difficulty of determining the actual surface area in
the industrial case, these values may be overestimates. The amount of silica

produces during refining is in the order of 0.8 — 1.7 kg SiO: per tonne Si produced.

65




4. Results and Discussion

Table 4-1: Key information and results from the three different scales of experimental
investigation of active oxidation of liquid silicon.

Experiment type Industrial Induction furnace Small-scale
measurements experiments experiments
Amount of Si ~7000 kg 1750 g 10g
Gas flow Turbulent, natural Laminar, forced Laminar, forced flat
convection impinging jet flow plate flow
Gas composition Ambient air Synthetic air, water Ar+0O
saturated air, air + Ar
Silicon surface Gas stirred, Induction stirred, flat | Still, flat

turbulent, not flat

Bulk oxygen partial
pressure with active
oxidation

0.21 atm

0.21 atm, 0.13 atm,
0.07 atm, 0.042 atm.

0.5-10% - 2-10° atm

Measured flux of 2.5-5.1kg/h = Dry air: 1.2-103 - 2.5-104-7.5-10+
SiO: 3.1-102-7.6-102 3.9:10 mol/m?s mol/m?2s
mole/m?2s * Wet air: 2.8-10-
mol/m3s
Diluted air: 3.5-10° -
6.5-103 mol/m?2s
Particle size (silica) | 56 — 66 nm 40 -91 nm ~50 — 200 nm **
(SEM) (BET) (not measured)

* Calculated from estimated surface area. Probably overestimates.
** Samples collected were mixtures from several experiments and polluted with other
materials, thus BET was not useful.

In Paper 3, a fundamental oxidation study of a stagnant liquid silicon surface
is presented. The experimental mass transfer coefficient was found and compared
to the theoretical and CFD-modeled mass transfer coefficient. The maximum bulk
oxygen partial pressure for active oxidation was found to be 2-:103- 5-10° atm. At
oxygen pressures above this, a silica film was formed on the silicon surface. The

oxidation rate was a linear function of the square root of the linear gas velocity

(vg%), which fits with the flat plate theory for the mass transfer coefficient (see Eq.

2.12). The reaction product from the active oxidation was the same as found in the
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industry; small amorphous particles with a spherical shape. Thus, the reaction
mechanism from the industry was reproduced, but not the rate (see Table 4-1).

In Paper 4, the results from induction furnace experiments are presented. In
this experimental setup, the situation found in the industry was mimicked in terms
of having a moving silicon surface (due to induction, as opposed to bubble stirred
in industry). Synthetic air was blown towards the silicon surface through a lance. It
was found that the flux of silica is a linear function of the linear gas velocity to the
power of %, which fits with impinging laminar jet theory. In addition to
experiments with pure synthetic air, humid and diluted air was also tested. The
former was performed to test the effect of water in the gas on the oxidation rate, as
most of the silicon plants in Norway are situated in humid environments by the
fjords. The dilution experiments were performed in order to determine the
dependence of the silica flux with increased gas flow (i.e. thinner boundary layer)
and with increased oxygen input per time unit. It was found that the flux of silica
increases significantly with flow and only incrementally with oxygen amount, thus
the factor determining the oxidation rate is the degree of transport of oxygen to the
surface. With a smaller boundary layer to diffuse through, the flux of oxygen and
thus silica becomes larger. The experimental SiO pressure at the surface was
calculated and found to be principally the same for all gas flow rates (0.0037 -
0.0068 atm), with only 25 % variation. This indicates that SiO will not accumulate,
but be transported away from the surface faster than oxygen is transported
inwards to the surface. The product in the experiments was the same as was found
in the industry, but the rate of silica formation was not reproduced. The oxygen
consumption was calculated and plotted as a function of boundary layer thickness

extracted from the CFD modeling. The utilization of oxygen increased with
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decreased flow rate, i.e. increasing boundary layer thickness. It was found that the
delivery of oxygen is not proportional to the gas flow rate. In the pure synthetic air
experiments, the oxygen utilization was 4 — 10 % of the total oxygen input
depending on the flow rate, but in the diluted experiments, the oxygen utilization
increased to 38 % (1:4 air:Ar). This is expected, as the flux of silica was found to be
similar for equal flow rates, even though the oxygen pressure is substantially lower
for the diluted experiments.

In addition to the one experimental setup with dilution presented in Paper 4
(1:4 air:Ar), two more dilutions were tested after submitting the paper for review,
namely 1:2 air:Ar and 3:2 air:Ar. The new results showed the same trend; the gas
flow rate is a more important factor in the oxidation rate than the oxygen partial
pressure in the bulk gas. The measured flux of silicon as a function of the gas
velocity to the power of % is shown in Figure 4-1, where all results are included.
While the results suggest that the flux of SiO: is increased with dilution,
experimental variations pertain that the measured results are within experimental
error, thus the silica flux is similar for the same flow rates. It is believed that the 3:2
diluted point at 10.7-10° mole/m?s is an outlier, and will not be included in the
discussion. A third parallel of this particular experimental setup is planned before

conclusive results are published.
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Figure 4-1: Results from induction furnace experiments. Measured flux of Si as a function
3
of gas velocity at lance tip to the power of % (V). The regression line is for the dry air

points only, with an R? value of 0.80.

The oxygen utilization in the small-scale and induction furnace experiments
are given in Figure 4-2 and Figure 4-3, respectively, plotted as a function of the
inverse of the gas velocity close to the surface. The points that are above 100 % in
the small-scale experiments are considered as outliers, as they are from the
experiments performed at short times and low gas flow rate, and thus the possible
effect of contamination of oxygen is higher than at longer experiments. It is clear
that the oxygen consumption increases with increased dilution and with lower

flow rate. A factor that may be of influence here is the sticking coefficient. The
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sticking coefficient was explored to some extent in Paper 4, where the flux
calculated from a theoretical mass transfer coefficient from impinging jet theory,
and a sticking coefficient of 0.01 gave the same result (in order of magnitude) as
the measured results. Thus perhaps it is not only the transport of oxygen, but also
the probability of the oxygen close to the surface to actually stick to the surface and

react with Si which is a governing factor in the rate of oxidation.
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Figure 4-2: Oxygen consumption in the small-scale experiments, plotted as a function of
the inverse gas velocity.
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Figure 4-3: Oxygen consumption in the induction furnace experiments plotted as a
function of the inverse gas velocity.

As an experiment, the oxygen consumption in the small-scale experiments and
the induction furnace experiments was plotted in the same graph. To normalize for the
very different oxygen pressures, the x-axis was set to P, /V,. The result is shown in
Figure 4-4. From the graph it can be seen that at high gas velocity, and/or low oxygen
partial pressure, the oxygen utilization is high, whereas at low gas velocity and/or

high oxygen pressure, the oxygen utilization is low.

71




4. Results and Discussion

120
# Induction furnace exp

@

®Small scale exp
100

80
g 7
= &
=2
£ 60 T
2 o)
8 &3
s 40 2¢
S B
2 *e
Q »*
20
*
O T T T 1
0 10 20 30

PO, [atm/(m/s)]

Figure 4-4: Calculated oxygen consumption in small-scale experiments (circle) and
induction furnace experiments plotted as a function of P, 1.

The flux measured in the induction furnace experiments are one order of
magnitude lower than that calculated from measurements in industry. However,
we cannot say that we have a good estimate of the surface area from the industry.
In order to find out if the industrial measurements and the induction furnace
experiments could be more comparable in terms of flux, the surface area needed in
the industry to obtain the flux from the induction experiments was calculated. At
the two highest flow rates, 21 and 26 m/s, the industrial surface area would have to

be 1.8 — 3.3 m?, and that is calculated from the lowest amount of fume measured in
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the industry; 2.5 kg/h. These values for the surface area might not be too far away
from what is possible in the industry.

Let us take a look at the estimated surface area in the industry. The estimation
of Si surface area from a spherical segment is shown in Figure 4-5, where the case
of a smooth surface (a) and a bubbled surface (b) are indicated. The surface of the

smooth surface may be directly calculated with Eq. 4.1:

A, =ﬂ(%+h2j 4.1)

Figure 4-5: Schematic of a spherical segment at the surface used to calculate the surface
area of the plume of silicon in the industrial refining. Inset a) represents the smooth
surface and b) the bubbled surface due to the refining gas arriving at the surface and
thereby increasing the surface area.
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When the width of the plume is 0.65 m and the height of the plume is 0.15 m we
get a smooth surface area of 0.4 m2 These values were used in Paper 2 for the
calculation of the industrial flux. To mimic the bubbles arriving at the surface
(Figure 4-5 b), we can divide this smooth surface into small bubbles of width and
height 0.0065 m and 0.003 m, respectively (typical modeled bubble diameters are 1
- 10 mm?" 7). The area of the plume is now 0.75 m?, which is an 82 % increase in the
surface area. As we do not know how big the bubbles arriving at the surface really
are, we can comfortably guess the surface area to increase with 100 % (to 0.8 m?)
due to the bubbles. Moreover, as we do not know the exact height of the plume
(the width was measured from pictures), we can assume for example h = 0.25 m,
and thus the doubled surface area (100 % increase) due to bubbles would be 1.1 m?2.
With this area and the smallest measured amount of silica of 2.5 kg/h, the flux
becomes 0.011 mol/m?s. This flux is still much higher than the flux found in the
small-scale experiments (2.5-10* - 7.5-10* mol/m?s), but is only approximately half
an order of magnitude larger than the measurements obtained in the induction
furnace at the highest flow rates (3.5-10° - 6.5-10° mol/m?2s). Furthermore, taking
the measurement uncertainty in the LaserDust MP into account (30 %), the values
may be even closer.

Assuming that the conclusion in Paper 2 is correct; that the measured increase
in silica production is mainly due to increased surface area of exposed silicon, then
the actual physical flux in mol/m?2s should be the same for all the measurements in
the industry (assuming that the gas flow rate above the surface is the same). This
implies that when the measured amount of silica was 5.1 kg/h, the surface area of
the silicon would have to be 2.2 m2 This is not an unimaginably large surface area

for such a dynamic surface as the one observed in industry. In fact, looking at
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videos recorded with an infra-red camera, the liquid metal is flowing onto the
peripheral slag-layer and back into the “plume hole”, thus a much larger surface
area than initially estimated is easily visualized. A snapshot-from one of the IR-

films is given in Figure 4-6, where the liquid silicon is indicated.

Dist = 10.0 Trefl = 20.0 € = 0.76

Figure 4-6: Snapshot from an infrared video of the refining ladle. Temperature scale to the
right. The plume is indicated with a dotted line, and the area of the actually moving liquid
silicon is indicated with a solid line.

The snapshot in Figure 4-6 shows that the actual surface area of moving,
exposed liquid silicon may be significantly bigger than if only the plume is

included in the estimation of the surface area. It is thus believed that the fluxes
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measured in the induction furnace and the actual flux in the industry is most likely
in the same order of magnitude.

There is a certain contradiction in the results found in the small-scale
experiments and the induction furnace experiments/industry: The boundary
condition for active oxidation of liquid silicon at 1500°C in terms of oxygen partial
pressure is in the order of 2:10% atm, but active oxidation is clearly happening in

air atmosphere ( p, =021 atm) in the industry and the induction furnace

experiments. This is a 100 times higher oxygen pressure than the maximum oxygen
partial pressure found by small-scale experiments and thermodynamically

calculated (theoretical p (max)= 8.6-10° atm). However, in reference to the result

found by Engstrom et al.**? (1991, 1992) and Lander and Morrison (1962)%; at low
coverage of adsorbed O-atoms at the silicon surface, the kinetically favorable path
for the Si-O units is to desorb as SiO rather than migrating together (slow) to
form an oxide layer. For a still silicon surface, like in the small-scale experiments,
the O-coverage can accumulate and become high, and thus there is a lower limit
for the oxygen partial pressure before the most favorable path for the Si-O units
becomes the migrating and oxide forming. Conversely, in the industrial refining
and the induction furnace experiments, the surface is moving with constantly fresh
silicon surface being exposed. It is easily imaginable that the O-coverage of this
dynamic surface is constantly low, and that the kinetically favorable path for the
Si-O units is to go off as SiO¢), even though the oxygen pressure is very high. The
S5iOg) is a counter flux to the incoming oxygen and is readily oxidized to SiOx),

which condense to become SiOx), now known as fume. It is therefore believed that
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the combination of the slow kinetics of the oxide forming mechanism and the

dynamic surface is what makes the active oxidation of liquid silicon in air possible.

4.1.1 Condensation of SiO,

The method presented by Kamfjord et al.” (2012), based on Ulrich’s*
equations (1971) may be used to calculate the formation time for a particle of a

specific size.

N :(x .ci ~t)7§ 42)
Yo
SA=—— C;f (43)
(X-t)
where
x —ac| el |'| M (4.4)
P 47N, p
47N, p Y
Y =§( d Ap) 4.5)
o\ 3M

Here, N is the concentration of particles [cm?], Co is the concentration of SiO:
molecules [cm?], ¢ is time [s], ¢ is the sticking coefficient, set to be 0.3 by Ulrich, kg
is the Boltzmann constant [1.38-10" erg/K], T is temperature [K], p is density of
SiO:z [2.2 g/em?®], M is molar mass of SiO2 [60 g/mol], Na is Avogadro’s number
[6.022-10% mol'] and SA is the specific surface area [cm?/g] (= 3/(p-r)). As Cois an
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unknown, if both equations Eq. 4.2 and Eq. 4.3 are rearranged to be equal to Co,
they can be set equal to each other, and thus the new equation can be rearranged to

find the time, t:

1

SA:

t=——
X-Y?-N

(4.6)

This rather simple equation may be used to calculate the time needed to form a
particle with a defined particle size. From the BET measurements, the average
particle size in the experiments in Paper 4 was found for the different experimental
conditions. If this particle size, together with measured flux, is used to calculate the
concentration of silica particles is in the “off gas” (N), all values in Eq. 4.6 are
known, and the formation time can be calculated. Using the theoretically
calculated mass transfer coefficient for SiO, the distance traveled during formation
can be calculated and compared to the boundary layer thickness extracted from
CFD. The measured particle size, calculated formation time, distance traveled and

boundary layer thickness are given in Table 4-2.

Table 4-2: Measured average particle diameter, calculated formation time and distance
traveled for the silica collected at different experimental conditions in the induction
furnace experiments, and the average boundary layer thickness from CFD modeling. The
gas velocities given are at the tip of the lance.

Gas velocity and 5m/s | 16m/s | 21m/s | 26m/s | 16m/s | 26 m/s
composition air air air air wet air | 1:4 air:Ar
Avg. particle diameter, nm 91 63 72 66 57 40
Calc. formation time, s 0.013 0.011 0.009 0.010 0.005 0.002
Distance traveled, mm 0.5 0.9 0.9 1.2 0.4 0.2
Average boundary layer
thickness from CFD, mm 4.6 32 3.0 25 3.2 2.5
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Using the combination of Ulrich’s equations, calculated mass transfer
coefficient and CFD-modeling, it may be shown that the distance the particles
travel during formation is approximately one order of magnitude shorter than the
boundary layer thickness. This indicates that the silica particles are formed within
the boundary layer and that a heterogeneous boundary layer is the most probable
case.

In Chapter 2, thermodynamic and kinetic tests given by Arato et al.”’ were
presented. In their paper, Arato and co-workers apply the described tests to the
case of tin. To find out if the formation and condensation of SiO2 happens inside
the boundary layer in the case of silicon at 1500°C, we may use the values

presented in Table 4-3.

Table 4-3: Values for the parameters
needed to evaluate the silicon system
according to Arato’s tests. The partial
pressures are only given in orders of
magnitude, as the tests are rough
estimations only, thus approximate
values are sufficient.

T 1773 K
P 1 atm = 100 000 Pa
° 103 atm
Po
2
poz,max 108 atm
Py 106 atm
Paio 102 atm
* -9
pSiOz,max 107 atm
A 107 m
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The equilibrium pressures for the different species are calculated with HSC
Chemistry® and the method described in Chapter 3.4.1, and the mean free path is
calculated from Eq. 2.19. The boundary layer thickness is set to be 0.5 cm, as in
Arato’s estimations. In this calculation, it is assumed that the maximum partial
pressure of SiO: is the thermodynamic saturation pressure, as Ulrich suggested
that a single SiO2 molecule is the minimum nucleus for nucleation and growth of
SiOz-particles. Using these values in Equation 2.17, 2.18 and 2.20, we can see that
Test 1 is not satisfied, Test 2 is not satisfied, but Test 3 is satisfied. In other words,
both the chemical thermodynamics and the kinetics favors formation of SiOx)
inside the boundary layer, but the kinetics does not favor the condensation. This
simple evaluation of the system leads to the assumption that there will not be a
heterogeneous boundary layer. However, the reaction between SiO and O: takes
place inside the boundary layer, thus some of the oxygen will be consumed before
reaching the silicon surface, according to this model.

From the Ulrich and Arato calculations, we now have two opposing
conclusions. However, the Ulrich calculation does not specify where the
condensation starts. Thus if the Arato calculation is correct, the condensation may
take place outside the boundary layer, and the distance traveled found using
Ulrich’s formation time and the theoretical mass transfer coefficient may just as
well be a distance traveled in the bulk gas. It is not possible to make a clear
conclusion from these rather simple and rough estimations, but it may be assumed
that while oxidation of SiO to SiO2-gas happens inside the boundary layer, the
condensation takes place outside the boundary layer.

The fume particle sizes from the induction furnace experiments at high gas

velocity in dry air are very similar to the measured average particle diameter in the
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silica collected during refining in the industry. The industrial average was found
from measuring and counting particles from SEM images, as the silica from SiO-
combustion were the particles of interest and not the splashing particles. Ulrich
suggested SEM particle counting as a subjective and imprecise method, and argues
that BET is the best method for determination of average particle size. The BET
measurements of the industrial samples gave specific surface areas of 13.2 - 14.9
m?/g, which corresponds to average diameter of 210 - 180 nm. The average
diameters calculated from particle counting however, were 56 - 66 nm, which is a
significant difference. However, as mentioned earlier, it was discovered some few
very large particles in the SEM images, 20 - 70 um in size, and these were not
counted in the particle size distribution, because they are assumed to come from a
different mechanism. By adding six such large particles (which is a typical number
of large particles observed in the SEM) with a diameter of 20 um to the particle size
distribution from the SEM, the average particle diameter increased to become 189 -
210 nm, which corresponds to the BET measurements. Thus in the case of
industrial samples it can be concluded that the particle counting from SEM images
is the better method, rather than BET, to obtain an average particle size for the
silica. BET counts in the splashing-particles, which makes the measurements

wrong when considering particles from the surface oxidation only.

4.1.2 CFD modeling

As part of the same overall project, CFD modeling has been used in several
occasions as a tool to better understand the flow fields in the gas phase above the

silicon melt. The industrial refining has been explored in two publications by Jan

81




4. Results and Discussion

Erik Olsen® ¢ (with the present author as co-author), and a short summary of the
results will be given here.

In the paper from 2011%, a sensitivity analysis of the factors affecting the rate
of fume formation in a silicon refining ladle was performed. Effect of temperature
in the melt, emissivity of the melt, exposed melt surface area and different lid
designs were tested. It was found that the temperature is not a governing factor, as
the fuming rate was more or less the same at 1527°C and 1627°C. The emissivity of
the silicon surface was found to be a significant factor when the exposed silicon
surface is large (>1 m?), but at lower surface areas the effect is minor. The most
significant factor for fume formation was the exposed silicon surface area,
confirming the experimental observations in Papers 1 and 2. The flow in the air
above the ladle was modeled, and the natural convection driving the air towards
the surface along the center axis gave a radial gas velocity of 0.5 - 1.5 m/s close to
the surface.

It was found that an edge lid has little effect on the rate of fume formation.
This lid design is typically practiced in the silicon industry today, with the main
purpose to gather the fume for better capture. A modeled lid situated in the center
of the ladle reduced the fume formation significantly. This was explained by the
flow pattern, and that the center lid blocks the air driven towards the silicon
surface. A center lid would probably not be very practical in the industrial
situation, as sampling of the melt and temperature measurements are done in the
center where the silicon is open to the air (the plume).

In the second CFD-paper concerning the industrial fume formation®, another
sensitivity analysis was made. The tested parameters were surface area,

temperature, nitrogen flux through the melt (from refining bubbles), silicon
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emissivity, adsorption coefficient of the gas/fume and reaction rate of the reactions
included in the model. All parameters were increased with 10 %, and the response
in fuming rate was found. Again, by far the most important parameter was the
surface area. A 10 % increase in the nitrogen flux through the surface reduced the
fume formation by 5 %, thus it is not a major factor, but it cannot be left out in the
modeling of fume formation. All the other parameters were found to have a minor
effect on the fume formation.

The output parameters of interest in the CFD modeling of the industrial
refining and the induction furnace experiments were the amounts of fume from
measurements/experiments compared directly to the model. Early attempts on
modeling the fuming rates yielded an overestimate of the fume formation. This
was due to an incomplete description of the reaction scheme at the interface
between gas and silicon. Thus proper mass balances needs to be incorporated into
the model. The new model accounts for oxygen penetrating into the metal and
reacting with silicon to form SiO gas. The stoichiometry of this reaction needs to be

reflected in the model stating that Jg, =-2J, in conservation of molar flux at the

interface. Together with the general expressions for fluxes in gas and metal, this
leads to an appropriate mass balance model at the interface. Results based on this
model display good correlation to the measured flux of silica in the induction

furnace experiments, shown in Figure 4-7.
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Figure 4-7: Comparison between the experimentally measured fluxes (¢#) with varying gas
flow (L/min) of synthetic air, and the CFD modeled flux (solid line).

It is planned to use the new and more complex model in the modeling of the
ladle refining to obtain a more accurate model of the industrial fume formation

rate.
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4.2 Element distribution

A large measurement campaign was performed at a silicon production plant
where the results presented in Papers 1 and 2 concern the quantification and
characterization of the fume. Simultaneously, we sampled all ingoing and
outgoing phases of the refining ladle, in order to obtain a complete element mass
balance and distribution analysis of the refining ladle, similar to the one developed
by Myrhaug and Tveit/Garcia and Myrhaug for the production furnace. From eight
ladles, a total of 105 samples were collected. The samples were crushed and
analyzed with HR-ICP-MS for 62 elements, both main elements and trace-elements
were studied. These results are presented in papers 5 and 6.

Paper 5 mainly focuses on measurement errors in the sampling, and
estimation of emissions via the fume. Sample treatment processes were also
assessed. The goal was to obtain a total measurement error for estimating annual
emissions of elements via the fume. Several sources of error involved in the
sampling process and sample treatment were estimated. The main parameter of
variation was found to be the production process itself. In addition, the
measurement of amount of fume involved a rather large source of error due to
variations in fume amount during tapping and thus a large standard deviation.
For the distribution analysis, the major source of error was found to be lack of
homogeneity in the slag samples. It was found that ICP-MS is not suitable for all
elements, especially those present in concentrations lower than the instrumental
detection limit (IDL). However, it is argued that the analysis of all elements with
satisfactory detectability and relative standard deviation in the ICP-MS was correct
in the order of magnitude. Consequently, the measured amounts of trace-elements

in the fume can be used to estimate annual emissions of toxic and environmentally
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harmful elements. In Paper 5, lead (Pb) was used as an example, and the estimated
loss of Pb via the fume from the ladle was found to be <1.9 kg per year.

In Paper 6, the main focus was the distribution of elements between the three
outgoing phases; refined silicon, slag and fume. The distribution was evaluated
with respect to the boiling point and thermodynamic properties of the elements.
The recovery for all elements was calculated from the measured results, and was
found to be satisfactory for all elements when using the minimum-maximum
concentration values found in Paper 5. The measured concentrations in the input
phases (tapped silicon, flux material and cooling metal) were used in a
thermochemical model, where known input amounts of refining gas and additives
were used. The modeled end-concentrations of 19 (17 for slag) elements were
compared to the measured concentrations in the output phases. The modeled
results were in the same order of magnitude for 13 elements in the refined silicon.
However, in the slag only Al, Ca and Mg were in the same order of magnitude. All
other modeled elements in the slag were far from the measured values. In the
fume, none of the 19 modeled elements fit with the measured data. However, the
evaporation of impurities from silicon metal is likely controlled by kinetic factors,
rather than thermodynamic. Therefore, it is expected that the discrepancies
between equilibrium calculations and measured values for fume are relative large.
These results show that there is a need for fundamental thermodynamic studies of
trace-elements distribution in the silicon refining process, especially for slag and
fume/gas.

The elements not included in the model due to lack of thermodynamic data,
were discussed with respect to the boiling point and oxidation potential. Most

elements with a more negative oxidation potential than silicon was found in the
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slag, however some elements (such as Th, Hf, U, and Pr) were present in such low
concentrations that they would not be refined from the silicon. It is assumed that
the activity coefficients of these elements show negative deviation from ideality.
Some elements with high boiling points were found in high concentrations in the
fume. These elements (such as Ag, Pb and Zn) were found to have high vapor

pressures at 1500°C, and thus they will readily report to the fume.

4.3 Other investigations
4.3.1 Wettability

The results from the experiments performed in the sessile drop furnace
showed that there was no significant loss of silicon (the size of the drop did not
decrease significantly). Thus active oxidation of the silicon did not occur to a large
extent, even though the oxygen pressure inside the chamber designates that the
system would be in the active oxidation range. In the EPMA images, a layer of SiC
was found on the silicon surface, as can be seen in Figure 4-8. This indicates that
the atmosphere inside the furnace is not Ar with Oz at 10" atm partial pressure,
but rather that the oxygen has reacted with the graphite in the furnace to form CO

gas, which further reacted with silicon to form SiC:

2Siy, +CO,

o) — SIC,, +SiO,) 4.7)

As a decrease in the drop size was not observed, the production of a SiC layer
must have passivated the surface early in the experiment and hindered further

reaction between Si and CO, which also forms SiO.
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Figure 4-8: EPMA mapping of a typical sample from the wettability experiments. The
sample is pure silicon held at 1450°C for 4 hours.

All samples showed the same behavior with the SiC layer, the lack of any
significant oxide layer and no reduction in size. Consequently, it was concluded
that the sessile drop method in a graphite furnace is not suitable in the
investigation of active oxidation of silicon. If the furnace had an alumina interior
and a different heating element, the method would probably be more appropriate

for this type of investigation.

4.3.2 TGA

The first series of TGA experiments were run with an air-vacuum
atmosphere, and a linear decrease in the weight was observed. However, as gases
are far from ideal when in vacuum at high temperature, there was no way of
knowing or estimating the oxygen potential inside the furnace. As such, the results
were not useful to conclude regarding the oxidation rate with respect to the
oxygen pressure.

A new experimental setup was used, where pure oxygen was evacuated to a
pressure of 10 atm. This led to failure in the furnace, where the BN crucible and

the silicon reacted both with each other and the suspension wire and fell down.
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This resulted in an expensive repair of the equipment and three weeks down time
for the TGA. A different wire was tested, however with the same result.

The third experimental setup was with pure oxygen under vacuum and an
alumina crucible. In this case the crucible cracked and fell down, and the
experiment was stopped. The failure of the crucible happened after some time, so
some data were recorded, however, glassy silica was found on the suspension
wire, which in turn would affect the recorded weight of the sample.

After several runs and different experimental setups, it was concluded that
the TGA was not suitable for investigation of active oxidation of liquid silicon.
Either the weight loss was good and reproducible, but then with no information on
the oxygen concentration, or, the oxygen concentration was known, but reactions
between silicon, crucible and/or suspension wires led to expensive failure of the

equipment.
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Conclusions and Future work

5.1 Conclusions

In the investigation of active oxidation of liquid silicon, experiments on three

different scales have been performed; industrial measurements, induction furnace

experiments, and small-scale experiments. Furthermore, an element balance of 62

elements between gas and condensed phases in the industrial refining ladle has

been performed, and the accuracy of the measurements has been evaluated for

emission reporting purposes. CFD modeling and thermochemical modeling have

been used to complement the experiments and measurements and to increase the

understanding of the measured results

The questions asked in this work have been:

1.

How much silica fume is produced during industrial refining of silicon, and
what are the factors determining/limiting the rate of fume formation?

What is the main mechanism for fume formation in industrial silicon refining?
What are the characteristics of silica fume (particle size, shape, structure,
elemental content) and what characterization methods are applicable to
determining these properties?

What are the boundary conditions for active oxidation of liquid silicon, and
how does it vary with oxygen pressure and gas flow rate?

Is gas flow rate or amount of oxygen available the most important factor for
the fume formation kinetics?

When and where does the SiO combust to form SiO:, and does the silica

condense inside or outside the boundary layer?
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7. What does the fume from the industrial refining ladle contain other than SiO»,
and where do these impurities come from? A mass balance on the refining
ladle is needed.

8. With what level of accuracy can elemental distribution between condensed
and gaseous phases in industrial silicon refining be determined for emissions

reporting purposes?

The research questions are answered in the three following sections.
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5.1.1 Oxidation mechanism and kinetics

D

2)

3)

4)

In the silicon refining process the amount of fume formed is in the order of
0.8 — 1.7 kg SiO:2 per tonne Si produced, depending on the purging rate. Fume
from tapping and refining combined is in the order of 7 — 13 kg SiO: per
tonne Si.

Exposed surface area is the major factor determining the rate of fume
formation in the industrial refining process. Availability of oxygen is the
limiting factor for SiO) and subsequent fume formation.

The main mechanism of fume formation in the MG-Si refining is active
oxidation of the liquid silicon surface in contact with air. Splashing of the
metal due to the gas stirring and SiO) from the refining bubbles are minor
but contributing mechanisms.

The silica found in industry, small-scale experiments and induction furnace
experiments has the same characteristics; amorphous, spherical and non-
porous particles with average particle size in the range 40 — 92 nm. Primary
particles with diameters down to 10 nm are found in the industrial fume. The
size of particles is concluded to be a function of the temperature and flow
condition under which the particle has nucleated and grown.

The maximum bulk oxygen partial pressure for active oxidation of a still
silicon surface is 2-10-* atm. The flux of silica is linear with the square root of
the gas velocity in the laminar flat plate gas flow regime, and a linear
function of the linear gas velocity to the power of % in the impinging laminar
jet flow regime. These experimental mass transfer dependencies on the gas
velocity are in accordance with the theoretical mass transfer for their

respective flow fields. It is believed that the mass transfer in the industry will
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be closer to the induction furnace experiments with the impinging jet, due to
the gas flow above the silicon surface induced by natural convection in the
industrial situation.

5) Gas velocity close to the surface (i.e. the boundary layer thickness) is a more
important factor in the rate of fume formation, than the oxygen partial
pressure in the bulk. SiO will not accumulate at the surface, but be readily
removed and further reacted with incoming oxygen. The transport of oxygen
to the surface is the primary factor determining the fume formation.

6) It has been theoretically demonstrated that SiOz2g may be formed inside the
diffusion boundary layer, but that the kinetics of silica gas condensation is
slow, and thus the formation of the silica particles by condensation will most

probably take place outside the boundary layer.

It is believed that the movement of the surface is the reason why the active
oxidation can take place in air. The uncovered silicon surface is constantly
renewed, and the kinetically favored path for a Si-O unit is to go off as SiO when

the coverage of O-atoms at the Si-surface is low.
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5.1.2 Element distribution in the refining ladle

7)

8)

The element distribution in the industrial refining ladle has been
experimentally determined for both main and trace-elements. The
equilibrium concentration of 19 elements in the silicon and fume, and 17
elements in the slag was thermochemically modeled and compared to the
industrial measurements.

For 13 of 19 elements with known activity coefficients in silicon, their
modeled concentration in the silicon phase is in agreement with measured
values from industry. The thermochemical model for the slag did not agree
with the measured values for 14 of 17 elements (only Al, Ca and Mg were in
agreement). For the fume, the thermochemical model did not agree with the
measured values for any of the 19 elements modeled.

For the elements with no thermochemical information, most pathways are
predicted by looking at the boiling point and oxidation potential. The
elements not following these theories either have a high vapor pressure (high
boiling point but found mostly in fume) or are believed to exhibit negative
deviation from ideality in liquid silicon (found mostly in silicon, but should
have gone to the slag).

It is possible to predict fugitive emissions of 62 elements for reporting
purposes (order of magnitude) using the method presented in Paper 5.
However, fundamental investigations are needed for a more accurate
thermochemical prediction of trace-elements pathways in the silicon refining

ladle.
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Elements with measurable higher concentrations in the fume than in slag and
silicon are Ag, As, Bi, Cd, Cu, Ga, In, K, Mg, Na, P, Pb, Rb, Sb, Se, Sn, T1, and

Zn, with all being in the ppm range.
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5.1.3 Methodology

3) Particle counting from SEM images is, in the case of industrial samples, the
better method to obtain an average particle size for the silica, rather than BET.
The industrial samples contain splashing-particles, which alter the average
particle size measurements greatly and obscure the result when the particles

from the surface oxidation are the only particles of interest.

A new CFD model with a complex reaction scheme has been developed. This
model may be used to quantitatively model the rate of fume formation in the Si-O
system, and thus predict the amount of fume formed in the industrial silicon
refining process.

When using measured amounts of fume in the units kg/h to calculate the flux
of SiO2 (mol/m?s), care must be taken when estimating the surface area of exposed
liquid silicon. It has been shown that a simple calculation of the plume surface area
from a spherical segment with a smooth surface is not accurate: Both bubbles on
the plume surface and secondary surfaces from the flowing of silicon onto the slag

layer must be taken into account.
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5.2 Future work

There are still several unanswered questions that are recommended to
investigate further. Areas suggested for further work are

v Extend medium scale experiments to get a larger data set in order to develop
a more comprehensive empirical model for the fume formation. This
empirical model together with the developed CFD model will bring a more
accurate basis for predicting the rate of fume formation in the industrial
refining of metallurgical grade silicon.

v' Simulate the refining process in the induction furnace to obtain a more
controlled environment in order to get a more accurate element distribution
model. Results may be used for validation and/or expansion of the
thermochemical databases.

v Include gas measurements in the industrial distribution measurements to
detail the gas and fume phase composition in the elements distribution in the
refining ladle to get a better consistency towards the thermochemical model.

v" Re-evaluate the gas phases in the thermochemical model.

v" Use molecular modeling to verify that the dynamic surface is the reason for
the active oxidation in air by testing the oxidation reaction at varying degree

of oxygen coverage.
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Abstract

In oxidative ladle refining (OLR) of silicon, the metal surface is oxidized resulting in the
formation of a condensed silica fume (SiO;). In the current work, industrial measurement
campaigns were performed aiming to measure the fume generation during OLR. A thorough
discussion of the possible mechanisms has been included in order to improve our understanding
of the Sig)-Ox(g) system.

The measurement campaigns were performed at the Elkem Salten plant in Norway. In
addition to fume generation from OLR, the metal temperatures and ladle purge gas amount were
recorded. The results of this work suggest that fume generation during OLR results from
splashing of the metal and/or oxidation of the metal surface, with oxygen transport to the metal
surface being the limiting factor. Other mechanisms of SiO; formation were investigated,

however insignificant.

Introduction

One of the main environmental and economical challenges facing the metallurgical
industry is fugitive emissions of both materials and energy. In the production of metallurgical
grade silicon (MG-Si), refining of the silicon generally takes place through an oxidative ladle
treatment (purging with an air-O, mixture). In the refining process, exposure of silicon to air
results in the formation of condensed silica fumes (SiO2) — one of the main sources of fugitive
emissions in silicon production plants. The oxidation of liquid silicon, as opposed to solid
silicon, has not been widely studied and described in the literature [1], thus a thorough
investigation of the oxidation mechanisms, and factors affecting the oxidation reaction rate are
essential in order to deal with the problem. In the current work, the rate of liquid silicon

oxidation has been studied through industrial measurements of fume generation from refining
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ladles, where the purge gas rate and composition have been varied. The results from these
measurements were discussed in light of existing models describing the liquid silicon oxidation

kinetics.

Theory

The oxidation of liquid silicon is widely accepted as a process consisting of two steps:
formation of volatile SiO gas, followed by combustion in air to form SiO; [2]:

Siyy +30,,, = SO, o

Si0,, +30,,, = Si0y,, 2)

2(g)

The heterogeneous reaction between oxygen and liquid metal takes place at a phase boundary.
As illustrated by Figure 1, the reaction involves mass transport of gaseous or liquid species from
the bulk through a boundary layer to the interface, where the reaction takes place. The chemical
reaction is generally considered to be very fast due to the high temperature, thus the rate limiting
step for the oxidation is mass transfer of reactants o the interface and/or reaction product from
the interface [3]. The process is thus referred to as diffision controlled. In addition, there will be
a counter flux of carrier gas (nitrogen in the case of oxidation in air), and also a condensed phase
of SiO, may be present. All of these species constitute the boundary layer through which the
oxygen must diffuse to reach the reaction interface.

Gas phase

& Boundary layer, gas

+— Interface

Boundary layer, Si,

Melt phase

Figure 1: A sketch of the mass transport mechanisms in the system. The Ci” are the bulk
concentrations, The C; are the concentrations at the interface, and 6 is the thickness of the
boundary layer.
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The diffusion of Siy and Oy to the interface will be strongly affected by the chemical reaction
(eq. 1); the concentration of silicon and oxygen at the interface will approach zero, due to the
rapid reaction between them [4].

Carl Wagner’s theory about active and passive oxidation of silicon [5] is well known and
widely used and modified in theoretical modeling of the oxidation of liquid metals. At low

oxygen partial pressures above the surface, reaction (1) will take place and a partial pressure

Pgo is obtained. If the pg,, at the surface is lower than the equilibrium partial pressure, Psiogeas

from the reaction:

LSi, +48i0,,, =2 SiO,, 3

the surface of the stlicon will stay uncovered by SiO; and SiO will continue to form. This is the
state of active oxidation, where the rate of attack is increasing with increasing oxygen partial

pressure. When the partial pressure of SiO reaches the Psioceq - @ layer of 8i0; may be formed at

the surface, and there is a transition from active to passive oxidation.

Wagner makes an important assumption prior to the derivation of the equations for the
rate of oxidation; the reaction between Si and O, has a low activation energy, thus the reaction is
rapid and the partial pressure of oxygen at the surface, p;z is low, - much lower than the bulk

partial pressure, pgz . The derived equation for the consumption of silicon in gram-atoms per unit

area per unit time, j;, during active oxidation is according to Wagner

. 2POZDDO2

= 4
Is 8, RT @

where D, is the diffusion coefficient of oxygen through the boundary layer with thickness &, ,

R is the gas constant and T is the absolute temperature. The rate of oxidation is determined by the
supply of oxygen for the formation of SiO. When p;2 becomes larger than p;z (max), the rate of

attack becomes

o= Dyyo Poic * - Do K
s =
O50RT (pf;z )% O5oRT

&)
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where Dsio is the diffusion coefficient of SiO molecules, dsio is the effective thickness of the
boundary layer for diffusion of SiQ, pg, is the SiO pressure at the surface and K is the
equilibrium constant for the reaction in equation (2). The partial pressure of SiO at the surface
will increase linearly with p;l , and is equal to the equilibrium partial pressure (1.5%107 atm, at T

= 1410°C) when the oxygen pressure reaches maximum (6.1* 102 atm, at T = 1410°C). Here, the
SiO pressure drops to a value eight orders of magnitude lower. As seen in equation (5), the
steady state rate of attack is proportional to the surface partial pressure of SiO, thus the rate will
drop when the SiO pressure drops [5].

Wagner does not discuss the fate of the SiO gas except when the partial pressure of
oxygen reaches the critical point of formation of SiO,. It might be crucial to take into
consideration the counter flux of N, and SiO inside the boundary layer, and also the possible
presence of Si0O,, which would be a fog of condensed phase — oxidized SiO gas. Hence, the
system is probably more complex than pictured by Wagner, and the flux of oxygen is most likely
altered by these influences.

Ratto et al. [1] extended Wagner’s theory and made it more general. With extensive
derivations they took into account the counter flux of SiO-gas and also derived a transport
regime with a heterogeneous boundary layer, where condensed SiO, was present. They
considered the two limiting cases of null reaction and instantaneous reaction in the boundary
layer, with local equilibriums. They compared their results to Wagner’s results, and found that
the fundamental concept is in complete agreement; however, the fluxes of each chemical species
in the layer will be entirely different, due to the reactions in the boundary layer [1]. This

discrepancy is shown schematically in Figure 2.

Figure 2: Pressure profiles of the species in a heterogeneous boundary layer. £ is the non-
dimensional distance from the surface; z/8. Dotted lines = no reactions (Wagner), solid lines =
instantaneous reactions in the boundary layer. Modified from Ratto et al.[1].
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In the heterogeneous layer with instant reactivity case, i. e. the SiO oxidizes to SiO; instantly as
it meets oxygen on its way out of the layer, Ratto et al. came to an important conclusion: the
oxygen concentration at the surface of the molten silicon will be very low and does not change
with increased bulk concentration of oxygen. An increase in the bulk oxygen partial pressure will
only increase the oxidation/combustion of the SiO gas. This implies that saturation will never
occur and active oxidation will just go on without passivation [1]. The relative pressure profiles
of oxygen, SiO and SiQ; in the heterogeneous system with null and instant reactions can be seen
in Figure 2. In Wagner’s approach (null reaction, dotted lines) the concentration profiles are
linear, and in the case of instantaneous reaction they are strongly non-linear.

In the industrial ladle refining case, more complexity is introduced to the system as an
oxygen/air mixture is purged through the metal from the bottom of the ladle. This generates a
turbulent environment for the oxidation, combined with the continuous exposure of new silicon

surface to the ambient air.

Experimental

Two industrial measurement campaigns were carried out at Elkem Salten in April and
August, 2010. The tapping of the silicon was discontinuous during the measurements, in order to
record only the fume formed during refining, rather than the fume from the tapping. The rate and
composition of the purging gas were varied in order to see whether this would affect the rate of
the fume formation.

Videotapes of the refining process, in addition to measurement of the amount of SiO;
formed, were recorded. The equipment used to measure SiO; amounts in the off gas channel was
a LaserDust MP with process parameters 200°C, 1013 mbar and 1.2 m measuring path. The
apparatus had a relative error of 2 % in the measurements, however it was not calibrated for this
kind of fume particles. It is a reasonable assumption that the measurements have an absolute
error of 30% [6].

At the time of the measurements, the temperature in the metal was in the range of 1450-
1500°C. Gas temperature measured at ~0.5 m above the metal was typically in the range of 370-
500°C. Figure 3 shows the location of the LaserDust MP, and how a ladle top/silicon surface

typically looks like during refining.
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Figure 3: Left: A photo of the top of a ladle with silicon being refined, showing the dynamic nature
of the silicon surface and the air above. Right: Photo of the LaserDust MP installed at the off-gas
channel.

There is a layer of slag and solidified silicon along the perimeter of the silicon, and the exposed

area of liquid silicon was typically in the range 0.3-0.5 m’, when we take into account that the

surface is curved up convexly from the stirring of the refining bubbles.

Results

The average amounts of silica fume measured in the off-gas are shown in Table 1, and
plotted against the amount of oxygen and total gas flow in Figure 4. For the varying total gas
flows, the measured amounts correspond to 31-71 mg/mzs of Si0, (0.051-0.119 moles/m?s of
Si0,). It indicates that the rate of oxidation is increased with increasing total gas flow; however,
it is neither significantly affected by the concentration of oxygen in the gas nor of the oxygen

flow rate.

Table 1: The numerical values from the silica fume measurements, with calculated standard
deviations in parentheses. Amount of oxygen and total gas flow rate is also included.

Measurement # 1 2 3 4 5 6
Si0,, mg/Nm® 111 (20) 126 (15)  71.9(99) 127(80) 969(82) 659(10)
Si0y, kg/m’h 146(2.7) 256(3.1) 14620 213(1.3) 162(14) 11017
Oxygen flow, m*/h 5 10 5 4 18 4
Total gas flow, m*/h 15 24 8 21 22 8
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Figure 4: Amount of oxygen and total amount of gas in the refining,
plotted against the measured amount of silica fume (kg/m’h).

If we use these values of fume amount, and a diffusion coefficient for oxygen of D, =3.84 cm¥/s

from Ratto et al. [1], we can calculate the thickness of the boundary layer at 1500°C using
Wagner’s equation for active oxidation (eq. (4)). The thickness is then in the range 0.93-2.2 cm,
assuming that the temperature does not change significantly within the boundary layer (which
would affect the diffusion coefficient). The thickness of the boundary layer decreases with higher
total gas flow.

In an initial CFD study, it was found that the supply of silicon to the surface was 10 kg/s.
This is several orders of magnitude larger than the measured amounts of fume, thus it may be

concluded that the availability of silicon is not limiting in this case [7].

Discussion

In the discussion of the formation of condensed silica fume during OLR, it is also
important to consider the different paths in which the silica fume formation in the industry may
occur. Three different oxidation paths may be envisaged, as outlined in Figure 5. The first
scenario is that the SiO-gas formed in the refining bubbles is oxidized as the gas is released at the
top. The second possibility, referred to as splashing, is where the bubbles from the purging gas
will drag silicon up in the air, in which the droplets will oxidize to SiO,. The last possibility is
the surface oxidation, where the continuous exposed surface of liquid silicon is oxidized by the
oxygen in the air above.

As the rate of formation of silica fume is independent on the amount of oxygen in the
refining gas, it is probably the dynamic mechanisms in Figure 5b and c which are most

dominant.
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Figure 5: Simple sketch of the possible macroscopic mechanisms in the ladle: a) oxidation of SiO
in the bubbles from the refining, b) oxidation from splash of liquid silicon due to the drag of the
purge gas (PQ) in the bubbles, and c) surface oxidation when in contact with oxygen in air.

In addition to the results from the industrial measuring, the amount of SiO; formed due to

SiO from the bubbles was estimated using Tang’s equation for the SiO-pressure in the bubbles

31

[ exp(11.13+39464/T

P(Si0) =
(50 \ exp(—23.66+113623/T

®

where T is the absolute temperature. The estimated amount from equation (6) was orders of
magnitude smaller than the measured amounts of fume, thus found insignificant. This supports
our result that the amount of silica fume formation is not significantly affected by the oxygen
amount in the purging gas in the present set-up.

Even though we can exclude SiO from the refining bubbles as a dominating macroscopic
mechanism, we cannot decide which of the other two dynamic mechanisms is dominating. The
splash of metal caused by bubble drag will increase with increasing gas flow rate, however, the
surface area of liquid silicon available for oxidation will also increase. Thus we cannot say with
certainty which of the two dynamic mechanisms is dominating, and both may contribute to the

silica fume formation.
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A problem with comparing the models of Wagner and Ratto et al. with the system in a
real situation in the ladle is that the silicon surface is turbulent and moving, which leads to active
oxidation even though there should have been a passivation, according to Wagner. The
complexity of the boundary layer most likely slow down/hinder the oxygen transport to a large
extent, making the supply of oxygen to the surface low enough to get active oxidation, Although
Ratto et al. operates with much lower bulk oxygen pressures than ambient air in their derivations,
it might be that their theory about the heterogeneous layer with instant reactions applies in our
system. The oxygen in the air which is transported through the boundary layer meets a flow of
SiO and is instantly consumed to such an extent that the true oxygen partial pressure at the

silicon surface is in the active oxidation range.

Conclusions

Resuits from industrial measuring campaigns where oxidation rate have been measured,
show that the rate of oxidation of liquid silicon increases with increasing gas flow in the refining
process. Theory and preliminary CFD modeling suggests that the rate limiting step in the surface
oxidation is the oxygen transport to the surface, however, the dominating dynamic mechanism is
not final from these results.

Further evaluation of this system should be considered by doing modeling with CFD and
more advanced theoretical calculations. Examination of collected silica fume from the off-gas
channel with SEM is planned, in order to investigate the morphology and thus the dynamic
mechanisms. In the future we intend to perform small scale laboratory experiments, in order to

investigate the system in a more controlled environment.
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Abstract During oxidative ladle refining (OLR) of silicon, the metal surface is
partly oxidized, resulting in the formation of a condensed silica fume (SiO,). This
fugitive emission of silica represents a potential health hazard to the workers in the
silicon and ferrosilicon industry. In the current work, industrial measurement
campaigns aimed at recording the fume generation during OLR were performed at
the Elkem Salten plant in Norway. The measured amounts of silica produced were
2.5-5.1 kg/h, depending on the gas flow rate in the refining process. The rate of
silica production correlates with the total flow rate and amount of air in the purge
gas, and increases as the flow rate increases. The results of this work suggest that
fume generation during OLR primarily results from oxidation of the exposed metal
surface, with oxygen transport from the surrounding atmosphere to the metal surface
being the limiting factor. Other identified mechanisms of SiO, formation were
splashing of the metal and/or oxidation of SiO gas carried with the refining purge
gas.

Keywords Liquid silicon - Ladle refining - Oxidation mechanism - Kinetics -
Condensed silica fume

Introduction

An important step in the production of metallurgical grade silicon (MG-Si) is the
oxidative ladle treatment of liquid silicon produced in the carbothermic process,
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with the purpose of purifying the melt from the main impurities, which are
aluminum (Al) and calcium (Ca). The treatment is usually performed by purging an
air-oxygen mixture through the melt by a nozzle in the bottom of the ladle into
which metal is tapped from the electric arc furnace, preferentially oxidizing the
impurities into a slag phase [1]. As a result of the contact between liquid silicon and
oxygen in the air, silica fume is produced.

While the ladle is under a fume hood, the silica fume formed during refining may
be captured. However, when a ladle containing liquid silicon is not kept under a
fume hood, or the ladle is transported in the melting hall at the plant, i.e. during
casting, the fume is not captured. These fugitive emissions represent a severe indoor
environment problem in the silicon and ferrosilicon industry and a potential health
hazard for the employees working in the plant [2]. In order to reduce the emissions,
a better understanding of the mechanisms and kinetics of the rate of fuming under
different conditions, is imperative.

While the oxidation of solid silicon is reasonably well documented due to its
importance in the electronic industry, the oxidation behavior of liquid silicon is not
widely studied [3]. Wagner [4] studied the phenomenon theoretically in 1958, and
presented a well-known theory for the oxidation reaction and its boundary
conditions. In 1963, Turkdogan et al. [5] published extensive experimental work on
vaporization and oxidation of several liquid metals, and presented a general theory
for oxidation of all metals. Wagner and Turkdogan’s theories are widely used and
modified in later works, however there does not seem to be a consensus about the
boundary conditions and reaction scheme in the Si—O system [6]. The present work
is aimed at understanding and determining the rate of oxidation in the industrial
processing of silicon. The data will be used, together with existing theories, to
develop a model of the oxidation of liquid silicon for industrial prediction of silica
fuming rate.

The Mechanisms

When the gas mixture is bubbled through the liquid silicon, there are two possible
oxidation reactions occurring in the bubble; the direct oxidation of silicon, where a
solid or liquid oxide/slag of silica (Si0O,) is produced (passive oxidation, according
to Wagner), and the partial oxidation, where the gas silicon monoxide (SiO) is
produced (active oxidation, according to Wagner):

Sig) + Oz(g) — SiOxsyy) (1)

28i() + Os(g) — 2Si0(y) (2)

By assuming that the activities of silicon in the melt, and silica on the melt-gas
bubble interphase are close to unity, the equilibrium constants of reaction (1) and (2)
can be used to calculate the equilibrium SiO partial pressure, psioceq), inside the

bubbles at a given temperature 7, using thermodynamic data from the FactSage
thermochemical database [7]:
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exp(11.13 + 39464/T) 3
exp(—23.66 4 113623 /T)

Psio ~

At a certain critical temperature, T, the SiO, product becomes unstable, and the
only oxidized product is SiO(,) due to the reaction

Si) + SiOy(s/1) — 2SiOy) (4)

The amounts of SiO and SiO, formed in and on the bubble, respectively, are
expressed in Fig. 1. Above the critical temperature, the only oxidation product is
Si0, which leads to no refining and loss of silicon.

In the present case, this critical temperature is only dependent on the amount of
oxygen in the purge gas, and increases as the oxygen content in the gas increases.
An approximate numerical expression for the critical temperature may be derived
from Eq. (3) and the equilibrium constant of reaction (4) [7]:

Terie = 1874.7 + 88.533 In(x) (5)

where x is the initial molar fraction of oxygen in the purge gas, and the temperature
is in degrees Celsius. When the bubbles reach the surface of the silicon in the ladle,
they burst and the SiO,, is released into the air above, where it combusts and
oxidizes into SiO,(,). Thus, the factor determining the fuming rate by this mecha-
nism is the O, flow rate. There is a possibility of SiO,) oxidizing to SiO,(, inside
the bubble prior to the burst at the surface, however due to the instability of SiO,-
gas at the temperatures in question, this mechanism has not been considered further.

1 mole of Si reacts with gas mixture of
0502+ 05N2atP =1 atm
1.0 4

——n(Si0)
0.8 1 - = n(Si0y)

0.6

Moles

0.4

0.2

0.0 T . . -
1400 1500 1600 1700 1800 1900

T(°C)

Fig. 1 A schematic display of the number of moles of SiO and SiO, formed in the bubble as a function
of temperature. In this scenario 1 mol of Si reacts with 0.5 mol of O, and the pressure is 1 atm. At the
critical temperature, here 1,813 °C, the SiO, production ceases and there is pure loss of silicon to SiO
production
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The actual refining of the silicon takes place with the following exchange
reactions

SiOy () + 2Ca — 2Ca0y;) + Sig (7)

Thus the produced SiO, at the bubble-liquid metal interface is partly consumed
in the refining process, forming an SiO,—Al,03—CaO slag. The slag is transported to
the surface and mixed with the top slag phase due to the buoyancy of the bubble.
The refining will lead to a change in composition of both the slag and the silicon,
thus a shift in the equilibrium will take place at both the bubble interface and the top
metal-slag-atmosphere interface. The initial concentrations of Al and Ca in the
metal are typically 1.5 and 0.5 %, respectively, and the end concentrations 0.7 and
0.04 %, respectively [1]. This shift in the equilibrium conditions for the silicon and
the slag is however assumed not to affect the equilibrium between the SiO,) and the
SiO, significantly. This assumption is reasonable because there is little Al/Al,O3
and Ca/CaO compared to SiO, and SiO,) in the system, and because the SiO-
pressure is only dependent on the temperature in the metal.

Another possible mechanism for fume formation is the surface oxidation of the
liquid silicon. Fresh silicon surface is constantly exposed to the ambient atmosphere
due to the violent stirring of the melt form gas purging. When oxygen from the
surrounding atmosphere meets the surface, reaction (2) will take place and the
SiOy, formed is further combusted in air to become SiO,(,, fume. Following Hinze
and Graham [8], this reaction may be written:

. 1 .
SiO(g) +502() — SiOxy) (8)

In order for the active oxidation (Eq. 2) rather than the passive oxidation (Eq. 1) to
occur, there has to be, according to Wagner [4], a significantly lower oxygen partial
pressure at the gas-metal interface than in the bulk gas phase, which in the industrial
case is ambient air. A complex boundary layer in the gas phase near the surface is
described by Ratto et al. [3]. The SiOy,, leaving the interface reacts with the oxygen
flowing towards the surface. This heterogeneous boundary layer makes it possible to
reach a sufficiently low oxygen partial pressure at the surface of the liquid silicon,
even though the bulk oxygen pressure is much higher than the maximum bulk oxygen
pressure stated by Wagner (6.1 x 107 atm at 1,410 °C). This leads to active
oxidation being the preferred oxidation reaction, and Ratto et al. [3] states that the
oxygen pressure at the surface will not be dependent on the bulk oxygen pressure. An
empirical confirmation of active oxidation is the industrial observation of white fume
going off the silicon while it is refined. If the passive oxidation was the sole reaction,
the SiO, produced would be forming a thin layer on the metal surface and it would
most likely become a part of the slag phase, and not come off the surface as fume. The
rate of silicon surface oxidation with this mechanism will be determined by the rate of
oxygen supply to the silicon surface and the size of the exposed melt area.

A third possible mechanism for fume formation is splashing of the metal due to
drag from the purge bubbles rising with high velocity towards the surface.
Visualizing that the dynamic silicon surface looks like a kettle of fast boiling water,
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Fig. 2 Simple sketch of the possible macroscopic mechanisms in the ladle: a oxidation of SiO from the
refining bubbles, b fuming from splashing of liquid silicon due to the drag of the purge gas (PG) in the
bubbles, and ¢ surface oxidation when in contact with oxygen in air

and as with water, some very small droplets of silicon may be ejected from the bulk
melt. These small silicon droplets are either oxidized and become a part of the fume,
or fall to the ground if they are too big and heavy (this is frequently observed). The
three possible mechanisms for fume generation in the OLR are schematically
visualized in Fig. 2.

In order to quantify the silica fuming during industrial refining of MG-Si under
different operational conditions, an industrial measurement campaign was carried
out at Elkem’s Salten MG-Si plant in Norway in August 2010. In the present paper,
the measurement results from the campaign are presented and discussed in light of
existing literature and the presented theories of silica fuming mechanisms.

Experimental

In the measurements it was important to evaluate only the fume formed during the
refining of silicon, thus the operationally practiced continuous draining of the

@ Springer



244 Oxid Met (2012) 78:239-251

furnace was made discontinuous during the measurements. The ladles being refined
were placed under the fume hood in order to collect all of the fume in the off-gas
channel where the measuring equipment was placed. The measuring equipment was
a LaserDust MP, a commercial apparatus from NEO Monitors (Lgrenskog, Norway)
[9]. The LaserDust measures the transmission of a laser beam, through for example
an off gas duct/channel, and the reduction in the signal will correspond to the
amount of fume in the measuring path. This change in signal is dependent on the
properties of the particles, primarily the particle size distribution. The LaserDust
used was not calibrated particularly for silica fume, however the measurements are
evaluated to have a total measuring error of 30 %, which is in the same order of
magnitude as the typical standard deviations in the measurements. The measuring
path was 1.2 m (the width of the off gas channel). The LaserDust was programmed
with the pressure and temperature, which on the day of our measurements was
1,013 mbar and approximately 50 °C (in the off gas channel). The apparatus had a
relative error of 2 % in the measurements, and measured the fume amount in the
off-gas channel every 5 s [10].

In order to relate the rate of the fume formation to the stirring occurring in the
ladle, the rate and composition of the purge gas were varied. A summary of the
chosen conditions for the six measurements are shown in Table 1. One of the ladles
was refined with a semi-lid in order to see whether this would affect the fume
amount (measurements 4—6 in Table 1). The semi lid covered the perimeter of the
ladle, and had a hole with a diameter of ~60 cm in the center for practical
operational purposes.

The output unit from the LaserDust MP, mg/m>, was converted to kg/h by
implementing the measured temperature (~ 50 °C) and the measured volume flow
in the pipes (50.000 Nm?/h). The output in mg/m’ was multiplied with the
calculated factor of 11.2 m*/s in order to obtain the mass per time unit.

In addition to measurement of the amount of silica, videotapes of the refining
process were recorded. At the time of the measurements, the temperature in the melt
was in the range of 1,450-1,500 °C. Gas temperature measured at approximately
0.5 m above the silicon was in the range of 370-500 °C. Figure 3 shows how a ladle
top (silicon surface) typically looks like during refining, and the location of the

Table 1 Summary of the chosen oxygen and air contents in the purge gas, total purge gas amount,
number of measurement points in each measurement, measured temperature in the liquid silicon and
calculated critical temperature (Eq. 5)

Measurement #  Oxygen Air flow,  Total gas # of measurement  Tg;¢), °C  Calculated
flow, m*h  m%h flow, m*h  points Teirs °C
1 5 10 15 2717 1483 1808
2 10 14 24 107 1478 1820
3 5 3 8 114 1468 1844
4 17 21 102 1465 1784
5 18 4 22 83 1453 1861
6 4 8 106 1450 1830
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Fig. 3 Top: Photo of the top of a ladle with silicon being refined, showing the dynamic nature of the
silicon surface and the air above. Bottom: Photo of the LaserDust MP installed at the off-gas channel

LaserDust MP at the off gas channel, approximately 20 m from the ladle top. There
is a layer of slag and solidified silicon along the perimeter of the melt, and the
exposed area of liquid silicon was typically in the range 0.3-0.5 m?, when taking
into account that the surface is convex from the bubble stirring.

Silica fume was collected in the off-gas channel during tapping and refining with
a “cold finger” (a hollow copper tube cooled with water). The fumes were
examined using a scanning electron microscope (SEM) and compared to samples of
silica taken from the furnace stack. The SEM used was a Zeiss Ultra 55 Limited
Edition field emission microscope. The samples were held in place by a carbon tape
in order to avoid charging, and the images were recorded at an acceleration voltage
of 2-5 kV, with magnifications 2k—50k. From the SEM images, the particle size
distribution and mean diameter of the particles were estimated. The SEM apparatus
was also used to perform element analysis of the samples with energy dispersive
spectroscopy (EDS). The EDS-spectra were recorded at 20 kV.
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The fume was also examined with a transmission electron microscope (TEM) in
order to confirm that the silica was amorphous and to see if the particles were
hollow. The TEM used was a JEOL JEM2010. The samples were dispersed on a
Holey Carbon Film 300 mesh Cu from Agar Scientific, and the images were
recorded at 200 kV.

The specific surface area of the fume samples were measured with BET (an
adsorption theory and method developed by Brunauer, Emmett and Teller) in order to
find out whether the particles were porous or not, and to compare the specific surface
area to that of the silica samples taken from the furnace stack (this was not possible for
the sample collected during refining, due to too small sample size). The samples were
degassed over night at 250 °C under vacuum in a VacPrep 061 from Micromeretics,
and analyzed with liquid nitrogen in a Tristar 3000 from Micromeretics.

Results and Discussion

The calculated average amounts of SiO, measured for the different experimental
conditions are shown in Table 2. The maximum and minimum amounts were
calculated with a combined error function (standard deviation and the total
measurement error of 30 % combined). The “macro” area of exposed silicon at the
top surface was estimated from the videotapes of the refining, and used to calculate
the flux of silica (moles/s m?). Due to the vigorous stirring, this estimated area is
underestimated compared to a true metal-gas surface area, but it gives an indication
of the silicon surface area not covered by slag.

Plots of the SiO, produced per unit time as a function of total gas flow rate, air
and oxygen flow rates are shown in Fig. 4.

The amount of fume formed during refining correlates best with the amount of air
in the purge gas, and also adequately with the total amount of purge gas. The
difference between the fume amount with (dotted lines, triangles) and without a lid

Table 2 The numerical results from the measurements in the present work, with standard deviations in
parentheses

Measurement  Area of SiO, SiO, SiO, Max Min Calc. SiO, from

# exposed Si  (kg/h) (kg/h m2) (moles/s mz) (kg/h) (kg/h) bubbles (kg/h)
(m?)

1 0.45 4.4 (0.7) 10 (1) 0.046 (.007) 5.9 3.0 0.082

2 0.31 5.1 (0.6) 16 (2) 0.076 (.009) 6.7 34 0.11

3 0.30 29 (0.3) 95(0.9) 0.044 (.004) 3.8 2.0 0.020

4 (0.37) 5.1(0.3) 13.9(0.9) 0.064 (.004) 6.7 3.6 0.11

5 (0.37) 3.9 (0.3) 10.5(0.8) 0.049 (.004) 5.1 2.7 0.023

6 0.37) 2.5(0.2) 6.7 (0.5) 0.031(.002) 3.2 1.7 0.022

Measurement 4-6 was conducted with a lid, the exposed surface areas were therefore estimated (average
of the first three measurements). The maximum and minimum values are calculated from the combined
error where both standard deviation and the total measurement error of 30 % are taken into account. The
calculated SiO, from the bubbles is estimated by Eq. 3 and equations for the equilibrium amounts of SiO
and SiO, in the bubbles, elaborated in Ashrafian [11]
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Fig. 4 Plots of the measured amount of silica fume (kg/h) versus the amount of gas total (left), air
(middle) and oxygen (right) in m>/h. The regression lines for all measurements (solid lines), and for ladles
with lid (dotted lines) and without lid (dashed lines), are shown. The squared correlations (Rz) for all
measurements (solid lines) are given in the upper right corner of each graph, and the shape of the points
indicates whether a lid (triangles) or no lid (diamonds) was present

(dashed lines, diamonds) is not significant, thus the amount of oxygen available to
the surface in not limited by the lid in the current conditions. The lid only serves to
concentrate the fume in order to capture it better with the ventilation off-gas
channel. The reason for the increased amount of fume with increasing amount of
purge gas is likely due to more stirring and thus a larger area of the surface will be
exposed to air, available for oxidation. This effect is observed both with and without
a lid, the oxygen availability is thus assumed to be similar in both cases.

The results also indicate that the fuming rate is not dependent on the oxygen
content in the purge gas (neither the input amount nor the total amount, which is not
shown here). According to Eq. (3), the calculated equilibrium SiO, partial pressure
in the bubbles corresponds to 0.02-0.11 kg of SiO, per hour, using the experimental
gas rates and compositions. Compared to the measured total of 2.5-5.1 kg of SiO,
per hour, it was concluded that oxidation of SiO,) from the purge gas bubbles is not
the dominating mechanism for fume formation during silicon refining.

Gulbransen and Jansson [12] measured a flux of 0.0538 mol/s m? at 1,300 °C,
Por = 1.3 x 107* atm and with an oxygen flow of 7.0 x 10"® molecules per
second (corresponds to ~11.4 L/s, or a flow rate of 21 m/s). Although this was
measured on solid silicon, the flux is in the same order of magnitude as the
estimated fluxes in this work.

Images from SEM and TEM analysis of silica fume are shown in Fig. 5. The
silica from the refining and tapping looked exactly the same as condensed silica
fume; the particles are perfect spheres with a size distribution of 0.001-3 um, with
70-90 % of the particles being <0.05 um in size. This is somewhat smaller than
reported in literature [13]. The particle size distributions for the three different
samples are shown in Fig. 6. The TEM (right part of Fig. 5) showed that the
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Fig. 5 SEM-image (left, 50k magnification) and TEM-image (right, 250k magnification) of collected
fume from the refining. (The two lines in the TEM image, going from the middle in the top and out to left
and right, are pores in the carbon film and not a part of the sample)
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Fig. 6 Particle size distributions of the two collected silica samples and the silica samples taken from the
furnace stack, with number average diameter given. In each distribution ~ 1,000 particles were measured
and counted

particles were amorphous, as expected, and also that they had no pores or were
hollow. In the figure it is seen that there is no ordered crystal structure of the atoms
in the particles, and the smallest particles are ~ 10 nm in diameter.

The particles in the collected samples and the silica samples taken from the furnace
stack had very similar particle size distribution. However, the samples collected
above the ladle during refining and in the off-gas channel during tapping, contained
some few particles with sizes of 20-70 pum. These particles were also spherical, as
shown in Fig. 7, however, they contained some iron and aluminum, in addition to
silicon, oxygen and carbon. This type of particles was not found in the silica samples
taken from the furnace stack. As seen in the upper right inset in Fig. 7, the surface of
these large particles had a rough, layered texture, possibly due to oxidation of the
surface of a silicon droplet. It is suggested that these large particles are created from
splashing of the metal due to bubble drag (mechanism b in Fig. 2). The presence of Fe
and Al supports this, as these elements will predominantly follow the metal and not
the fume, in addition to the fact that these large particles were not found in the silica
samples taken from the furnace stack.

The specific surface area of the samples measured by BET were 17.61 & 0.05 m?/g
for the silica samples taken from the furnace stack, and 14.90 £ 0.04 m2/g for silica
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Fig. 7 SEM-image of a large particle found in the fume collected during refining (1.5k magnification),
with an inserted image where the surface structure is shown (25k magnification)

fume collected during tapping. These areas are in the same order of magnitude, and
the fairly low values signify that the particles are not porous. The similar specific
surface area, and similar particle size distribution indicates that the particles in the
fume samples from the refining and tapping are generated from the same mechanism
as the silica from the furnace stack; SiOy,, oxidation. It is well known that the silica
fume from the furnace stack is produced by the combustion of SiO rising up through
the furnace into the off-gas channel together with the other gases from the silicon
production (CO and small amounts of e.g. SO, and NO,). This supports our theory
of the active oxidation on the liquid silicon surface (mechanism c in Fig. 2).

In a Computational Fluid Dynamics (CFD) study, Olsen et al. [14] have modeled
the ladle refining and performed a sensitivity study in order to map the factors
affecting the fuming rate significantly. They tested temperature, emissivity of the
silicon surface, different lid designs and exposed metal surface area. In the study
they found that metal temperature is not an important factor, as the temperature
effect on diffusion and/or convection will counteract the increased reaction rate. The
CFD modeling concluded that exposed surface area was the most significant factor
in the fuming rate, and that oxygen availability is the limiting factor in the oxidation
[14]. These results support the findings of the present study, as the results suggest
surface oxidation to be the dominant oxidation mechanism in OLR.

Conclusions

The amount of silica fume produced during industrial refining of MG-Si has been
measured. In order to correlate the fuming rate to stirring in the molten silicon, the
gas purging rate and composition were varied. The amount of fume was recorded
with a LaserDust MP, which was installed in the off-gas channel. The measurements
had an assumed total measurement error of 30 %. Six different measurements were
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carried out, with recorded fume amounts of 2.5-5.1 kg of SiO, per hour. The results
indicate that the fuming rate is correlated with the amount of purge gas.

Three mechanisms for the fume formation were proposed and evaluated (see
Fig. 2): Fume produced from oxidation of SiO-gas from the refining bubbles was
found to be less significant compared to the recorded amount of fume. Splashing of
metal droplets due to bubble drag is a contributing mechanism, however, the
dominating mechanism is believed to be the surface oxidation of the molten silicon.
Increased amount of purge gas leads to more vigorous stirring and larger exposed
surface area available for oxidation with oxygen from the air. The results indicate
that refining with and without a semi-lid on the ladle do not affect the amount of
fume formed, and a lid will thus not limit the oxygen supply to the surface
significantly. Even though the bulk oxygen pressure in air is too high for active
oxidation to occur (the Wagner theory), active oxidation would still be possible if a
complex heterogeneous boundary layer is present, where most of the oxygen is
consumed by oxidation of SiO, to SiO,, prior to the liquid silicon surface.

The primary particles in the fume had a size distribution of 0.01-3 um, with
70-90 % of the particles being <0.05 pm in diameter. The particles are amorphous
and non-porous. The similarity between the particles in the fume samples collected
during tapping and refining, and the silica samples collected from the furnace stack,
suggest that they are formed from the same mechanism; oxidation of SiO ). This
finding supports the theory of the surface oxidation being the dominant mechanism
in the fuming during OLR.

The conclusion that the surface oxidation is the dominating oxidation mechanism
is supported by a CFD study performed by Olsen et al. in [14], where it was
concluded that the exposed silicon surface area is the most important factor in the
fuming rate, and that the oxygen availability is the limiting factor to the oxidation.

The results in this paper have given a better understanding of the mechanism from
which the fugitive emissions of silica during OLR are generated. The amounts of silica
emitted have been quantified. Further work will be small scale experiments in order to
better understand the fundamental mechanism of the oxidation, and in order to better
characterize the boundary layer and the boundary conditions for the active oxidation.
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Abstract Small scale laboratory experiments on the oxidation of liquid silicon
have reproduced important features of the industrial refining of liquid silicon: active
oxidation led to the formation of amorphous silica spheres as a reaction product.
The boundary condition for active oxidation in terms of maximum oxygen partial
pressure in the bulk gas was found to lie between 2:107° and 5-107> atm at
T = 1,500 °C. The active oxidation of liquid silicon had linear kinetics, and the rate
was proportional to bulk oxygen partial pressure and the square root of the linear gas
flow rate, consistent with viscous flow mass transfer theory. Classical theory for
unconstrained flow over a flat plate led to mass transfer rates for SiO,) which were
2-3 times slower than observed. However, computational fluid dynamic modeling
to take into account the effects of reactor tube walls on flow patterns yielded
satisfactory agreement with measured volatilization rates.

Keywords Silicon - Active oxidation - Thermodynamics - Kinetics

Introduction

One of the main environmental and economic challenges facing the metallurgical
industry is fugitive emissions of both materials and energy. In the production of
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metallurgical grade silicon (MG-Si), the tapping and refining processes are
generally the biggest sources of fugitive emissions in the plant. Silicon refining is
performed in the ladle by purging with an air-O, mixture in order to reduce the
levels of the main impurities calcium and aluminum. Oxygen in the refining bubbles
is consumed through the overall reaction with the melt

Sig) + Oa(g) — SiOx) (1)
The refining exchange reactions may be written respectively
4Al 4 3Si0, — 2A1,05 + 3Si

2
2Ca + SiO, — 2CaO + Si @

where underlining denotes solute species. These exchange reactions recycle some of
the silicon back to the melt and deplete the silicon of calcium and aluminum [1]. An
equilibrium partial pressure of SiO( is simultaneously established in the bubbles
[2].

In the refining process, exposure of liquid silicon to air results in the formation of
large amounts of condensed silica fume (SiO,)—one of the main sources of fugitive
emissions in a silicon production plant. In an earlier study [3], this fume was
characterized, and its generation quantified. The fuming mechanism was concluded
to be active oxidation of the liquid silicon surface, as described below. The reaction
product consisted of spherical, amorphous silica particles with an average diameter
of ~60 nm. The flux of silicon in this particular process was found to be
0.031-0.076 mol m* s~ .

In 1958, Wagner [4] published a theory regarding the active and passive
oxidation of liquid silicon, where the active oxidation involves the partial oxidation
of silicon to SiO-gas:

. 1 .
Si1) +3502(g) — SiOfy) 3)

In his paper, Wagner stated that the maximum bulk oxygen partial pressure for
active oxidation to occur was 6.1-107 atm at 1,410 °C. If the bulk oxygen pressure
was higher than this, passivation would occur: an oxide layer would form on the
surface, making the production of SiO-gas very slow [4]. However, Wagner did not
account for the fate of the SiO() formed during active oxidation, and the maximum
oxygen pressure he stated for active oxidation was much lower than that in ambient
air. Thus this theory does not match the observation of active silicon surface
oxidation in the industrial ladle refining process. Accordingly, Ratto et al. [5].
presented a modified theory regarding the occurrence of active oxidation at higher
oxygen pressures: If the SiOy) formed at the silicon surface reacts with incoming
oxygen inside the hydrodynamic boundary layer, the oxygen partial pressure at the
surface can be low enough for active oxidation to occur. According to their theory
of a heterogeneous boundary layer (that is, with condensed matter inside the
boundary layer), the surface oxygen pressure is independent of the bulk oxygen
pressure. Hence active oxidation of silicon in ambient air is possible.

Hinze and Graham [6] investigated the oxidation mechanism of solid silicon at
high temperatures. They used a set of equilibrium equations in the Si—O system to
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calculate the possible bulk oxygen partial pressures to obtain active oxidation, and
calculated an experimental mass transfer coefficient from their experimental results.
The results were in accordance with the theoretical calculations, but the active
oxidation of solid silicon had two different stages. The first stage was the “normal”
active oxidation with a bare silicon surface, and the second stage showed growth of
silica whiskers at the silicon surface, but still at a high rate. Growth of these silica
whiskers at the silicon surface was also found by Carter et al. [7] who studied silicon
bearing alloys at 1,130 °C. The growth of these structures at the silicon surface is
probably not applicable for liquid silicon, as the surface structure is so different.
However, Hinze and Graham’s [6] technique for evaluating the system and calculating
the experimental mass transfer coefficient may be applied to liquid silicon oxidation.

The oxidation of liquid silicon, as opposed to solid silicon, has not been
extensively experimentally studied. A thorough investigation of the oxidation
mechanisms and factors affecting the oxidation reaction rate is essential in order to
obtain a more fundamental understanding of the reactions, and thus arrive at a
solution for the fugitive emissions in the industry.

In the current work, the rate of liquid silicon oxidation has been studied through
small scale experiments, where the kinetics and boundary conditions have been
examined. The aims of this paper are thus to (1) find the rate of active oxidation as a
function of oxygen pressure and linear gas velocity and (2) determine the boundary
conditions for active oxidation of liquid silicon.

Thermodynamic and Kinetic Calculations

A simple schematic of the system is shown in Fig. 1. Diffusion of gaseous species
both inward towards the surface and outward to the bulk gas are expected. Oxygen
from the bulk, with partial pressure pg , diffuses through a boundary layer of
thickness 0, and meets the liquid silicon surface with a partial pressure pg, . This

Fig. 1 Schematic of active
oxidation in the Si-O system,
where oxygen diffuses into the
surface and reacts with liquid
silicon to form SiOy,), which
diffuses out through the
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value is very low as a result of the rapid consumption of oxygen via the reaction of
Eq. (3). The resulting SiO, with surface partial pressure pg;q, diffuses out of the
boundary layer. Its bulk partial pressure pg;, ~ 0, due to the instability of SiO,
and its prompt oxidation:

. 1 .
SiO(g) +5O0a(g) — SiOxy) (4)

These processes generate the concentration gradients of gaseous species within
the boundary layer shown schematically in Fig. 1. The diffusion of SiO out to the
bulk will be a counter flux to the oxygen coming in, and the production of SiOy) is
controlled by the rate of the oxygen flux. In this discussion, it is assumed that SiO,
oxidizes to SiO, outside the boundary layer.

Thermodynamic equilibrium calculations using HSC Chemistry [8] were used to
establish the partial pressure of Si-bearing species at 1,500 °C. The results are
shown in Fig. 2, which illustrates the principal features of the Si—O system. The
partial pressure of SiO is controlled by the equilibrium of Eq. (3) at oxygen
activities too low for solid silica formation.

The variation of pg;, with pg, is represented by the solid line in Fig. 2, and
reaches a maximum at a surface oxygen pressure of pg,, (max) = 2.86-10"® atm,
where SiO; becomes stable. At higher pg, values, the equilibrium in Eq. (1) leads to
formation of a stable SiO, phase, and passivation of the silicon surface. The
maximum oxygen partial pressure in the bulk gas permitting active oxidation, p¢,
(max), is now calculated.

Boundary value gas partial pressures are related to the rate of mass transport
across the hydrodynamic boundary layer. Assuming that the melt surface is clean,
and Sig, freely available, then if chemical reaction at the liquid—gas interface is fast

0
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2 ’s &S, 2
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a i — - log P(Si0,)
-35 : — {
-40 -30 -20 -10 0
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Fig. 2 Thermodynamically calculated partial pressures of Si(g), SiO(g) and SiOy ) as a function of po, at
1,500 °C
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enough to establish local equilibrium, the molar flux of SiOy), Jsio, from the silicon
surface can be calculated:
ksio

2Jo, = Jsio = Psio (5)
Here ksio is the mass transfer coefficient for SiO, (m s, R is the gas constant
(8.21-10° m® atm K~' mol™"), T is the absolute temperature and the stoichiome-
tric balance between SiO and O, fluxes is recognized.

The mass transfer coefficient, &, is calculated from the relationship [6]:

ki = 0.664 (2—4> (VTg) (6)

where D; is the diffusion coefficient of species i (m? s, v, is the kinematic viscosity
(viscosity, p divided by density, p) (m*s™"), v, is the velocity of the gas in the
vicinity of the surface (m s_l), and / is the length of the sample (m). A condition [9]
for the applicability for Eq. (6), can be expressed in terms of the Schmidt number, Sc,

Se=-"t. 0.6<Sc<50 (7)
pD
The diffusion coefficients and viscosities are calculated according to the
Chapman-Enskog method, as described by Bird et al. [10]. The Schmidt number for
the present conditions is 0.71 for oxygen in argon, thus Eq. (6) is valid.
Experimental conditions were selected to yield the maximum rate of SiO volatilization
in order to improve measurement accuracy. For 7 = 1,500 °C and 1’82 = 1-107"% atm
(Just below the maximum py,, ), pg;q is calculated to be 2.1 102 atm. This value allows
calculation of the outward SiO flux from Eq. (5), as 1.47- 1073 mol m~2 s~ ' atalinear
gas velocity of 0.047 m s~!. The stoichiometric equivalent inward flux of oxygen of
7.34-10~* mol m~? s~ then leads via the mass transfer equation:

1 ko,
5/sio = Jo, = R_TZPOZ (8)

to an estimated maximum pg, (max) of 8.6-107° atm. Higher values of Po, are

expected to produce faster rates of inward mass transfer and silicon passivation.
Lower values of p, would reduce the rate of SiO(y, volatilization. This estimate of

the maximum p°02 is independent of v,, because both kgijo and ko, depend in the
same way on gas flow rate, and the effects cancel out.

It is of interest that this detailed mass transfer calculation leads to a result similar
to that of 6.1-107> atm for T = 1,410 °C, calculated by Wagner [4] using an
approximate estimate of mass transfer rates.

Experimental

The material used in the experiments was photovoltaic grade silicon (9 N). The
experiments were performed in a resistance heated furnace, fitted with an alumina
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Table 1 Experimental matrix,
with number of experiments at
the different flow rates and
oxygen pressures are given

Linear gas flow rate Po, (1073 atm)
(ms™h

0.5 1 1.5 2 5 10

0.023 1
0.047 5 1 1 1 1 1
0.093 1
0.12 1
0.14 1

tube with an inner diameter of 5.2 cm. Silicon charges of about 10 g were placed in
pre-fired alumina boats of 9 cm length and 1 cm width and height, inserted parallel
to the tube axis. The gas flow was parallel to the silicon surface. During heating and
cooling, a gas-mixture of 5 vol.% H, in Ar was used to avoid oxidation. The
reaction gas used was premixed 1 vol.% O, in Ar which was further diluted with
high purity Ar in order to obtain the desired bulk oxygen partial pressure. Gas flow
rates were controlled by mass flow controllers, and were in the range 0.023-
0.14 m s~ ', corresponding to Reynolds numbers of 8.5-51, well below the turbulent
flow limit of 2,000. All experiments were performed at 1,500 °C. Temperatures in
the sample location were uniform within +3 °C.

Experimental conditions used are summarized in Table 1. The kinetics of SiOy,
volatilization were investigated at p,, = 0.5-107 atm and ve = 0.047 m s~!. For
the other exposure conditions a single reaction time of 16 h was used in each case.
Post-melting sample surface areas were measured manually.

Weight changes were measured after each exposure, and the samples were
metallographically sectioned and examined by X-ray diffraction (XRD) and
scanning electron microscopy (SEM). Silica found deposited on the furnace wall
was removed from the alumina tube and examined by XRD and SEM.

Glancing angle XRD on the surface of a passive and an active sample was
performed at angles of 2.35° and 5.5°, respectively, using a PANalytical Xpert
Materials Research Diffractometer. Conventional XRD on the silica collected from
the tube was conducted with a D8 Focus Advance from Bruker.

The SEM used was a Zeiss Ultra 55 Limited Edition field emission microscope,
operated at 5 kV.

Results

Initial experiments at p¢), = 1-10~2 atm resulted in passivation. Oxidation of the Si-
surface is clearly shown in the cross section as a thick oxide scale in Fig. 3a. The
structure of the surface layer was identified by low angle XRD as a mixture of
amorphous silica and the crystalline phase of SiO, cristobalite (syn), shown in
Fig. 4a. Passivation also resulted at p; = 5107 atm but was avoided at lower
oxygen pressures. The samples where active oxidation occurred had a visually clean
surface.
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Fig. 3 SEM image of sample
cross section after a passive and
b active oxidation. Experimental
conditions: a v, = 9.3 cm s
t=16h,p3 = 1-10"% atm,
bv,=47cms ', 1=16h,
po, = 051077 atm

Resin

20pm
-

Cross section analysis by SEM showed no deposits formed on the silicon surface
(Fig. 3b), and the low-angle XRD did not detect any silica, only silicon (Fig. 4b).
Closer examination of the Si diffraction seen in Fig. 4a and b reveals that the silicon
had developed different textures during solidification with and without a silica
coating.

Weight loss kinetics are shown in Fig. 5 for p) = 0.5-107 atm and
vy = 0.047 m s~!. The regression line has an R* value of 0.74.

The rate of weight loss (r) as a function of bulk oxygen partial pressure, pg, at a
flow rate of v, = 0.047 m s~! is displayed in Fig. 6, with an R* value of the
regression line of 0.90.

The linear dependence of rate on pg, confirms the applicability of Eq. (8). The
slope of the curve is related through Eq. (9) to the mass transfer coefficient for
oxygen, ko,:

d|l"| - 2k02

9
dPy, — RT ®)

The experimental mass transfer coefficient estimated this way is
k& =3.06 cm s~ for a linear velocity of 0.047 ms™' and T = 1,500 °C. The
variations in the rate of weight loss with (vg/l)o'5 [see Eq. (6)] is shown in Fig. 7,
where the linear dependency is apparent. The R? value for the linear regression in
Fig. 7 is 0.73.

The experiments which gave active oxidation produced a silica layer deposited
on the tube wall. The XRD spectrum of this deposit is presented in Fig. 8, and an
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Fig. 4 Glancing XRD diffraction patterns of the surface of a passive sample (a) and an active sample (b).
Experimental conditions: a v, = 9.3 cm s_l, t=16h, p‘(’)2 =1.1072 atm, b v, = 4.7 cm s_l, t=16h,
po, = 111077 atm

Fig. 5 Weight loss kinetics at 100
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SEM image of the fume particles is shown in Fig. 9. It is shown that the deposit is
amorphous silica particles in the shape of spheres with a rather uniform size of
50-200 nm.
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Fig. 6 Rate of weight loss, r, as
a function of bulk oxygen
pressure at 1,500 °C and

vg = 0.047 m s~

Fig. 7 Rate of weight loss as a
function of the square root of
linear velocity divided by
sample length, measured at

T = 1,500 °C and

Py, = 0.5:107" atm
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Experiments performed at 5-107° and 10-107> atm bulk oxygen pressures led to
passive oxidation of the liquid silicon surface (Fig. 3a). This was observed as an
apparently glassy layer, identified as a mixture of amorphous silica and cristobalite

by XRD (Fig. 4a).
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Fig. 8 XRD-pattern from fume deposits collected from inside the furnace tube

Fig. 9 SEM image of the fume deposits collected from inside the tube

At oxygen partial pressures of 2:10™> atm and lower, the active oxidation regime
was obtained, as evidenced by the clean silicon surface (Fig. 3b), absence of
crystalline oxide detectable by glancing angle XRD (Fig. 4b) and linear oxidation
kinetics. Thus the critical value for the active—passive transition, p¢, (max), was
between 2-10™° and 5-107° atm. Active oxidation rates were proportional to Po,
and (vg/l)o'5 , in agreement with the viscous flow regime mass transfer Egs. (6) and
(8). However, the critical value p¢ (max) calculated from this theory was
8.6-107% atm, approximately twice the experimental value. Reasons for this
quantitative failure are investigated first.

In an evaluation of mass transfer, the boundary layer thickness, 9, is an important
factor. The elementary mass transfer theory described earlier applies to boundary
layer flow over a flat plate in an otherwise unconstrained space. However, the
experiments were performed in a tubular furnace where the velocity profile is not
accurately predicted by the boundary layer theory, because ¢ is significant compared
to the tube cross-section. For a proper assessment of the experiments, it is therefore
necessary to employ computational fluid mechanics (CFD).
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Mathematical modeling of the experiments was performed using the CFD-
software ANSYS/Fluent 13.0. The experimental geometry and conditions were
simulated as isothermal laminar gas flow with species tracking of Ar, SiO(, and O..
Gas properties were specified as described above at the experimental temperature of
1,500 °C. At the tube inlet, velocity and gas composition are set by the experimental
conditions. At the metal surface, all O, is assumed to be consumed and a SiO,
concentration is specified. Calculations of flow field and mass transfer coefficient
are not sensitive to the chosen SiO, surface concentration. All simulations were
carried out with higher order numerical schemes and showed good convergence.

Results of interest are the velocity field and calculations of the overall mass
transfer coefficient. The mass transfer coefficient is given by the flux of O, and the
concentration difference of O, between the surface and the bulk gas (inlet value).
These values can be extracted from the CFD simulations. The mass transfer
coefficient results are discussed below. A typical flow field is seen in Fig. 10, where
the average linear gas velocity is 4.7 cm s~ '. The mathematical assessment shows
that the flow profile deviates from that of simple boundary layer theory, but that the
flow is laminar for all experimental settings.

Mass transfer coefficients extracted from the CFD modeling, k5!, are compared
to values calculated from Egs. (6) and (8), k‘hz, in Fig. 11. The CFD results are seen
to be consistently higher than those calculated for unconstrained flow over a flat
plate. The difference increases with gas velocity, but is not large in the region
examined. At v, = 4.7 cm s, k§™ 2 3.9 cm s~ Use of this higher value in Eq.
(8) leads to a prediction of pg, (max) ~ 3- 1072 atm, in satisfactory agreement with

the experimental finding of 2-5-107 atm.
The experimental mass transfer coefficient, k¢, deduced from Fig. 6 is shown as

a single point on Fig. 11. The three different mass transfer coefficients are in the
same order of magnitude at 0.047 m s~ ' gas flow rate. However it is seen that 0y

(=3.06 cm s_l) is better predicted from kaD (=3.93 cm s_l) than from the classical
flat plate flow model, kg‘z (=1.24 cm s7 Y.
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Fig. 10 Flow pattern in a tube modeled with CFD. Linear velocity color codes shown in cm s™'. The
average linear velocity of the gas is 4.7 cm s
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The similarity between kg, and kSZFD is significant, as it indicates that the flow in
the tube was indeed laminar and that the simple mathematical model of Egs. (6) and
(8) describes reasonably well the common laboratory experiments conducted at low
flow rates in tube furnaces. Nonetheless, maximum gas velocities are accelerated by
the formation of a hydrodynamic layer attached to the tube wall, and in the present
case the rate of silicon oxidation is thereby increased.

With this information it is possible to predict changes in the system as the
temperature varies. In Table 2, the calculated SiO() pressure and flux plus
theoretical mass transfer coefficients for oxygen temperatures are shown for three
different temperatures. The minor differences in the values demonstrate that
temperature is not an important factor in this system, provided that the conditions
for active oxidation are achieved.

The formation of an oxidation product made up of fine, amorphous, spherical
silica particles can be understood in light of the strongly exothermic nature of SiO,
oxidation:

SiO() + 5 Oa(g) = SiOsy),  AH = —773.21kJ/mol at 1,500°C  (10)

Table 2 Gas phase properties

at po, — 11102 atm and a T (°C) 1,450 1,500 1,650

linear gas velocity of ) _ _ _

0,047 m -1 (whgre applicable) ~ Psio (M) 2300070 243107 245107
Jsio (mol m™? s™") 1.65-10~* 1.71-107* 1.72-10~*
k& (cm s 1.17 1.24 1.36
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An adiabatic temperature rise calculation is performed using heat capacities and
phase change enthalpies from HSC Chemistry [8] to show that the silica particles
have been formed via the liquid state of SiO,, hence the spherical shape:

Si0y(,)(1500°C) — SiOy,)(1713°C), AH, = / CpdT = 17.58 kJ/mol (11)
SiOy) — SiOyy), AH; = —1.31kJ/mol at 1713 °C (12)
Si0,() (1713 °C) — Si0,() (2950 °C), AH, = / CodT = 106.10kJ/mol (13)
SiO,() — SiOy(y), AHs = 527.65 kJ/mol at 2950 °C (14)
Si05(4)(2950 °C) — SiOy () (4935 °C), AH, = / Cp(e)dT = 123.18 kJ /mol (15)

A final gas temperature of 4,935 °C is calculated from the heat balance
AH, = —(AH, + AH3 + AH, + AHs + AHp) (16)

and it is recognized that the product is silica vapor. Rapid cooling and condensation
leads to formation of liquid droplets, which grow until they ultimately solidify. This
accounts for the spherical shape of the particles. Their near uniformity of size can be
explained by particle growth theory [11].

Summary and Conclusions

Active oxidation of liquid silicon surfaces to produce very fine spherical particles of
amorphous silica was observed in small scale laboratory experiments, successfully
reproducing the essential features of fuming in the industrial oxidative ladle refining
of metallurgical grade silicon.

The rate of active oxidation was controlled by gas phase mass transfer, as
evidenced by the linear kinetics and the dependence of the rate on both oxygen
pressure and the square root of linear gas velocity. Classical theory for mass transfer
in the viscous flow regime above a flat plate yielded order of magnitude agreement
with observed rates and the critical value for oxygen pressure separating active and
passive oxidation regimes.

An improved description of mass transfer was provided by CFD-modeling which
took into account the constraints of the reactor tube wall on gas flow. Formation of a
boundary layer attached to the tube wall accelerates linear gas flow in the tube
interior. This has the effect of increasing the mass transfer coefficient relative to that
calculated from classical theory for unconstrained flow over a flat plate.

Calculations showed that temperature is not an important factor in determining
the thermodynamics and kinetics of SiO(, volatilization at temperatures of
1,450-1,650 °C, and laboratory flow conditions.
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ABSTRACT

In the silicon and ferrosilicon industry there are several environmental challenges, one of
them being diffuse emissions of fume. Fume emissions in the plant are often poorly captured, and
thus contribute to making the indoor environment harmful for the workers. On-going research into
solutions to reduce the emissions is hence vital.

In earlier studies, the main source of fugitive emissions - amorphous silica fume formation -
was established; oxidation of liquid silicon during tapping and refining. The limiting factor for the
fuming rate was found to be the oxygen availability at the liquid silicon surface, and a silica flux
was estimated from measurements.

In order to better understand the mechanisms behind industrially observed fuming rates,
experiments performed in a 75 kW induction furnace were carried out, and the rate of fume
formation as a function of gas composition and flow velocity was measured. The particle size of
fume particles, formed due to active oxidation of a moving liquid silicon surface, was also
determined as a function of gas flow rate, and gas composition. The fume was collected in an
industrial type filter, and all equipment was weighted before and after each experiment in order to
monitor the weight loss/gain.

The results of the experimental study showed that the flux of silica increased with increased
gas velocity above the liquid surface, and was found to correlate well with mass transfer rates
calculated from impinging jet theory. The size of the particles was also found to be dependent on
the gas flow rate.

The findings are discussed in light of recent measurements and modeling of Si oxidation rate
in industrial and small scale.

Key words: Diffuse emissions, liquid silicon, oxidation rate, amorphous silica fume.

INTRODUCTION

In recent years, the restrictions enforced by authorities on the working environment for

operators in the Norwegian ferroalloy industry have become stricter. As a consequence, there has
been increased attention to monitoring the fugitive emissions which have an impact on this
environment, and attempts to quantify the emissions have been made'.
The fume emitted to the indoor environment is a possible threat to the health of the workers at the
plant?, in addition to being a direct loss of silicon, which in turn has economic consequences. In a
typical silicon plant there are large fugitive emissions of fumed silica related to the tapping, refining
and casting processes, and fume hoods are not always adequate to capture all of the fume. In some
cases it will not even be possible to capture the fume, for example during moving of the ladle in the
hall of the plant.

In an earlier work, the fugitive emissions of fume during refining of metallurgical grade
silicon were quantified’. It was found that the flux of fume is linearly correlated to the purging rate
of the refining gas which is purged through the melt from a nozzle in the bottom of the ladle. When
the purging increases, there will be more rigorous stirring and a larger and more dynamic surface
available to the air. The amount of fume going off during refining was approximately 1 kg SiO; per
ton of Si produced, equivalent to 75 tons of silica per year.



The major mechanism behind the fume formation was also established; active oxidation of the
liquid silicon surface. The silicon is first partially oxidized to SiO gas (Eq. 1) which escapes the
surface and is subsequently combusted to become SiO, fume (Eq. 2). The fume consists of small,
amorphous spheres of glassy silica' .

Si, +10,,, —>SiO,, (1)

SiOy) +3 Oyg) —> SiOy s, 2

2(9)

If the oxygen partial pressure in the bulk gas above a stagnant silicon surface is increased
above a certain maximum pressure (6.1-107 atm at 1410°C according to Wagner’), passivation of
the surface will occur; a layer of oxide will form on the silicon surface (Eq. 3), inhibiting further
oxidation:

Si(,) +0,,, —> SiOZ(,,S) 3)

2(9)

The rate of the active oxidation of liquid silicon has recently been investigated with small
scale experiments, where a laminar flow of different Ar-O, mixtures was carried over a stagnant
silicon surface. The reaction mechanism and reaction product found in the industry were
reproduced, but not the rate of fume production or the oxidation conditions (oxygen partial pressure
and a dynamic silicon surface)’. A comparison of the industrial measurements and the small scale
experiments is shown in Figure 1.

Bulk gas

Boundary
layer

P | sig

Y o

Oxygen-rich air

Industrial Measurements Small scale experiments
Turbulent, moving Si surface Stagnant Si surface
Turbulent natural convection in air above Forced, laminar flow of Ar-O, above
silicon surface silicon surface
Po,=021 atm Po,=210" atm
J5; =0.018 - 0.037 mole/m?s Ig; =2.5-10*- 7.5-10* mole/m?s

Figure 1: Comparison of the conditions and results from industrial measurements of fume formation and fundamental
small scale experiments.

As the results from the investigation in industrial and small scale are not in order of
magnitude agreement in terms of oxidation rate per unit exposed silicon area, the key question of
which main factors determine the rate of fume formation in the industry, still remain. In this work,
the situation of the oxidation in industry is attempted reproduced in terms of oxygen partial pressure



(air) and a moving silicon surface. However, gas is introduced on top of the silicon surface rather
than through the melt.

The molecular reaction mechanism for the active oxidation is not yet fully understood, but it
is generally accepted’ that the chemical reaction is fast due to the high temperature and that the
transport of reactant and product are the rate limiting steps. The diffusion of oxygen towards the
silicon surface, and SiO away from the surface is linear according to Fick’s law®;

Ko, . key
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Here £; is the mass transfer coefficient for species 7 [m/s], R is the gas constant, T is the absolute
temperature and the stoichiometric balance between SiO and O, fluxes is recognized. In the
classical flat plate theory, the mass transfer coefficient is a function of the square root of the linear

gas velocity in vicinity of the surface, , fvg % However, in the theory for an impinging laminar jet the
mass transfer coefficient is, according to Scholtz (1970)7, a function of the linear gas velocity to the

3
power of %, V;:

5

Sh:O.5071Re3-(%j -0.1955 Sc (5)
where
! v |
sh= Kl Re o 2 g A (6)
D 7 pD

Sh denotes Sherwood number, Re the Reynolds number and Sc the Schmidt number. x is the
distance from the stagnation zone (in the center of the surface), R is radius of the jet nozzle, / is the
characteristic length (in this case the nozzle diameter), D is the diffusion coefficient, p is the
density, u is the viscosity and v, is the linear gas velocity. Using this relation it is possible to relate
the measured flux of silica to the linear gas velocity in the impinging jet system.

In this work the moving silicon surface was obtained with an induction furnace, and a laminar
impinging jet was used to mimic the natural convection of air above the melt. The turbulent Si
surface caused by gas bubbling in industrial refining was not reproduced as the aim was to obtain a
better understanding of the fundamental factors determining the rate of silica formation on the
silicon surface in the industrial refining of silicon.

METHOD

The experiments were performed in a 75 kW induction furnace from Inductotherm Europe
Ltd. The silicon was melted in a graphite crucible, and the typical sample batch was 1750 g of
refined metallurgical grade silicon (99 % Si). The crucible was covered with a specially designed
lid with three holes; one for the graphite thermowell where an S-type thermocouple was placed, one
for the graphite lance and one for the exhaust port with a cooler and a filter attached. The
experimental setup is shown in Figure 2. The filter used was an industrial filter of the type Gore
Acid Resistant Fiberglass. The cooling system was applied due to the maximum working
temperature of the filter of 280°C.

The lance was connected to a mass flow meter which was connected to synthetic air (5.5N).
In order to avoid oxidation of the inside of the graphite lance, an alumina tube was placed inside the
graphite tube.

The silicon was heated to 1550 +11 °C, and kept at this temperature during the blowing. After
the synthetic air was set to the desired flow rate, the lance was lowered so that the tip was situated



2.5 cm above the silicon melt surface. The experiments at 16, 21 and 26 m/s gas velocity at the
lance exit were held for 30 minutes, and the experiments at 5 m/s gas velocity at the lance exit were
held for 60 minutes.

In addition, an experiment with humid air was performed. The synthetic air was bubbled
through a water bath at 23.5°C, obtaining a partial pressure of water of 0.03 atm. The humid air
experiments were performed at 16 m/s gas velocity at nozzle exit, and held for 20 minutes.

Thermocouple —_

Lid —_ 5, Filter box

Crucible —__
— H: 40 cm

Silicon —

ID: 11.4 em
Figure 2: Sketch of experimental setup.

In order to determine whether the increased amount of oxygen introduced to the surface per
time or the increased gas velocity itself was the factor for increased silica production with increased
gas flow, a diluted air experiment was also performed. The synthetic air was diluted 1:4 with Ar,
obtaining the same amount of oxygen delivered to the surface per unit time as that of the 5 m/s-
experiment, and the same gas velocity as in the 26 m/s-experiments. These experiments were held
for 20 minutes.

To monitor the amount of silica produced, all parts of the experimental equipment were
weighed before and after each experiment, and the weight gain was summed up to be the total
amount of silica.

The experimental matrix is shown in Table 1, where the number of experiments at each flow
rate and gas composition is indicated.

The amount of silica in grams was used to calculate the average flux of SiO, in moles/m’s,
assuming a flat silicon surface of 102 cm’.

Table 1: The experimental matrix with number of experiments performed at each condition is indicated.

Linear gas velocity at lance
Ty:ier of tip, m/s
5 16 21 26
Dry 2 2 2 2
Wet 2
Diluted 2




Fume samples from the experiments were examined in a Scanning Electron Microscope
(SEM). The equipment used was a Zeiss Ultra 55 Limited Edition field emission microscope. The
samples were held in place by a carbon tape in order to avoid charging, and the images were
recorded at an acceleration voltage of 5 kV, with magnifications 2 k - 50 k.

The specific surface area of the fume samples were measured with BET to find the average
particle diameter. The samples were degassed over night at 250°C under vacuum in a VacPrep 061
from Micromeretics, and analyzed with liquid nitrogen in a Tristar 3000 from Micromeretics.

In order to evaluate the flow fields at the different gas velocities, CFD modeling was
performed. CFD (i.e. computational fluid dynamics) calculates flow field from differential
equations expressing conservation of mass and momentum. Conservation of atomic species and
reaction mechanics may also be included to study reactive phenomena7. The gas velocity was
extracted at Y4 1, %2 r and % r (where 1 is the radius of the silicon surface, 5.7 cm) and 0 - 20 mm
from the surface.

RESULTS & DISCUSSION
The measured flux of SiO, as a function of V§ is plotted in Figure 3. The fluxes were

calculated from the surface area of the silicon, measured weight of silica produced and blowing
time. Two parallels at each flow rate and gas composition were performed, and the variation

between parallels was 3 — 37 %. When the flux was plotted in the same manner as a function of Vg%

in accordance with the flat plate theory, the regression line for the dry air points had an R? value of
0.76, which is a little bit lower than the impinging jet plot in Figure 3.
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Figure 4: The average oxygen consumption as a
function of average boundary layer thickness from
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Figure 3: Measured flux of Si as a function of V; . The



The fluxes measured in the present setup are still one order of magnitude lower than that
measured in the industry. The reason for this is unclear, however the movement of the Si surface in
industry is turbulent and fast, compared to the calm stirring in an induction furnace. This may be a

factor affecting the rate of fume formation and should be investigated further.
The experiment with humid air gave an absolute increase in the flux of 68 % as compared to

dry air, thus water may have an important effect in the fuming rate in industry. However, looking at
the statistics, the flux is still within the experimental error, and when calculating the oxygen
consumption, this was only increased from 4 % with dry air to 6 % with wet air.

The relative consumption of available oxygen as a function of boundary layer thickness is
shown in Figure 4. The boundary layer thickness was found from the CFD modeling, where the
boundary layer thickness at the three distances from the center was set to be at the point with max
velocity, as shown in Figure 5. The distances were averaged and set as the boundary layer thickness
for that particular flow rate. This approximation is reasonable, since the boundary layer is not
discrete. The CFD model confirmed that the flow was laminar in all experiments, and that there is a
linear relation between the gas velocity at the lance tip and along the surface at all flow rates.
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Figure 5: CFD modeled radial gas velocities above the silicon surface at three different radial positions.

The fact that the consumption of oxygen or “oxygen efficiency” decreases with increased gas
flow rate tells us that the decrease in the boundary layer thickness is not proportional to the increase
in amount of oxygen delivered per unit time. In fact there is a linear decrease in the oxygen
efficiency as the boundary layer thickness becomes thinner (Figure 4). At 5 m/s, the flux of SiO;
was 1.2:107 mole/m’s, and at 26 m/s it was 3.5-10° mole/m’s. If the oxygen efficiency was the
same, the flux would have to be five-fold, however the measured increase in flux was only a factor
of 2.9, which reflects the decrease in oxygen consumption from 9 % at 5 m/s to 5 % at 26 m/s. The
explanation for this is likely that the transport of oxygen towards the silicon surface is too slow to
exploit the increased oxygen amount, and thus it is not consumed.

The experiment performed with 1:4 air:Ar gave a large increase in the flux. The oxygen
consumption went from 9 % at 5 m/s air, to 38 % at 26 m/s air-Ar mixture. This indicates that the
gas flow rate, and thus the boundary layer thickness is more important to increase the flux of silica,
than the oxygen partial pressure. The transport of oxygen from the bulk to the silicon surface is the
factor limiting the rate of oxidation of the silicon. This is also reflected in the fact that there is no
accumulation of SiO close to the surface as the gas velocity increase; an experimental pso was
calculated with the mass transfer coefficient found with the impinging jet theory and it was found
that the partial pressure of SiO was principally the same for all gas flow rates (0.0037 - 0.0068 atm),
with only 25 % standard deviation. This implies that the transport of SiO away from the surface is
not rate limiting, as there is no accumulation of SiO at the surface with a higher rate of oxygen
coming in. The sole factor limiting the oxidation rate is thus the transport of oxygen. Comparing the
diffusion coefficients of SiO (Dgq_y, = 3.9-10" m%s at 1550°C) and O, (D,,_, = 4.7-10" m’/s at



1550°C) shows that the transport of SiO should have been slightly slower than that oxygen,
however, when we take into account that the SiO gas is consumed quite fast in the combustion to
become SiO,) and later grow into silica particles, the transport of SiO will most probably be
enhanced.

The product in the reaction was confirmed to be the same as the silica found in industry' and
small scale experiments®; small, spherical particles of amorphous silica, shown in Figure 6. The
BET analysis showed that the particles formed at a lower gas flow rate had a significantly larger
average particle diameter (91 nm) than the silica formed at higher gas flow rates (66 nm). The
average particle sizes are presented in Table 2. The reason may be that the retention time for
nucleated SiO; particles in the hot gas at low flow rate is longer, thus the particles have the time to
grow larger. This is in agreement with Ulrich et al.’s (1977)° theory of silica particle growth. The
average particles size is similar to that found in silica samples from the refining process in industry,
which had an average particle size of 56 — 66 nm.

Table 2: Average particle diameter of the silica produced in the experiments,

measured with BET.
Gas flow 5 16 21 26 | 16m/s | 26 m/s
and m/s | m/s m/s m/s wet diluted
composition | air air air air air air
Average | ) | o3 | g | 66 | 57 40
particle
. nm nm nm nm nm nm
diameter

4 L 2%
Figure 6: SEM image of the silica
collected in the filter.

If the mass transfer coefficient found by using Scholtz’ equation (Eq. 5) and a sticking
coefficient of 0.01 (probability of O to stick to the Si surface) as proposed by Lander and Morrison
(1962)° is used to calculate the flux of Si with Fick’s law, the fluxes obtained by theoretical
calculations are in the same order of magnitude as the measured fluxes, as can be seen in Table 3.
The sticking coefficient was found by measuring pressure drop due to consumption of oxygen in the
reaction with solid silicon at 875°C. Lander and Morrison’ found that the sticking coefficient was
not strongly temperature dependent, and thus concluded that the activation energy for active
oxidation was low.

Table 3. Comparison of measured flux of Si and theoretical flux of Si, calculated with mass transfer coefficient from
laminar impinging jet theory, and using a sticking coefficient of 0.01.

Gas velocn}f at 5 m/s 16 m/s 21 m/s 26 m/s
nozzle exit
Measured Jg;,
10~ mole/m’s 12 t > >
Theoretical Jg;,
10 mole/m’s 1.0 23 > >

The similarity of measured and theoretically calculated flux of silicon signifies that the theoretical
calculation of a mass transfer coefficient for oxygen works, assuming that the sticking coefficient is
correct.



CONCLUSIONS

In this work, the conditions for fume formation in industry have been reproduced; a moving
silicon surface with air being the oxidative gas. The measured flux of silica is a linear function of
the gas velocity to the power of %, in agreement with impinging jet theory.

The rate of fume formation was not reproduced, being one order of magnitude lower than the
flux pleasured in the industrial silicon refining process. The reaction product was the same as found
in industry; spherical amorphous silica particles with average particle size similar to the one found
in industry.

To establish whether the increased amount of oxygen introduced to the surface per unit time
or the increased gas velocity itself was the determining factor for increased silica production with
increased gas flow, a diluted experiment was carried out. It was found that the transport of oxygen
from bulk gas to the silicon surface is the rate determining step for the silica formation, and that
there is no accumulation of SiO at the surface with increased oxygen flux to the surface. The effect
of dilution gave interesting results which will be investigated further in future studies.

The theoretical calculation of a mass transfer coefficient for oxygen to the silicon surface in
the impinging jet system is in general agreement with measured oxidation rates, if a Lander-
Morrison O; sticking coefficient of 0.01 for oxygen is applied.
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Abstract

In the production of metallurgical grade silicon (MG-Si), fugitive emissions are a serious concern due to the
health risks associated with the fumes formed in different parts of the production. The fumes are also a potential
environmental hazard. Yet, the chemical composition of the fumes from most process steps in the silicon plant,
such as oxidative refining ladle (ORL), remains unknown. This in turn constitutes a problem with respect to the
correct assessment of the environmental impact and working conditions. A comprehensive industrial
measurement campaign was performed at the Elkem Salten MG-Si production plant in Norway. Samples of the
in- and outgoing mass flows were analyzed by High-Resolution Inductively Coupled Plasma Mass Spectrometry
(HR-ICP-MS), with respect to 62 elements. In every step of the sampling and sample treatment processes,
possible sources of error have been identified and quantified; including process variation, mass measurement
accuracy and contamination risk. Total measurement errors for all elements in all phases are established. The
method is applied to estimate the order of magnitude of the elemental emissions via the fumes from the tapping
and refining processes, with respect to production mass and year. The elements with higher concentrations in the
fume than slag and refined silicon include Ag, Bi, Cd, Cu, In, K, Mg, Na, Pb, Rb, Se, Sn, Tl, and Zn: all being
present in the ppm range. This work constitutes new and vital information to enable the correct assessment of

the environmental impact and working conditions at an MG-Si plant.



Introduction

One of the main environmental challenges facing the metallurgical industry is fugitive emissions of gas and
dust. In the production of metallurgical grade silicon (MG-Si), fugitive emissions are a serious concern. The
industry is subjected to extensive regulations with regards to these emissions -both in terms of outdoor and
indoor environment- and in particular emissions containing toxic compounds, heavy metals or greenhouse gases
[1, 2]. Furthermore, the health risks associated with the dust and fumes from the smelting and foundry industries
in general, and the silicon and ferro-silicon industry in particular, is well documented [3-7]. The adverse health
effects caused by long term exposure and inhalation of fume are numerous and the workers are at risk of
developing respiratory problems, including chronic obstruction pulmonary disease (COPD) [8-12]. For that
reason the use of dust masks are mandatory in exposed areas in most silicon plants in Norway.

Today’s environmental authority reporting from the ferroalloys industry is primarily based on overall
tapped material compositions and standard calculations of the distribution of major elements between products,
solid waste and fugitive emissions, in addition to ad-hoc industrial measuring campaigns. For most major
elements, the reporting accuracy for a plant would be in the order of thousands of kilograms while for some
toxic elements like mercury, cadmium etc., accuracies in the range of kilograms are expected. Stricter emission
regulations are to be expected in the future and hence, it will become important to have a full understanding of
where elements entering the metallurgical plant - including those in very low concentration in the tapped
material charge - will end up. It will also be of crucial importance to understand to which accuracy it is possible
to measure and analyze trace elements in different phases, and the errors and uncertainties involved in both
sampling and analysis of emissions, products and wastes. To date, no one has described the limits for how
accurately emissions can be estimated for reporting purposes.

In the past, the fumes in a number of metallurgical processes have been studied, but often with less
attention to the chemical composition and reactivity of the particles than to the particle sizes and distributions
[1, 13, 14]. The fuming mechanisms in silicon production have been studied [15, 16] and some problems of the
fugitive emissions have been documented with respect to the plant and local community [17].

The elemental distributions in silicon and ferrosilicon production have been previously studied with

respect to the electric furnace operation [18, 19]. Although the furnace is an important source of fumes from a



silicon plant, the fugitive emissions are not exclusively originating from the furnace. Fumes are produced in
virtually every production step and 40-80 % of the fugitive emissions of fume originate from the process steps
where molten silicon is in contact with air [13, 20, 21]. The refining process is an important step in the chain of
silicon production operations and the analysis of the element distribution in the oxidative ladle refining process
will be published separately [22]. The method in itself is of general interest as it may be adapted and
implemented for other process steps, as demonstrated by Myrhaug et al. [18, 19] for the electric arc furnace
process.

The composition of exhaust gases from the silicon industry have been subject to several investigations
as the volatile compounds need to be trapped in different kinds of ventilation and filter systems and many of
these gases are potentially harmful to people and nature [23-26]. However, the chemical composition of the
condensed particulate matter (CPM) and the variations of the CPM’s originating from various process steps in
the silicon plant remains unknown. This in turn constitutes a problem with respect to the correct assessment of
environmental impact and working conditions, not only for the industry itself but also for the regulatory
authorities.

This paper describes the possibilities and limitations for making accurate estimations of element
concentrations in the different material flows of the refining ladle and to estimate the total measurement error
for each element. The aim of this paper is twofold: 1) Establish a new method for evaluating the accuracy of the
elemental analysis of all phases in the refining ladle, and 2) apply said method for estimation of fugitive

emissions of main and trace elements (e.g. heavy metals) from an MG-Si plant.

Methods

A comprehensive industrial measurement campaign was performed at the Elkem Salten MG-Si plant in
Norway. The main focus was to study the elemental distribution between the different phases in the refining
ladle, thus samples from all ingoing and outgoing matter in the ladle was collected. Eight different ladles were
investigated, and the amount of fume was measured with a LaserDust MP from Norwegian Electro Optics (NEO
[27]) installed in the off-gas channel. The LaserDust measures the transmission of a laser beam, and the

reduction in the signal will correspond to the amount of fume in the measuring path. Samples of silicon, slag and



fume were taken from eight refining ladles with standard purge gas mixture and flow rate conditions. At the
time of the sampling, the temperature in the Si was in the range of 1446-1677°C. Samples from the tapped Si
were taken from the tapping jet. A sample of the fully refined Si was collected just before casting. Slag samples
were gathered from the bottom of the ladle, from the side (freeze lining) and from the top layer. Fume samples
were collected with a “cold finger” (a water cooled copper tube) placed in the exhaust gas channel during

tapping. The ladle and sampling locations are shown schematically in Figure 1.
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Fig 1 Schematic of the ladle with the sampling of the in- and out-going phases indicated.

In the sampling and sample treatment processes, the possible sources of error in each step have been identified.
An overview is provided in Figure 2 and Table 1. For each element considered, all of these sources of error and

uncertainties are given either a measured or calculated/estimated value.
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Fig. 2 The major error sources and uncertainties associated with each step of the experimental method.

Table 1: Major error sources in mass flows into and out of the ladle.

Error Tapped & refined Slag Fume

parameter | Si

a St. dev. between St. dev. between St. dev. between
ladles ladles ladles

b Sample Sample Sample
representativity representativity representativity

c Mass measurement ~ Mass measurement  Mass estimated

from measurement

d Contamination Contamination Contamination

e Analysis (ICP-MS  Analysis (ICP-MS  Analysis (ICP-MS
RSD) RSD) RSD)

Finally, a combined measurement error for each element is estimated using equation (1) [28]:

El _ El 2 2 2 El 2 El 2
X, 7\/a¢ +b¢+c +dw +e,

M



where Xf' is the total/combined measurement error for element El in phase ¢, and q, b, ....e are the calculated

measurement errors in each step of the sampling process and samples preparation, as indicated in Table 1. These
errors may be specific for elements, and are then marked with a superscript El, or they are the same for all
elements (e.g. error in mass estimation).

Recovery calculations for each element have been carried out according to:

%R 400(’“@‘} @
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where %R; is the recovery in %, m; o and m;;, are the total masses of element i flowing out of and into the ladle,
respectively. Out-going mass flow is the sum of the produced Si, the slag and the fume. In-going mass flow is
the sum of the tapped Si, the cooling material and the flux material.

Some potential sources of contamination are not taken into account in this paper; these are for example
the use of steel lances and bullets for opening the tapping hole of the furnace, and fractioning of the ladle lining
upon slag removal. They are estimated to have comparatively small influences on the overall element
concentration and distribution.

In the following sections, the measurement errors in each step in the sampling and sample treatment

processes are described.

Sampling procedure
The tapped silicon was sampled directly as tapped from the furnace. The samples of tapped silicon may not be
entirely representative for the whole bulk of tapped silicon, due to inhomogeneous silicon in the furnace. As the
tapped silicon sample is collected by a small crucible on a stick and cast in a holder, there will be little or no
contamination in the sampling process. The measurement error due to process variation is however taken into
account through the standard deviation between the eight sampled ladles for all elements (error type a).

Due to the vigorous stirring produced by the refining gas introduced from the bottom of the ladle, the
refined silicon sample is relatively homogenous which enables representative samples. Also here, the process

variation is taken into account for all elements by calculating the standard deviation between the eight samples.



The slag consists of the top slag, the bottom slag and the freeze lining, each of which are inhomogeneous phases
which poses practical sampling problems in terms of the samples being representative for the bulk phase. Most
slag tapped from the furnace is expected to end up in the bottom slag. Therefore, the slag samples may not be
entirely representative for all the elements analyzed. In the estimation of the combined error for elements in the
slag the standard deviation between the slag samples in each ladle is taken into account (error type b), in
addition to the process variation (error type a).

The fume samples were collected with a “cold finger” (water cooled Cu tube) in the ventilation hood
above the ladle. The fumes discussed here are therefore only the condensed components of the fume. Some
volatile compounds (for example H,S, NO,, CO,, SO,, O, and H,) are known to occur in the off-gas [24-26] but
were not collected by the “cold finger”, which may affect the recovery of certain elements. The “cold finger”
was placed in the ventilation hood for approximately 30 min during tapping, while the whole tapping and
refining process lasts for approximately 2 - 2.5 h for each ladle. The fume samples collected were considered
representative for all the fume produced during the tapping. The degree of contamination of the fume samples
during sampling is likely to be within standard deviation for all elements except copper (Cu). The “cold finger”
used to collect the fume was made from copper, and there was a distinct contamination of copper in all the fume
samples. As the true copper concentration in the fume thereby remains unknown, a recovery value of 100 % was

given to all fume samples.

Mass estimation
The estimation of the mass of the in- and outgoing phases is represented by error type c in Eq. 1, and is the same
for all elements. The mass flux of fume was measured with the LaserDust MP for three ladles and based on
these measurements, estimated for the remaining five ladles. The standard deviation in the fume measurements
were approximately 50 %, due to variations in the amount of fume during the tapping process. This high value
for the error in the mass estimation of fume is assumed to include the error due to estimation of fume amount for
the five ladles where the fume was not measured.

The amount of tapped silicon is measured by weighing the ladle before and after tapping. The amount

of refined silicon produced in a ladle is measured by weighing the ladle before and after casting. The accuracy



of the scale is + 10 kg, which corresponds to an average error of 0.14 % for the tapped silicon and 0.17 % for the
refined silicon. The amount of slag is correspondingly measured by weighing the ladle before tapping and after

casting. The calculated mass measurement error for slag is 5.4 %

Sample preparation

A total of 105 samples were collected. The solid bulk samples were crushed to a powder in a steel mill for 30
seconds. This steel mill is known to contaminate samples with Fe, Cr, W, Co, Mn, Ni, B and V (experimentally
determined amounts) [29]. Where these contaminations were considered large enough (more than half of the
RSD for said elements in each sample), they were included in the calculations of combined error as the
elemental specific error type d.

For the HR-ICP-MS analysis 25-35 mg of each sample was used. The silicon samples were dissolved
in 0.5 mL concentrated HF and 1.5 mL concentrated HNO; and digested at room temperature. The fume, slag
and flux samples were dissolved in 0.5 mL concentrated HF, 0.5 mL concentrated HNO; and 0.5 mL
concentrated H,SO, and digested in an UltraClave from Milestone. The load pressure was 50 bar and the
samples were heated to 250°C and held for 20 min. This treatment of the slag-, flux- and fume samples was
performed due to earlier difficulties dissolving them at ambient temperature and pressure. Three blank samples
were run at the same time as the samples in order to subtract the contamination from dissolving process and/or

the chemicals used. After digestion all samples were diluted to 250 mL and run through the HR-ICP-MS.

Element analysis by HR-ICP-MS

The instrument used was an ELEMENT 2 from Thermo Electronics. This instrument will have an instrumental
detection limit (IDL) for each element, determined by the blanks and by the concentration of the element. Thus,
e.g. silicon had a very high IDL due to its high concentration in the samples. Elements readily found in nature
like K, Na, Ca and Mg, will also have high IDL’s, due to standard instrumental settings. In the cases were the
concentration of an element was below its respective IDL (or had a negative concentration due to high blank
concentration), half the IDL was set to represent the concentration in that sample. As an error margin of IDL/2 is

generally acceptable, this approach is widely used [19].
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When the samples are analyzed in the HR-ICP-MS, each sample is run three times, thus a relative
standard deviation (RSD) from the ICP-MS analysis itself is obtained. The RSD is usually low, and an element
analysis with an RSD < 5 % is considered as good/reliable. An RSD above 10 % is considered not very reliable.
This is usually the case when elements are present in concentrations close to or below the IDL. The average

RSD for all elements in all phases are included in the combined error estimation as error type e.

Estimation of combined error

When all measurement errors and calculated errors caused by variations in process and composition were
identified, a combined error was calculated using Equation 1. Consider for example, the combined error of the

lead (Pb) concentration in the fume.

The calculated standard deviation between the eight different fume samples is for Pb, a =76 %. The

Fume
fume samples were assumed to be representative for the whole bulk of fume produced during tapping, thus

b, = 0 % is used. The mass measurement of the fume, has an uncertainty of c. . =50 %. No Pb

Fume Fume

Pb
Fume

=0 % is used. The average RSD for Pb in the fume e  was 1.8 %. The

Fume

contamination is suspected, thus d

Pb

combined error for Pb in the fume ( X[,

) is then 91 %. If a concentration of 10 ppm Pb in the fume is

assumed (this is a typical value), the standard deviation is 9.1 ppmw. These estimates may be used to calculate a
mass range of 0.008 - 0.17 g Pb in the fume per tonne produced silicon. The annual “loss” of Pb to fume will
hence for an annual production volume of 75000 tonnes silicon be 0.59 - 12 kg per year.

This method is used to calculate the combined errors for all elements in all phases, and the amount of
each element in the fume per tonne silicon produced and per year has been estimated. Some errors will become
seemingly high, like the 91 % in the case of lead; however, the order of magnitude will be reliable. These values
may be used to estimate the amount of each element which may escape from the plant as fugitive emissions and
they indicate how accurately the emission of each element can be estimated and reported with the present
method. In some cases it is evident that new and more suitable methods may need developing for environmental

reporting purposes.



Results & Discussion

Measurements accuracy and uncertainty

The numerical IDL and combined errors for each element in all major phases in the refining ladle are found in
Table 2. Recovery ranges were calculated for all elements (Eq. 2), based on the calculated concentration
intervals, the concentration intervals of elements in the fume phase can be found in table 3 in the appendix. 100
% recovery was within the range for all elements which confirms the applicability of the method. The total
errors for each phase have been calculated assuming an increased risk of contamination of Cu in the fume.
Increased risks of contamination from the mill (B, Cr, W, Mn, Fe, Co and Ni) have been included for the tapped
Si, the refined Si and the slag.

The ICP-MS results for some of the elements (Se, Cd, In, Ir, Pt, Bi, S, Ag, Hg, Na, K, Cs, Tl and Rb),
are not considered reliable. These elements were either present in concentrations below the instrumental
detection limit or the relative standard deviation of the resulting values was larger than 10 %. In fact, many
elements in this category were affected by both of these errors. One set of elements (Se, Cd, In, Bi, Tl, Na, Rb,
Ag and K) has high instrumental/analytical errors in the silicon (and some also the slag) samples but the fume
concentrations were reliable and accepted.

Note that the RSD values are included in Equation 1 and will therefore influence the combined error
values. The IDL values do not influence the combined errors but may be used to assess whether the ICP-MS is a
reliable tool for evaluation of any particular element. The IDL is low or very low for most elements in silicon,
with some exceptions: Na, K and S have high IDL’s. As these elements are present in relatively large amounts
but most often have concentrations below their IDL, the interpretation of these numbers is inconclusive. As, in
addition, the RSD for S is higher than 10%, any results regarding sulphur are deemed unreliable. Other elements
with relatively high IDL’s are Ca, P and B but since they are present in concentrations higher than the IDL in all

phases, their evaluation is not affected in this case.
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Table 2: Instrumental detection limits for all elements, and calculated combined errors, in percent (%) for the
tapped Si, the refined Si the slag and the fume.

Element | IDL, (ppmw)  Tapp.Si(%) Slag (%) Ref.Si(%) Fume (%)
Ag 0.125 + i i 96
Al 1.25 13 69 29 73
As 0.15625 19 44 28 75
Au 0.00125 35 54 44 80

B 0.5 9 21 12 58
Ba 0.08125 34 93 115 100
Be 0.03125 25 89 63 95
Bi 0.00625 t i i 96
Ca 125 32 104 72 68
Cd 0.0125 + i i 106
Ce 0.00125 12 82 23 108
Co 0.025 7 64 11 106
Cr 0.03125 54 40 63 72
Cs 0.003125 t i i i
Cu 0.1875 14 60 18 71*
Dy 0.0125 15 75 32 113
Er 0.001875 18 85 42 111
Fe 0.125 9 79 7 142
Ga 0.04375 17 75 31 62
Ge 0.125 19 66 16 64
Hf 0.0063 11 36 9 125
Hg 0.00625 + i i i
Ho 0.00125 17 81 39 112
In 0.003125 t i i 66
Ir 0.003125 t i T i
K 31.25 F 112 T 60
La 0.0125 15 85 45 107
Li 0.1875 15 79 49 57
Lu 0.00125 19 98 56 108
Mg 0.625 8 84 52 64
Mn 0.0375 8 93 12 96
Mo 0.125 11 37 23 86
Na 62.5 i 115 i 55
Nb 0.1563 9 48 12 114
Nd 0.00125 12 81 21 113
Ni 0.08125 10 58 12 79
P 25 12 62 13 201
Pb 0.00125 76 111 74 91
Pr 0.001875 11 84 21 113
Pt 0.00625 i i i i
Rb 0.075 i 138 i 62
S 125 U T f il
Sh 0.0125 36 46 36 217
Sc 0.025 17 70 27 101
Se 0.3125 + i il 95
Sm 0.003125 13 70 44 120
Sn 0.00625 78 69 26 116
Sr 0.15625 36 96 104 82
Ta 0.00125 9 57 9 111
Th 0.00125 16 71 30 113
Th 0.003125 15 73 18 112
Ti 0.125 7 64 10 103
Tl 0.005625 i i i 102
™ 0.003125 18 89 47 111
U 0.0015625 9 77 10 126
\% 0.01875 7 63 10 105
wW 0.00625 98 101 79 108
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Y 0.0025 22 104 73 106

Yb 0.0025 17 92 73 88
Zn 0.15625 78 129 66 69
Zr 0.15625 7 66 9 125

* Cu content in fume was estimated due to contamination
+ No value due to concentration lower than IDL or too high RSD.

The major source of variation was found to be the process variation (standard deviation between the
ladles). Another important source of uncertainty is the inhomogeneity of the phases sampled, most notably the
slag. The inhomogeneity for all slag types is large which makes sampling difficult in terms of obtaining
representative samples. Representative values can therefore be obtained by increasing the number of samples.
The combined error values for the fume are generally higher than for the other phases and this is associated with
the difficulties of proper assessment of the fume mass.

Elements which have a large deviation between the ladles are prone to vary greatly with the process.
Elements which are more constant with respect to process must be evaluated with greater attention to analytical
errors. The tapped silicon is inhomogeneous in the furnace and the composition may vary with tapping time.
The furnace operation is close to a slag-free process, however due to impurities in the quartz and carbonaceous
materials, some slag is formed and tapped with the silicon. The amount of slag varies greatly; some tapped
material had a considerable amount of slag phase while others had virtually none. This process variation, caused
by slag accumulation in the furnace, is difficult to quantify and the operation of the furnace lies outside the
scope of this paper. However, as the furnace slag enters the ladle, it is incorporated in the much larger mass of
ladle slag; therefore this phenomenon is included in the error estimations of the ladle slag values. While the
composition of the side and bottom slags are quite similar, the top slag is different. The top slag has a much

higher concentration of silicon than the other slag types which affects the slag average concentration.

Emissions estimation

Figures 2 and 3 shows the mass of each element lost to the fume, based on annual production and silicon
tonnage, respectively. The values are also included in Table 3 in the appendix. Since the order of magnitude
varies greatly between the elements, a logarithmic y-scale is used. Please note that no negative or zero values

can be displayed on a logarithmic scale and therefore some elements appear to have no lower error bounds.
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Fig. 3 Loss of elements to the fume per tonne refined silicon. Note the logarithmic scale of the y-axis.
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Some of the heavy metals constitute particular risks if released to the environment. As can be seen
from Figures 2 and 3 (and Table 3 in the Appendix), the fume is rich in some of the most problematic heavy
metals, such as Pb, Cu, Cr, Ni, V. Other elements of special interest are the highly toxic beryllium and arsenic
[30, 31]. Both As and Be have relatively high concentrations in fume. Consequently, fume collection and
elimination of fugitive emissions are crucial to protect public health and to reduce the environmental impact of
the plant.

Based on the error estimations and the fuming rates displayed in Figures 2 and 3 (and Table 4 in the
appendix), the fugitive emissions for every element can be calculated. To correctly estimate the amount of fume
which may escape a silicon plant is complex and clearly outside the scope of this paper. However, if we assume
that 15 % of the fume from the tapping and refining process is released to the environment, the results in Figures
2 and 3 (and Table 4 in the appendix) can be used to calculate the annual emissions for every element via the

fume. For example, the annual emission of Pb would then be < 1.9 kg.

Conclusions

The total errors of the concentrations and distributions of 62 elements in the OLR process for Si have been
estimated. The elemental mass loss to the fume was estimated with respect to production mass and year, and a
concentration range for all elements in the fume is given. Fume collection and mass estimation were significant
error sources in these calculations. Other important error sources are the process variation and the
inhomogeneity of the slag. Different slag types also have different chemical composition which complicates the
slag average interpretation. A thorough understanding of the entire furnace and ladle processes is crucial to
optimize the sampling procedure with respect to obtaining representative samples

The instrumental detection limit and the relative standard deviation of the ICP-MS analysis may be
used to assess how appropriate the analysis method is for individual elements in each phase and to evaluate the
accuracy of each measurement. Certain results are not reliable, this mainly concerns elements present in very
low concentrations in the samples (such as Pt, Ir, Au, Bi, Hg, etc.). In some cases however, most notably if Na,

K and S are of vital importance, other analysis methods ought to be considered.
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This work is the first in its kind to publish a method for estimation of the error sources and
uncertainties associated with the assessment of the elemental distributions in the mass flows into and out of the
refining ladle. The method can be used to assess the annual emissions of trace elements for reporting purposes.
Special emphasis was put on the fume concentrations and both major and trace elements are evaluated. As the
fumes from tapping and refining are the main source for fugitive emissions from a silicon plant, this work may

be used to improve emission estimates and to assess the credibility of previously reported emissions.
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Appendix

Table 3 Maximum and minimum mass of each element in the fume per year and per tonne silicon
produced, and the concentration range of elements in the fume. The amounts with a “less than” sign
(<) have a calculated combined error larger than 100 %.

Element | Mass/ year (kg) Mass / tonne Si(g)  Concentration in
fume (ppmw)

Ag 1.2-65 0.016-0.86 1-500

Al 747-4827 10-64 1000-10*

As 0.23-1.7 0.0031-0.022 0.1-5

Au 6.4-10"-0.0059 8.6:10%-7.9.10° 0.001-0.01

B 7.9-30 0.11-0.39 10-50

Ba <76 <1.0 <500

Be 0.027-1.1 3.6-10%-0.014 0.01-5

Bi 0.0054-0.24 7.2:10°-0.0033 0.01-0.5

Ca 499-2598 6.7-35 500-5000

Cd <23 <0.31 <50

Ce <12 <0.16 <50

Co <3.2 <0.042 <10

Cr 3.8-24 0.050-0.32 5-50

Cs il T i

Cu* 93-539 1.2-7.2 100-1000

Dy <0.71 <0.0094 <5

Er <0.70 <0.0094 <5

Fe <4.3-10* <571 <10°

Ga 0.29-1.3 0.0039-0.017 0.1-5

Ge 0.18-0.81 0.0024-0.011 0.1-5

Hf <21 <0.028 <5

Hg T T T

Ho <0.24 <0.0031 <0.5

In 0.0012-0.0059 1.6.105-7.9.10° 0.001-0.01

Ir il T i

K 570-2302 7.6-31 500-5000

La <5.7 <0.077 <10

Li 4.0-15 0.054-0.20 5-50

Lu <0.094 <0.0013 <05

Mg 185-832 2.5-11 100-5000

Mn 2.5-134 0.033-1.8 1-500

Mo 0.12-1.6 0.0016-0.021 0.1-5

Na 133-460 1.8-6.1 100-1000

Nb <17 <0.023 <5

Nd <6.0 <0.081 <10

Ni 1.8-15 0.024-0.20 1-50

P <475 <6.3 <1000

Pb 0.59-12 0.0078-0.16 0.5-50

Pr <1.4 <0.019 <5

Pt T T i

Rb 2.1-88 0.027-0.12 1-50

S il il i

Sh <6.5 <0.086 <50

Sc <1.2 <0.015 <5

Se 0.057-2.2 7.6:10-0.029 0.01-5

Sm <11 <0.015 <5

Sn <1.9 <0.025 <5

Sr 6.2-62 0.082-0.83 5-100

Ta <0.19 <0.0026 <0.5

Tb <0.20 <0.0027 <0.5

Th <1.4 <0.019 <5

Ti <401 <5.3 <1000
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Yb
Zn
Zr

<0.30 <0.0040
<0.091 <0.0012

<0.90 <0.012

<11 <0.15

<0.8 <0.011

<5.9 <0.079
0.038-0.59 5.1-10%-0.0079
31-171 0.42-2.3

<78 <1.0

<0.5
<0.5
<5

<50

<5

<10
0.05-1
10-500
<500

* Estimated value due to Cu contamination from the «cold finger».
+ No value due to concentration below IDL or too high RSD.
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