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Abstract

The melting zone in a cupola has temperatures greater than 1773 K and a reducing atmosphere.
This condition is suitable for the carbothermic reduction of silica. The key to the applicability of
carbothermic reduction of silica for Ferro-alloy production is rapid in-situ production of SiC and
its subsequent dissolution in the hot metal. The main objective of this investigation was to study
the kinetics of the carbothermic reduction process and determine the optimum parameters for
rapid and complete in-situ conversion of silica to SiC.

At temperatures above 1773 K the key reactions in the carbothermic reduction process are (1)
Si0,(s) + CO(g) = SiO(g) + CO4(g), (2) SiO(g) + 2C(s) = SiC(s) + CO(g), (3) C(s) + CO(g) =
2CO(g). To meet the objective of this study, conditions must be such that the surface reactions
occurring at the carbon and silica surfaces are rate limiting and the entire silica is converted to
SiC. Pellet composition and structure in terms of carbon to silica ratio, their particle sizes and
compaction pressure that ensure surface reaction is rate controlling, were determined. The gas-
solid reaction kinetics was mathematically modeled in terms of the process parameters. It was
observed that the reaction kinetics improved by reducing both carbon and silica particle sizes.
However, below a certain critical particle size there was no significant improvement in the
reaction kinetics. For complete conversion of SiO; to SiC, excess carbon and critical porosity are
necessary to ensure that the entire SiO(g) generated by reaction (1) is consumed via reaction (2)
within the pellet.

Thesis Supervisor: Uday B. Pal
Title: John Chipman Associate Professor of Chemical Processing of Materials
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Chapter 1

Introduction

Silicon carbide is used as an alternate to the silicor dross in the production of ferrosilicon
alloys!". Silicon recovery improves if the silicon bearing raw materials are introduced directly
into the superheated melting zone of a cupola. The melting zone of the cupola maintains

conditions, which are suitable for the in-situ carbothermic reduction of silica. The overall reaction

of interest is:

Si0,(s) + 2C(s) = Si+ 2CO(g) [1.1]
where Si represents silicon in solution in iron.

Possible products of carbothermic reduction that can react with Fe to give Si are SiO(g) and

SiC(s). The reactions are:

SiO(g) + C = 8i + CO(g) [12]

SiC(s) = Si + C [1.3]

Kinetics of reaction [1.2] is controlled by the transport of SiO(g) to the iron melt'. As a
consequence, the reaction is slow and the SiO(g) can escape or decompose without effectively
reacting with carbon in the iron. On the other hand if the entire silica is rapidly converted to SiC,
then it can easily alloy with the iron as shown in reaction [1.3]. Therefore, this study was focused

on rapid and complete in-situ conversion of silica to SiC.

Many studies have been conducted to examine the kinetics of carbothermic reduction. Cutler

et.al.) investigated the kinetics of reduction of silica present in the rice husks in different CO



atmospheres. They found that the reaction between silica and carbon proceeds via the gas phases.
The rate-controlling step for the formation of SiC is carbothermic reduction of silica to form
Si0(g) and CO(g). They also found that reactions occurring at the carbon surface do play a role in
controlling the reaction kinetics. Biernacki and Wotzak!™ studied the kinetics of the reaction of
one-to-one molar mixtures of crystalline silica and carbon powder in Ar and CO atmospheres.
They found that though the reaction was predominantly controlled by chemical kinetics, it was
influenced by diffusion mass transfer within the reacting bed of solids. Kimura et. al*”
investigated the mechanism of reduction of silica graphite mixtures at temperatures between 1673
and 2073 K under argon atmosphere. The reduction products were both SiC and SiO(g). They
reported that the production ratio of SiC increases significantly with increasing temperature and
C:Si0: mixture ratio. In the early stage of reduction, the rate equation for interfacial reaction
control is applicable to the reduction of SiO; with graphite. The rate-determining step is
considered to be the chemical process at the surface of the graphite particles. When the reaction
proceeds and a continuous layer of SiC is formed around the graphite particles, the rate of
reduction shows a parabolic rate equation. The reduction of SiQ; is controlled by the diffusion of
carbon in SiC. Krstic'® synthesized submicrometer SiC (beta form) powders by reacting silica
and carbon black at temperatures between 1723 K and 2073 K under vacuum. In this study it was
found that the dominant mechanism above 1723 K is the reaction between gaseous SiO and C and
that the rate of SiC formation is controlled by the rate of SiO formation. The objective of the
present study was to determine the parameters in order to achieve surface reaction controlled
kinetics for carbothermic reduction of silica and to ensure complete conversion of SiO: to SiC
under conditions that exist in the melting zone of cupola. In other words obtain most rapid in-situ
complete conversion of silica to SiC. A mathematical model was developed to simulate the
experimental results for the surface reaction controlled kinetics and establish a ciear theoretical

understanding of the contributions of the different reactions taking place so that the results can be

applied to a cupola.

Content of the remaining document is as follows: Chapter 2 discusses the thermodynamic and
kinetic aspects of the reaction under different conditions. Chapter 3 deals with the preliminary
experiments done using a horizontal tube furnace. These results along with the thermodynamic
study were used to establish the reaction mechanism. Chapter 4 describes the experimental details

of the thermogravimetry setup, which was used to study the reaction kinetics. Chapter 5 describes



the analysis of the experimental results for the study of reaction kinetics thus obtained and
discussion of the results. Chapter 6 describes in detail the mathematical model developed and
compares the results with those obtained from the experiments. Chapter 7 concludes the present

study.



Chapter 2

Theoretical Analysis

2.1 Thermodynamics

The possible reactions that could be taking place during carbothermic reduction of silica are:

Si0,(s)+ C(s) = SiO(g) + CO(g) [2.1]
Si0, (s) + CO(g) =SiO(g) + CO,(g) 2.2]
Si0(g) + 2C(s) =SiC(s) + CO(g) [2.3]
Si0,(s) + 3C(s) = SiC(s) + 2CO(g) [2.4]
Si0(g) + C(s) = Si(s) + CO(g) [2.5]
Si(s) + C(s) = SiC(s) [2.6]

SiC(s) + 28i0,(s) = 3Si0(g) + CO(g) [2.7]
28i0(g) = Si(s) + Si0, (s) [2.8]

C(s) + CO,(g)=2CO0(g) [2.9]

Thermodynamic analysis was carried out using Outokumpu HSC chemistry software version 2.0
in order to determine the possible equilibrium phases involved in the reaction. Equilibrium phases
are determined based on the calculation of Gibbs free energies of the individual phases'®!. Fig.2.1
shows the equilibrium compositions as a function of the C: Si0; ratio of the starting mixtures at a
temperature of 1873 K. It can be seen that for C:SiO, ratios greater than 3, SiO(g) is negligible
and SiC and CO(g) are the dominant reaction products. Fig.2.2 shows the equilibrium
compositions of various chemical species as a function of temperature with a starting C:SiO; ratio
of 3:1. It is seen that the SiC formation begins at a temperature of about 1773 K. Also, above
1823 K the stable phases are SiC and CO(g). Pressure in the melting zone also varies. Fig.2.3

shows the equilibrium compositions of various chemical species as a function of the system
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pressure. Below a pressure of 2 atm SiC and CO(g) are the stable products of the reduction

reaction.

2.2 Kinetic Aspects

Thermodynamic analysis shows that SiC and CO(g) are the dominant reduction products for
C:SiO; ratio greater than 3:1 and temperatures over 1823 K. However, SiO(g) has some
equilibrium partial pressure and it increases with temperature {fig.2.4). As a result, some SiO(g)

can leave the C-SiO, mixture (pellets) used for in-situ carbothermic reduction. As stated earlier

the kinetics of the reaction

8iO(g) + C = Si + CO(g) [2.10]

is controlled by the transport of SiO(g) to the iron melt'. As a consequence significant quantities
of SiO(g) can escape to the upper zones of cupola and get wasted. Objective is to achieve
maximum conversion of SiO(g) to SiC within the C-SiO, mixture (pellets) and transfer it to the

iron melt. This is possible by reaction [2.3] and and the following reaction:

SiC=Si+C [2.11]

Reaction kinetics should be such that maximum conversion of silica to SiC takes place in the least

possible time.

11
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Chapter 3

Reaction Mechanism

In order to contral the renctior kinetics it is essential to understand the reaction mechanism
involved. A series of experiments were conducted to determine the possible reactions involved in
the carbothermic reduction under conditions similar to those existing in the melting zone of the
cupola. Using the results of chemical analysis of the products, a reaction mechanism was
established. The effect of different compositions of the starting materials on the extent of
conversion of silica to SiC was studied. The C:SiO; ratio required for making the reaction surface
limited was identified. These results were used to determine the chemical composition of the

pellets needed for thermo-gravimetric study to be described later.

3.1 Experimental Setup

Experimental setup is shown in figure 3.1. Reaction chamber was an open ended alumina tube
of 1.25” diameter. A Lindberg / blue M resistance furnace was used to achieve the desired
temperature. Tube was sealed at both ends to make it gas tight. Argon was used as the purge gas.
Gas flow was controlled by rotameters. Gas from the reaction chamber was fed to an electronic
Omega mass flowmeter, which in turn fed the gas to Anarad infra red CO gas analyzer. Gas
analyzer was calibrated using a certified 20% CO-N, gas mixture. A supplementary gas source
was also used as the gas analyzer pump was designed to draw gas at the rate of 2 litres/min. In the
later experiments this was taken care of by using a rotameter right before the gas analyzer in the
flow chain for the gas. Voltage signals from the mass flowmeter and the gas analyzer were fed to
a data acquisition system, Fluke hydra logger and the corresponding data was stored in a Dell

80486 computer. Temperature of the hot zone was monitored by a B type thermocouple.

Carbon black (68 nm) and silica (10p) were mixed in the desired ratio in a ball mill using silica

beads for about 12 hrs. Powders were pressed into pellets of diameter 0.75” and weighing 1.2
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grams using a pressing load of about 9000 psi. The pellet was placed in an alumina boat in the
cold zone of the horizontal tube furnace and the furnace tube was purged with argon. The furnace
tube was heated to 1873 K and the boat was pushed into the hot zone with an alumina rod. CO
evolution was detected and measured by an infrared gas analyzer. When no more CO evolution
was detected, the boat was pushed out of the hot zone and cooled in the argon atmosphere.
Weight loss was measured. Phase analysis in the samples was done using a Rigaku IU300
DMAX-B wide-angle difractometer. Samples were sent out to LECO technical services
laboratory where these were analyzed for the carbon and oxygen content using combustion test
with model CS-444. . Experiments were repeated by varying the flow rate of argon from 30
ml/min to 300 mV/min. and also by varying the C:SiO; ratio while keeping the flow rate fixed.

3.3 Results & Discussion

Mechanism
Whiskers were observed on the sides of the alumina boat for low flow rates for pellets with

C:SiO; ratio of 3 or less. XRD analysis indicated that the phase present was cristobalite (SiO.).
However, no silicon was detected. Presence of SiO, whiskers inidiactes that SiO(g) is one of the
reaction products. For higher flow rates SiO(g) generated was driven out of the system by the
flow of the purge gas. XRD analysis of the pellets revealed the presence of SiC, C and trace
amount of SiO,. SiC forms a layer around carbon particles. Si in SiO(g) or C then has to diffuse
through the SiC layer for further reaction to take place. This transport process is very slow! and
as a result some SiO(g) leaves the C-SiO, pellet. Diffusion coefficients of Si and C are too low
for solid—solid reaction to be the dominant mechanism®. It can therefore, be classified as a gas-
solid reaction. In the given time frame, this eliminates the possibility of significant reaction

between SiC and retained SiO,. Also SiC formation on the surface of carbon particles has been

reported””.. Possible reaction steps are:

Si0,(s) + C(s) = SiO(g) + CO(g) [3.1]
SiO(g) + 2C(s) =SiC(s) + CO(g) [3.2]

17



Reaction [3.1] acts as the initiation step. However, as soon as some reaction takes place a large
quantity of CO(g) is liberated which suppresses any further reaction due to large partial pressure
of CO(g) (2.42 atm at 1873 K ). Also, reaction [3.1] takes place at the points of contact between
Si0; and C particles. As a result, the contact breaks as soon as some reaction takes place.

Propagation of this reaction can take place only in the gas-solid mode. Possible steps are:

Si0,(s) + CO(g) = SiO() + CO,(g) [3.3]
CO,(g) + C(s) = 2CO(g) [3.4]

Quantitative Analysis
Quantitative analysis was done using the mass balance principles. CO evolution was estimated

by calculating the area of the CO flow rate vs. time plots generated from the data of the gas
analyzer. Combustion analysis of the pellets gave the C and O content of the samples. Oxygen
content corresponds to the retained silica while carbon content corresponds to the SiC and
retained carbon in the system. Total weight ioss measured by an electronic balance, can be

attributed to the CO(g) and SiO(g) evolution. The net reaction can then be written in the

following manner:

x8i0,(s) + xC(s) = xSiO(g) + xCO(g) [3.5]
18i0(g) + 2yC(s) = ySiC(s) + yCO(g) [3.6]

Let us assume that initially we have a moles of SiO, and 4 moles of C. Then the overall reaction

can be represented in the following manner:

aSi0,(s) + bC(s) = (a-x)Si0,(s) + (b-x-2y)C(s) 3.7]
+ JSiC(s) + (x-y)SiO(g) + (x+y)CO(g) '

Knowing the oxygen content of the reacted pellets we can find out the amount of retained silica.
This will give us the value of x in the above equation. Using this value and the carbon content of

the pellet, value of y can be estimated. These values can be verified against the total CO evolution

18



measured separately using the gas analyzer. Usually an error less than 10% was found in the

above quantitative analysis.

Effect of initial pellet composition

It was observed that some SiO(g) leaves the C-Si0O;, pellet when stoichiometric amounts
(C:Si0; ratio of 3) are used. In order to study the chemical kinetics using thermogravimetry it
was essential to completely react the SiO(g) generated and convert it to SiC so that the weight
loss could be correlated only to the CO(g) evolution. A higher C:SiO, ratio of 5:1 was used for
this purpose. Quantitative analysis was done as stated above. More SiO, was reduced to SiO(g)
for higher C:SiO; ratio.(fig 3.2). Also, a significantly higher conversion to SiC (close to 95%)
was achieved for higher C:SiO, ratio.(fig.3.3). For a given particle size of carbon, larger surface
area is available for higher C:SiO, ratios and this enhances the surface reaction kinetics for

reaction [3.2]. This ensures a more complete conversion of SiO(g) to SiC.
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Chapter 4

Thermogravimetry: Experimental Aspects

Since, the present study involved evolution of CO(g) as the reaction product, it *was possible to
follow the reaction as a function of time by measuring sample weight change. This is possible
only when all SiO(g) that is generated is consumed by the carbon particles in the C-SiO, pellet.
This was ensured by using the starting C:SiO; ratio of at least 5:1. Some experiments were
conducted using a C:Si0O; of 3:1 in order to study the effect of C content of the samples on the
reaction kinetics. The reaction rate obtained in this case was a result of small amount of SiO(g)
evolution along with the CO(g) evolution and therefore cannot be directly compared with the rate
obtained for pellets that contained higher amounts of carbon and resulted only in CO(g)
evolution. However, they can been compared qualitatively keeping this fact in mind. In this

chapter the experimental aspects have been described in detail. Results and discussion are

presented in the following chapter.

4.1 Experimental setup
Schematic of the experimental setup is shown in fig.4.1. High temperature D101-02 AT Cahn

balance was used for thermogravimetry. The microbalance is rated for a maximum sample weight
of 100 grams. In this setup, the sample was stationary as it had to be suspended from the balance.
In order to study the reaction kinetics it was necessary to subject the sample to the hot zone
instantaneously. To achieve this the furnace was made mobile instead. An Oslon lift was used for
this purpose. The CM resistance furnace was lowered and raised by using a mechanical winch.
Alumina tube could not be used as a furnace tube because higher thermal shock resistance was
desired. So a closed end mullite tube (2.25” OD x 24” length) was used as the reaction chamber.
Initially the temperature profile of the furnace was measured. This was used to determine the
relative positions of the furnace and the reaction tube in the situations when the sample was

supposed to be in the cold zone and when it was supposed to be in hot zone. Cold zone can be
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defined as the furnace zone having a temperature such that no reaction or minimal reaction occurs
between the reactants, carbon and silica in our case. From the thermodynamic analysis it was
found that the maximum allowable temperature for the cold zone is 1573 K. Hot zone is the

furnace zone having the temperature desired for studying the reaction kinetics.

Hangdown assembly consisted of a hand made platinum chain attached to an alumina rod and
an alumina crucible suspended from the other end of the alumina rod. Alumina crucible was used
to hold the samples. This configuration was used to prevent the assembly from breaking due to
thermal shock while running the experiments. Other end of the platinum chain was connected to

the hook on the sample side of the Cahn balance.

Nozzles were provided in the mullite tube to maintain a continuous flow of the gas. To ensure
that the gas flow direction was one way only, gas was transmitted by means of a small diameter
mullite tube attached to the inlet of the reaction chamber right to the bottom and then released.
This gas rose in the reaction chamber and escaped from the outlet. Also, the balance was purged
continuously with argon to prevent the flow of gases into the balance chamber. Care was taken to
avoid the effect of buoyancy on the weight changes due to accumulation of the gas in the reaction
chamber. Gas from the reaction chamber was fed to an electronic Omega mass flowmeter, which
in turn fed the gas to Anarad infra red CO gas analyzer used in the horizontal tube experiments.
Gas flow was controlled by rotameters. Voltage signals from the mass flowmeter and the gas
analyzer were fed to a data acquisition system, a Fluke hydra logger and the corresponding data
was stored in a Dell 80486 computer. Balance was connected to a control unit, which fed the data
to the computer. Balance was calibrated by using NIST standard weights. It was then tared to

account for the weight of the hangdown assembly. Dome cap was sealed to make it gas tight.

Carbon and silica were mixed in a predetermined ratio in a ball mill using silica beads for about
12 hrs. Powders were pressed into pellets of diameter 0.75” and weighing 1.2 grams using a
pressing load of about 9000 psi. Samples were suspended from the balance in an alumina crucible
by means of the hangdown assembly and were enclosed in the mullite tube. Furnace was
preheated to the desired temperature and was raised so that the sample was in the hot zone.
Temperature of the hot zone was measured by a B-type thermocouple, which was located outside

the reaction tube. There was a lag of about 3-4 minutes before the reaction started. This was the
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time needed for the sample to reach the desired temperature. As the reaction proceeded, the
weight loss due to CO(g) evolution was recorded by the balance. When no more weight loss was
recorded, the furnace was lowered so that the sample was in the cold zone. Flow rate of the purge
gas (argon) was maintained at 200 mI/min. Weight loss for the reacted sample was measured
using an electronic balance and the result was compared with the final weight loss data obtained
from Cahn balance. Difference in the weight loss measurements was found to be less than 5%.
Gas analyzer served as a detector of CO(g) in these set of experiments. Phase analysis in the
reacted samples was done using a Rigaku U300 DMAX-B wide-angle difractometer. Jande!
Scientific SigmaPlot Software version 3.0 was used to analyze the data and make relevant plots.
Apart from the chemical composition (C:SiO; ratio) other variable parameters taken into
consideration were carbon particle size, silica particle size, temperature and porosity. Control
experiments were conducted by varying one of the above parameters while keeping other inputs

fixed. Experiments were also conducted to study the effect of the gas atmosphere on the reaction

kinetics.

4.2 Variable Reaction Parameters

C:SiO; ratios used were 3:1, 5:1 and 10:1. Three different carbon particle sizes were used:
68nm (carbon black), 20p and 75 (graphite). It is known that different forms of carbons have
different reactivity. However, this was not taken into consideration in the present study. Variable
silica particle sizes were 10p, 20u and 200 silica from Alfa AESAR. Reaction kinetics were
studied at the temperatures of 1723, 1798 and 1873 K. In all the above experiments argon was
used as the purge gas. .Actual atmosphere inside the tuyere zone of the iron cupola is 100%
CO(g). A set of experiments was conducted to study the effect of outside atmosphere on the
reaction kinetics. Atmospheres used were Ar, 10% CO+ Ar, 20% CO+ Ar, 20% CO +N; and

100% CO.
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BALANCE

Figure 4.1 Schematic representation of the experimental setup for thermogravimetry.
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Chapter 5

Thermogravimetry: Results and Discussion

5.1 Reaction Kinetics vs. Input Parameters

Effect of initial pellet composition
For a given particle size of SiO and C, the carbon content of the samples influences the rate of

CO evolution as can be observed in fig.5.1. Weight loss has been normalized with respect to the
starting amount of silica present in the pellet. Initially the kinetics is same for all the starting
C:SiO, ratios. However, as the reaction proceeds less and less carbon surface area becomes

available which reduce the kinetics for following reactions occurring on the carbon surface:

SiO(g) + 2C(s) = SiC(s) + CO(g) [5.1]
C(s) + CO,(g) = 2CO(g) [5.2]

This is especially true for the samples with lower C:SiO; ratios leading to lower overall kinetics.

Effect of carbon particle size
Also, for a given C:SiO, ratio and a given SiO, particle size, the reaction rate increases with

decrease in the carbon particle size (fig.5.2). This can be attributed to the higher carbon surface
area available for the smaller particle size, which enhances the kinetics for reactions [5.1] and
[5.2]). However, it was observed that below a critical particle size the kinetics was not
significantly affected. Thus, reaction kinetics for particle sizes of 20u and 68nm are not very

different though the size difference is significant.
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Effect of silica particle size
Fig.5.3 shows the effect of silica particle size on the reaction kinetics for a given C:SiO, ratio

and a given C particle size . It was observed that reaction kinetics is not affected significantly
below a certain critical size of the silica particles. For larger sizes, the reaction kinetics increases
with a decrease in the silica particle size. This can be attributed to the increase in the available

surface area of silica, which leads to an increase in the kinetics of the following reaction

occurring on the silica surface:

Si0,(s) + CO(g) = SiO(g) + CO,(g) [5.3]

Effect of temperature
Reaction kinetics increases with increase in temperature for a given C:SiO; ratio and a given

particle size of C and SiO; (fig.5.4). Thermodynamically, the overall reaction
Si0,(s) + 3C(s) = SiC(s) + CO(g) [5.4]

is endothermic and is favored at high temperatures. If we consider the individual reactions then
reactions [5.2] & [5.3] are endothermic whereas reaction [5.1] is exothermic. However, the
equilibrium constant for reaction [6] is very high!”. Thus, a rise in temperature drives the

carbothermic reduction in the forward direction.

5.2 Kinetic Models

In a powder compact where the reaction occurs between solids through gaseous intermediates,
the possible reaction controlling steps could be surface reactions, diffusion of the gaseous
reactants and products through the ash (product) layer or diffusion of the gases through the pores
or a combination of these. Usually, diffusion through the gas film surrounding the particles is not
rate limiting because the transport distances within the compact are small. A typical gas-solid

reaction can be represented by the following equation:
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A(g) + cC(s) = bB + dD(g) [5.5]

B can either be a solid or a gas. In either case, when surface reaction is the rate-controlling step,

fractional conversion of solid C can be represented by the following equation!®:

[1-0- XC)'”]:ﬂ [5.6]

e

where Xc is the fractional conversion of solid C, t is the time, rc is the original particle size of
solid C and K is a constant representing the intrinsic rate.
If B is a solid then the diffusion of A(g) and D(g) through the porous layer of B can also be rate

limiting. In that case the conversion of solid C can be written as®"

[l—gXC—(I—XC)z’S}—z 5.7

where K; is a constant representing the diffusivity of gaseous reactants

For the conversion of carbon both models can apply as the gasification of carbon through the
Bouduard reaction and the formation of porous SiC layer are occurring simultaneously. In case of
silica particles only gasification is involved and the surface reaction model should apply.

The following assumptions were made while applying these models in the present study:
(1) The concentration of gaseous species is uniform throughout the pellet.

(2) The system is isothermal.

This would be the case for a system of uniformly mixed, fine particles and small size of the
pellets. Also the reactions were assumed to be irreversible and of the first order. These models
were tested for the conversion of carbon particles in the context of different input parameters
discussed above. Linear relationship between the model expression for conversion of the solid
and time can confirm the applicability of the model. Fractional conversion X, was computed as

the fraction of C reacting with time to generate CO(g) and leading to a subsequent weight loss.

29



Fig.5.5 shows the plots of the surface reaction model expression for conversion of carbon
against time for different sizes of carbon particle. Initially there is a lag of 3-4 minutes, which can
be attributed to the heating time required for the sample. For most part of the reaction, the plots
are linear indicating that the surface reaction model holds. The plots for ash layer model are non-
linear indicating that the diffusion through the SiC layer is not rate limiting (fig.5.6). Figs.5.7 and
5.8 show the effect of C:SiO; ratio. For a C:SiO; ratio greater than 5, surface reaction model
holds. However, for a C:SiO- ratio of 3:1 surface reaction model does not hold for the later stages
of the reaction. For this stoichiometric ratio, no extra carbon surface is available for the reaction.
As the SiC layer around the carbon particles builds up, diffusion of the gases through this layer
becomes rate limiting and it also causes some of the SiO(g) to escape from the pellet without

reacting with carbon. For a C:SiO; ratio of 5:1, surface reaction model is applicable for the range

of temperatures considered (figs. 5.9 and 5.10.

In this section it has been demonstrated that C:SiO; ratios higher than 5:1 are needed for the
surface reaction model to be applicable for the particle sizes and pellet structures considered. It
was shown earlier that this also resulted in complete conversion of silica to SiC. If a larger carbon
particle size is used higher C:SiO; ratios are needed to ensure that surface reaction kinetics is rate
determining.). The individual contributions of the key reactions involved in the carbothermic

reduction of silica in the pellet when surface reaction is rate controlling, have been

mathematically modeled and are explained in chapter 6.

5.3 Effect of the gas atmosphere

Above experiments were carried out in an argon atmosphere. However, the hot melting zone of
cupola has a reducing atmosphere primarily comprising of CO(g). Fig.5.11 shows the effect of
different atmospheres on the reaction kinetics. As the CO content of the purge gas increases the
reaction kinetics decrease. Also, after the completion of the reaction a higher weight loss was
observed. Some silica whiskers were observed in the cooler parts of the reaction tube. Thus, the
excess weight loss can be attributed to some SiO(g) loss from the system. Possible explanation
for these observations is as follows: At the microscopic level, as soon as the SiO(g) reacts with
the C, a large amount of CO(g) is generated. CO(g) partial pressure Pco rises to the equilibrium
value and the reaction stops. This CO(g) has to effuse out of the pellet for further reaction to take
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place. Effusion of CO(g) can take place by diffusion mechanism as well as by Darcy flow. The

effusion flow rate of CO(g) can then be represented as "]

V —-L & AP +2D9V—CO APco
° 42(1-¢) LneS: pooRT L [5.8]

transport due to Darcy flow transport due to concentration gradient

V, is the superficial velocity of the CO(g), L is the half thickness of the pellet. 7 is the viscosity of
the gas, Sy is the particle surface area per unit volume of the solid, ¢ is the porosity, p is the molar
density of CO(g), D.gco is the effective diffusivity of the gas and AP is the required pressure

difference.

Vo, was estimated at different times during the reaction using weight loss data recorded during
thermogravimetry experiments using Ar as the purge gas. This effusion flow rate for a given
particle size was used as a basis to calculate the Pco that would be required to get similar kinetics
in CO atmosphere for the same particle size. Both knudsen diffusivity and molecular diffusivity
were taken into consideration in determining the effective diffusivity D.yco. Molecular
diffusivity and viscosity # was estimated using Chapman Enskog theory!'”. S, and & were
estimated theoretically by taking into consideration the particle sizes of carbon and silica and
making an assumption that the particles are uniform spheres. Value of & was estimated to be 0.4.

The value for tortuosity 7 was chosen as 2.0 ®'*!, Half thickness L of the pellet was estimated to

be 2mm.

Fig.5.12 shows the equilibrium Pco and the required CO(g) partial pressure for CO effusion for
different particle sizes of carbon at different points of time during the reaction in CO atmosphere.
Different times are represented by the fractional conversion of carbon x. Calculated Pco within
the: pellet for reaction in Ar atmosphere is also shown for different carbon particle sizes.. As the
eqailibrium partial pressure of CO(g) is much higher than the required pressure, the overall rate
should be unaffected by the effusion of CO(g). However, in 100% CO(g) atmosphere the required
Pco for CO(g) effusion increases. Though the equilibrium Pco is still higher than the required Pco,

it is possible that the actual average Pco is only slightly greater than atmospheric pressure. In that
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case, having CO(g) at | atm pressure as the purge gas will lead to lower driving force for CO(g)

effusion and hence, a lower chemical kinetics.

Fig.5.13 shows the effect of porosity on the reaction kinetics. We can see that the reaction
kinetics improve for the loose bed of powder mixtures which obviously has a higher porosity than
the pellet. The diffusivity of CO(g) increases with porosity which leads to a higher rate of CO
effusion from the pellet and hence, an increase in reaction kinetics.. However, a higher total
weight loss was observed due to SiO(g) leaving the system. The diffusivity of SiO(g) also
increases with porosity which leads to a higher rate of SiO(g) effusion from the pellet. This
indicates that the chemical kinetics for the reduction of SiO; to SiO(g) is at least comparable to
the kinetics of reaction(s) occurring on the carbon surface. It also demonstrates the importance of
porosity in retaining the SiO(g), and ensuring complete conversion to SiC apart from controlling

the carbothermic reduction kinetics.
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Chapter 6

Mathematical Modeling

6.1 Introduction

A mathematical model has been developed to represent the carbothermic reduction of silica.
Experimental study described earlier yielded the parameters necessary to ensure that surface
reaction is rate determining in the carbothermic reduction process. Theoretical analysis is
necessary to gain a more fundamental understanding of the contribution of the individual
reactions in the overall kinetics determined by the surface reactions. The model is an extension of

the theoretical analysis done by Szekely et. al.l"! for the case of solid-solid reactions proceeding

through gaseous intermediates.

6.2 Development of the model
In the present study the following assumptions hold:

1) Particle size for the reactants is uniform and the particles are spherical in shape. The

consideration of uniform particle size and idealized particle shape may be an oversimplification

but it leads to an ease of analysis.
2) The overall rate of reaction is controlled by chemical kinetics, the concentration of the gaseous

species is uniform throughout the pellet and diffusion of the gaseous reactants through the
product layer of the individual particles is not rate limiting. This is established by the selection of

the experimental parameters as described earlier.
3) The system is isothermal. This is established by having a large hot zone and small pellet size.

The key reactions in the carbothermic reduction process are:
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Si0,(s) + CO(g) = SiO(g) + CO,(g) [6.1]
SiO(g) +2C(s) =SiC(s) + CO(g) [6.2]
C(s) + CO,(g) =2CO(g) [6.3]

The net rate at which the gaseous components are being generated may be calculated by

subtracting their rate of consumption from the rate of generation. Net rates can then expressed as

d’;jfo =v,-v, [6.4]

dz:o = v, +vy +2v, [6.5]
dneo,

;t =v, -V, [6.6]

where v,, v; and v; are the net forward rates of reactions [6.1, [6.2] and [6.3] respectively, per unit
volume of the pellet and » is the number of moles of the gaseous species.

The advancement of reaction interface within the particle may be expressed as

ar.
Ps jd'f' =-kCeo [6.7]
dr;
Pc dt =-(2k,Cso + k3Ccoz) [6.8]

The reactions are assumed to be irreversible and of the first order in order to simplify the
interpretation of the results. The & is the intrinsic rate constant, C is the chemical concentration of
the gaseous species, r is the particle radius and p is the moiar density of the reactant. Using
equations [6.7]-[6.8] the net forward reaction rates maybe expressed in terms of concentrations of

the gaseous species in the following form:

2

A

Vl = as(‘V—sI‘%) leCO [69]
S S
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2
v, = ac(fﬂ)(-l’i—) k,Cso [6.10]

VC
2
v, =ac(§£)(—'1§:) k:Ceo, [6.11]
[o4

where o and o, are the volumes occupied by SiO; and C respectively, per unit volume of the
pellet. The surface area and volume of unreacted grain are designated by A and V, respectively,
and R is the initial radius.

In a constant-pressure system the following relationships hold !"*:

1dV _ 1 dng,_ 1 dnco, 1 dng, [6.12]

V,dt C, dt Cop dt Csp dt

where dV/dt is the rate of increase in volume of the gaseous mixture, and V, the volume of the
pellet. Here a pseudo steady-state assumption has been made that the gas-phase concentrations at

any time are at the steady-state values corresponding to the amount and sizes of the solid at that

time; i.e., C dV/dt >> VdC/dt. We also have

Ceo +Cs0 +Coco, =C; [6.13]

where Cr is the total molar concentration of the gaseous species within the pellet.

Experimental determination of how each of the variables in the above equations will affect the
reaction kinetics would be extremely difficult and time consuming. However, the variables above
can be arranged into pertinent dimensionless groups that will reduce the amount of data necessary

to describe the process of carbothermic reduction. Consider the following dimensionless

quantities:

Yoo = co/ ¢, \Pco-_» =Cr:oz / G, Yso :'Cs:'o/ ¢,
Sc=ro[R:, &5 =15/ Ry,

Y= z(ac/as)Pc/Ps >

48



B, = (ps/pc)[%}kz/kl)’

Bs= (Ps/ Pc)(g‘j}ks / kl)’

« (C.k
t =77 t
( pSRS)

Using these, the cguations [6.4] — [5.15] czn be reduced to the following dimensionless forms:

d
S =, [6.14]
d .
df' = "(zﬂzq‘s:'o +ﬂ3\llco,) [6.15]
2 . Y., +2¥. -¥.
7,32 fcz lIsto —__co CO, Sio [ 6.1 6]
fs Tco 1+ ‘Pcoz
AT 4
"B 5"2 20, |- Foo + F50 [6.17]
s s ‘Fco 1+ ‘Pco,
Yo + Yoo +Fep, =1 [6.18]

These dimensionless equations can be solved for the five unknown dimensionless quantities.
Since the equilibrium partial pressure of CO(g) is very large compared to that of SiO(g) and
COq(g) (fig. 4), Yo, and ¥, are much smaller as compared to ¥, . Therefore, by combining

equations [6.16] and [6.17] we gét

B ¥ = ﬂ:cha2 [6.19]
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6.3 Results and Discussion

Using Mathematica version 3.1, equations [6.16] — [6.18] were solved in the symbolic form to

yield the following result:

Yo = (a+b+c-d) [6.20]
Yo, =5 (2-a-b-c+d+e-f) [6.21]
¥ = % (f-e) [6.22]
where
- @2_%%)7 [6.23]
be T Zﬂi ; [6.24]
2 + 3
e ﬂ2ﬂ§7§§ [6.25]
(B, +Bs) &
% p¥., % 2 2 2)%
d= BBy ec(B.Birse +24ﬂ2§°' +48:85) [6.26]
(B, +8;) &
__B.ByE
i [6.27]
% k., 4 2 2 2\
1 PO 8o\ P + 45,65 + 4.5 (628
('32 +ﬂ3)§s

In the studies conducted by Golovina '*, Desai and Yang !"* the intrinsic rate constant k; of the
Boudouard reaction was found to be of the order of 10 cm/s. Fruehan et. al.l” in their study of
the reaction of SiO(g) with carbon saturated iron measured the gas-phase mass transfer
coefficient. The value was found to be of the order of 10' cm/sec. which indicates that the
intrinsic rate constant k, for the reaction [6.2] is higher than this value Also, Fruehan et. al.l'
studied the rate of formation of SiO(g) by the reaction of CO(g) with silica and they found the
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intrinsic rate constant k; to be of the order of 107 to 107 cm/sec. Based on the available data
mentioned above we can say that B,>>f; and this indicates that reaction [6.2] is very fast as

compared to reactions [6.1] and [6.3]. The above equations can therefore be simplified by

assuming that S, /3, — 0 . From equation [6.14] and [6.22] we have

dE, Pl - ES Iy H(Bre + 48
= 2z [6.29]

Also, from [6.15) and [6.19] - [6.20] we have

2 K% 2 2\ %
‘j;ff =38 1+ Bsvse —Schs ;’g}ﬂﬂfc +4§s) [6.30]

which can be expressed in the following manner:

g __ é&)
5= 3,63(1-1- — [6.31]

Integrating equation [6.31] between the limits 0 and t* we can get a relationship between £ and

Es of the form

gc _(1+3ﬂ3)'+3ﬂ3t. [6.32]
38,

Es=-
Substituting this in eq. [6.30] we get the following rate expression

nH
OBrE: - (818578 +36 B8 (& — (1+3B,) +3B,1°) )

5 [6.33]
2(56 - (1+ 3ﬂ3) + 3ﬂ3t‘)

ds.
=-34,1+
dt' ﬂ}
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This non-linear differential equation was solved numerically to obtain the consumption rate of C
as a function of time. Values of B; and y were needed for this purpose. These variables also
represent the input parameters in the reaction pellet. The value of y represents the relative ratios
of carbon and silica present in the pellet and B3 can be calculated by knowing the values of
particle radii, molar densities for carbon and silica and the intrinsic rate constants k; and ks.
Since, different values for k; and k; have been quoted in the literature by different authors!”'*'*],
their orders of magnitude we-e considered and the vaiues were adjusted to get a good fit with the
experimental data maintaining their order of magnitude. Values of k; and k; thus found, were
0.003 cm/s and 0.04 cm/s respectively. Same values of these rate constants were used throughout

the analysis.

Effect of carbon particle size
Figs.6.1 and 6.2 show the fractional conversion of carbon and silica respectively as a function

of time for different sizes of carbon particles. We see a good match between the experimental and
the theoretical data. This validates our assumption that surface reactions indeed are rate limiting.
Reaction kinetics increases with decrease in the particle size of carbon. Below a certain critical
size of the carbon particles the rate of conversion does not improve significantly. Boudouard
reaction is faster than the reduction reaction of silica (B; ~10.0). By decreasing the particle size
the Boudouard reaction can be enhanced but a stage comes when the net reaction is limited by the

kinetics of reaction [6.1] and decreasing the particle size of carbon does not lead to an

improvement in the reaction kinetics.

Effect of silica particle size
Reaction kinetics decrease with increase in the particle size of silica due to reduced surface area

available for the reaction (figs. 6.3 and 6.4). Mismatch between the experimental data and
theoretical results for starting silica size of 200y is probably due to a significant size reduction
caused by milling (12 hrs). Again reducing the particle size of silica below a certain critical size
would make the reaction kinetics for the reduction of silica comparable to that for the Boudouard

reaction and as a result the reaction kinetics will not improve much.
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Effect of C:SiO; ratio
The effect of the ratio of the starting materials can be observed from figs.6.5 and 6.6. Fractional

conversion of carbon is dependent on the C:SiO; ratio of the starting pellet because of the excess
carbon. This can be seen from fig.6.5. Thus a higher fractional conversion is achieved for the
C:Si0, ratio of 5:1 as compared to 10:1. However, the reaction time remains the same as can be
observed from the solid curves.Theoretically the conversion of silica should be unaffected by the
starting ratio as shown by the overlapping curves for 5:1 and 10:1 starting ratios (fig 6.6). This is
because the silica is almost completely consumed and the conversion is rate limited bv surface
reaction. However, experimental results vary to some extent. The possible reason for this is some
rate limitation imposed by the diffusion of gaseous reactants through the porous SiC layer around
the carbon particles for a C:SiO; ratio of 5:1 leading to a slightly higher reaction time.

It can be seen that the experimental results haven been successfully interpreted by using this
model. Also it was possible to explain the contributions of the individual reactions to the overall
kinetics of carbothermic reduction and thereby gain a more fundamental understanding of the
reduction process. It is possible to further improve the model predictions by conducting separate

experimental studies to determine the values of the reaction constants and their dependency on

the temperature.
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Figure 6.1 Fractional conversion of carbon as a function of time for different carbon

particle sizes.
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Chapter 7
Conclusions

Following conclusions can be drawn from this study:
1) Carbothermic reduction of silicz at temperatures above 1773 K is a composite reaction and the

possible mechanism involves the following three gas solid reactions:
Si0,(s) + CO(g) = SiO(g) + CO,(g)
2C(s) +SiO(g) =SiC(s)+CO(g)
C(s)+ CO,(g)=2C0O(g)

2) For C:Si0; ratios (>5:1) with carbon particle size less than 75 and silica size less than 20y in
the form of pellets pressed at 9000 psi, surface reaction is the dominant rate determining step and
diffusion of reactants through the porous SiC layer that forms on the carbon surface is not rate

limiting. For larger particle sizes higher ratios may be needed for surface reaction control.

3) Reaction rate is controlled by the combination of silica reduction reaction and the Boudouard

reaction.

4) Reaction kinetics increases with decrease in the particle size of silica as well as carbon due to
increase in the available surface area for silica reduction and Boudouard reactions to occur.
However, significant size reductions of either carbon or silica lead the other reaction to become
rate determining and as a result the kinetics improves only marginally. Reaction kinetics is more

sensitive to the silica particle size due to low reaction constant of the reduction reaction of silica.

5) Overall reaction kinetics can be tailored through a proper selection of carbon to silica ratio,
their particle sizes and compaction pressure of the pellet to ensure in-situ carbothermic reduction

of silica and as a result ferro-silicon alloys can be suitably synthesized using this alternate

approach.
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Nomenclature

surface area of the unreacte: particle of solid x (m?)

molar concentration of species g (mol m™)

total molar concentration of gaseous species within the pellet (mol m?)
effective diffusivity of CO(g) (m*s™)

gaseous species CO, CO; and SiO

constant for surface reaction control dimensionally representing the intrinsic rate
constant (ms™)

constant for ash layer control dimensionally representing the diffusivity of the
gaseous species (m?s™)

intrinsic rate constant of reaction [5] (ms™)

intrinsic rate constant of reaction [6] (m s")

intrinsic rate constant of reaction [12] (m s™)

half thickness of the sample pellet (m)

moles of species x (mol )

radius of the unreacted particle of solid x (m)

initial particles radius of solid x (m)

gas constant (J mol™ K™')

particle surface area per unit volume of the solid (m™).

time (s)

temperature (K)

volume of the gaseous mixture (m?)

net forward rate of reaction i per unit volume of the pellet (mol m>s™)
flow velocity of CO gas (ms™)

volume of the pellet (m®)

volume of the unreacted particle of solid x (m*)

solid species C and SiO,

Fractional conversion of carbon

volume occupied by species x per unit volume of the pellet (m?)

pressure difference between the pellet interior and the atmosphere
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CO pressure difference between the pellet interior and the atmosphere
porosity of the pellet

viscosity of the CO gas

molar density of CO(g) (mol m™)

tortuosity of the pellet
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