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CHAPTER I

INTRODUCTION

1•1 The Kinetic Aporoach

The principled of thermodynamics and chemical kinetics 

are the tools which sre used in the analysis of a process or a reac­

tion. The knowledge of pertinent thermodynamic properties is indis- 

pensible, not only for defining the equilibrium state of the reaction, 

but also for determining the necessary driving force required to 

attain equilibrium. In defining the equilibrium state of a reaction 

by thermodynamic principles, it is not required to have the knowledge 

of the mechanism of the process. Thus thermodynamics neither gives 

an insight into the mechanism of the process nor does it tell about 

the conditions which are Likely to govern the rate of the process. 

However, in a kinetic analysis, a knowledge of detailed reaction 

mechanism is necessary in order to identify the factors which could 

control the reaction rates. Thus the kinetic approach gives a 

detailed picture of the nature of the process.

In most of the metallurgical systems of interest, the reac­

tions taking place are heterogeneous in nature. Heterogeneous reactions 

generally occurring at a surface or at a phase-boundary of the two 

different phases, involve several steps in sequence. The methods of

chemical kinetics consist in isolating and identifying the slowest
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step, the rate of which is essentially the rate ox overall reaction.

In steelmaking systems, the temperatures are high enough 

so that chemical reaction within a phase is not likely to be the 

controlling step. In such a case transport of the chemical species 

to and from the reaction site i.c. phase boundary, may become the con­

trolling factor. Consequently the transport of one of the components 

to and from the phase boundary may be the rate determining step. 

Darken*s^ concept of ’’Local equilibrium” and Wagner’s^ principle of 

“virtual maximum rate” have been successfully employed in this type 

of analysis.

Before starting a kinetic investigation it is necessary to 

have accurate knowledge of the thermodynamic and thermochemical 

properties of the system concerned. Thio is essential for calculating 

the quantities like driving force of a reaction or the interracial 

equilibrium contents of various components or so forth. Inaccuracies 

in these data may lead to wrong interpretation of kinetic results.

1.2 2111ca-Redv.e-'.ion Reaction

The reduction of silica by carbon in blast-furnace slag 

metal system io described by the following overall reaction*

Si02 (3la8) + 20 (8r) " M * KO fc) <0

The thermodynamic;; of thio reaction has been studied to greater extent

the subscripts in parentheses (slag), (gr) and (g) indicate com­
ponents in slag, graphite and gas phases respectively. The 
underlined symbol refers to the species dissolved in liquid iron.
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under laboratory conditions. As is well known, the reaction (I) is 

notoriously alow and at 1600°C, the reduction of silica may not pro- 

13 
ceed half-way to equilibrium in eight hours.

14
Fulton and Chipman first attempted to investigate the 

kinetics of the silica reduction. The slot; rata of the reaction and 

a high activation energy of about 130kcal per mole, led them to 

believe that the silica reduction was chemically controlled, the alow 

stop being in the breaking of Si-0 bonds. In a written discussion 

19 
on this paper of Fulton and Chipman, Schuhmann indicated that 

observed slowness of the reaction could be due to the transport of 

oxygen across a boundary Layer in the liquid metal. Some of the 

20 21
recent work by Turkdogan et al, Rawling and Elliott , Simkovich and 

24
co-authors ', indicate the possibility of transport control for silica 

reduction. The first two authors explain their results on the basis 

of oxygen diffusion control. But Simkovich et al assumed the trans­

port of silicon in the metal as the slow step, though the results are 

not in good agreement with the theoretical predictions. Grieb1c, 

23
Ward and Williams have shown that at least 50Z of the silicon in 

the reaction (1) taking place in graphite crucibles is reduced electro­

chemically.

Thus there seem to be diverse opinions about the mechanism 

of the silica reduction reaction.



1*3 Tho Scene oz Present, 7ork

As tho silica reduction reaction la of considerable inipor- 

trance in iron and steel industry, it was decided to investigate the 

reaction in order to find the nature of controlling; mechanism. The 

experiments have been limited to the reduction of pure solid silica 

by carbon-saturated iron. The possibility of electrochemical transfer 

han been eliminated by the use of non-conducting silica crucibles. 

A reaction mechanist) has been postulated and the diffusion of oxygen 

has been regarded the slow stop in the overall reaction. The good 

agreement between the experimental activation energy and theoretically 

calculated one, seems to suggest that silica reduction is controlled 

fey the transport of oxygen in the metal.



CHAPTER II

THEORETICAL CONSIDERATIONS

2• i Theories of Race Process

As early as 1889, Arrhenius'", while studying Che inversion 

of cane sugar in the presence of acids, found the influence of tem­

perature on the rate of the reaction. He proposed the relationship 

between the reaction rate constant, k, and the temperature in the 

form of equation (2)

Ink - InA- ~ (2)

whore E is the heat or energy of activation and A is a constant, 

called collision number or frequency factor and both are practically 

independent of the temperature. Thia relationship, better known as 

the Arrhenius equation could be written in the more familiar form

k =

Arrhenius suggested an existence or equilibrium between 

passive and active molecules, only the latter ones taking part in 

the reaction. The Arrhenius equation, for most of the chemical processes 

very well represents the dependence of the specific rate constant on 

the temperature.

The activation energy, E, in the Arrhenius equation, 

represents the energy required by the molecules in Initial state to

5
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take part in the reaction. The fraction qz.o^- ~^ is proportional to 

the number of molecules possessing energy E, in excess of the Initial 

energy. Thus the number of molecules reacting per unit time is pro­

portional to the number of molecules in the activated state.

The concept of activation energy is best illustrated by a 

energy vs reaction coordinate plot' . In Figure 1 the energies of the 

reactants, products and activated states arc shown. Though the final 

energy of the products is lower than that of reactants, an activation 

energy is required to surmount the peak or energy barrier in the curve. 

Only the molecules of reactants possessing an excess energy E would 

react to form the products.

The factor A represents the number of collisions between 

the reacting molecules and hence the name ’’collision theory", gyring 

2 
and co-workers showed that at least for bimolecular gaseous reactions 

A is equal to the number of collisions Z, between the reacting mole­

cules. To explain seme of the slower reactions, which wore expected 

to ba faster according to the simple collision theory, a probability 

factor P was introduced and the equation (3) was modified to

The factor P represented the deviation from the ideal behaviour of 

the simple collision theory.

Application of the collision theory to reversible reactions 

exposed its weakness. This required inclusion of an entropy term in 

the factor P which is not explicitly indicated by th# collision theory.
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The theory of "absolute reaction rates” proposed and 

3 2
developed by Polanyi and Syring and co-workers could more satis­

factorily account for A and E, than the collision theory. This 

theory also known an '’activated complex” theory has boon successfully 

2 
applied by Byring et al to many rate processes viz, chemical reac­

tions, diffusion, viscous flow, etc.

The theory supposes formation of nn ’’activated complex? 

from the reactants at the peak in the Figure 1. The activated com­

plex is regarded as an ordinary molecule having all the thermodynamic 

properties and is in equilibrium with reactants. But the activated 

complex must lead to the formation of products only. On thio basis 

Syring et al" showed that the absolute reaction race constant is given 

by

where k* is Boltzmann constant, h is Planck’s, and £s$ and £il* are 

entropy and enthalpy change for the formation of activated complex. 

This rate constant given by equation (5) has a better explanation for 

A than given by equation (3).

These theories seek to explain the observed reaction rates 

theoretically. However, the reaction rate theory cannot bo applied 

indiscriminately to the overall reaction. The overall reaction might 

consist of several steps in sequence. A step which is slowest of 

all, can be isolated and considered responsible for the slow rate of 

overall reaction .
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Classical kinetic theory had bean mainly concerned with the 

homogeneous reaction?) taking place in a single phase either a gas or 

a liquid. The slag-metal reactions are in a sense heterogeneous 

because the reactants acme from different phases and reset at a canteen 

phase boundary. However the principles used in analyzing Che phase 

boundary reactions are the same as those used for homogeneous reactions 

The driving force for the overall reaction is the difference in free 

energies between the final and initial states.

Consider the reaction

A + B = C 4- D (6)

The rate of forward reaction will bo proportional to the activities 

of A and 3, Assuming the. reversibility of the reaction, the rate of 

reverse reaction will be proportional to the activities of C and D.

Hence the rate, n (moles per sec.), of the overall reac­

tion will be given by

* " Wb ~ Wo <7>

If the activity coefficients are constant, wc can replace the 

activities by concentration terms. Hence,

A - '4% - Wd w

At equilibrium the two rates are equal but opposite so that
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where K is the equilibrium Constans for the overall reaction and Cc ‘* 

represents the concentrations at the equilibrium.
' CC°D

Eliminating k„ in the equation (3) and writing Q for ‘^ ■ , 

the rata is given by

* “ Wb^-t) ^ ^

where. P is called activity or concentration quotient. Titian the 

system is considerably displaced from equilibrium — « 1 and hence 

could be neglected in the equation (10). The equation (10) thus 

reduces to

”“ ^W <U>
In the above treatment is has been assumed that the activity coeffi­

cients do not vary over a concentration range. Thus the rate constants 

k. and k, derived from the maasuromenta of concentration will not be 

exact unless the activity coefficient terms are included in above 

equations.

2-3 Reaction Path and Rote Determining Stou in Sla^Metal Reaction

In general the path followed by a slag-metal reaction may 

consist of scries of consecutive steps such as follows.

(1) Transport of reactants from bulk phases to the slag-metal 

interface

(2) Adsorption of the reactants on the interface

(3) Reaction at the interface

(4) Desorption of the products
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(5) Transpose of the desorbed products from the interface to the 

bulk phases.

The stops (1) and (5) involve diffusion and (2) to (4) nay be regarded 

as the reaction process* Though these steps crust Cake place consecu­

tively, it is possible chat one of them is considerably Glover than 

others and consequently determines the rate of overall reaction. 

Wagner^ thus defines the virtual maximum rate of the reaction as the 

rate which would be observed if all the preceding and succeeding steps 

were in equilibrium. Consequently it is assumed that all the steps 

except the slow one, are in a state of local equilibrium.^

Wagner^ pointed two limiting cases:

(a) Transport Control: — Equilibrium is attained at the interface 

and hence the rate of the process is determined by the diffusion 

of one or more reactants to and from the interface.

(b) Chemical Reactions Control: — Difference between the concentra­

tion at the interface and the bulk phases are insignificant and 

hence the rate of the process is controlled by the rate of the 

interface reaction.

These two cases are diagrammatically represented by Figures 2(a) and 

(b). The two cases are briefly discussed here.

(a) Transport Control: — The transport of the chemical species in 

a reaction to and from the slag-metal interface is not only effected 

by the molecular diffusion but also by convection due to the fluid 

motion. The flux j. (—^^“y of a certain species i in the liquid
1 xm sec. '
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phase in x~direction is given by 

n, A)C.\
b = t “ -“ifey ^^ <12>

where n. is cho rate of transfer of "i* in moles.see , A is the

2 2
interface area in cm , D- io the diffusivity in era sec ", C4 io the 

concentration in moles.cm and U„ is the resolved flow velocity in

the x-direction. The first term in equation (12) is obtained by 

Fick’s first law for molecular diffusion across a plane and the second 

term accounts for the transport by the fluid motion.

The concentration gradient is mostly significant near the 

interface in a boundary layer through which diffusion occurs. The 

thickness of the boundary layer could be calculated from mass transfer 

principles for a simpler case like the flat; of liquid along a flat 

wall where Che flow conditions are known'. Wagner^ defines an effective 

boundary layer thickness as cho value which would result in the same 

flu:: of cho species if the molecular diffusion were the only process 

operating.

The thickness is given by the equation (13)

0.-C7
6i “ (OTxT <l3>

where C. and C_. are the concentrations of the species at the 

Interface and in the bulk respectively. Since U.. « 0 at x « 0, the 

rate of transfer of ’i* is obtained by combining the equations (12) 

and (13).
n. D.

Thus -^ = ^ «f - ci> (^)
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‘1112 ratio D/o has the units of cm.32c “ and is called the 

diffusion or transport rate constant.

The experimental activation energy for transport controlled 

33
processes is generally low*’". In the equation (14), the temperature 

dependent terms are D, 6 and C, and all of these contribute to the 

temperature coefficient of the observed rate constant.

In addition, if the activity coefficients are not unity, 

these would also appear in equation (14) and would affect the experi­

mental activation energy. A theoretical calculation of the activation 

energy is possible if the temperature dependence of various terms is 

known. Riddiford' has shown that ’6’ also varies exponentially vita 

temperature as does D. Hence the ratio D/d has an exponential tem­

perature dependence.
p/cce icco

Examples of transport controlled arc afforded by the work 

10 11
of Par lee, Scagie and Schuhmann"* end Pehlke and Elliott". The former 

studied the rates of evolution and absorption of CO from low carbon 

iron melts contained in an alumina crucible. It was concluded chat 

the rates trorc controlled by the diffusion of oxygon through a boundary 

layer in the iron. Pehlke and Elliott studied die kinetics of nitrogen 

absorption and desorption in Liquid iron. In the absence of oxygen 

(<0.01Z), the rates were thought to be controlled by transport in the 

metal boundary layer. The presence of oxygen (< 0.04%) caused mixed

control.
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(b) Chemical Reaction Control

For the processes controlled by a chemical reaction at 

the interface the rate is given by the type of equation (10) in 

Section 2.2. Eyring° has discussed in great details many chemically 

controlled, homogeneous and heterogeneous reactions. However, for 

the heterogeneous reactions, the reaction rates are considerably 

affected by interface structure. Adsorption of reactants and desorp­

tion of products may be rate limiting, if the surface reaction is 

rapid enough. Generally it is believed that in st ci making systems, 

12 
for most of the reactions, the chemistry cannot be rate controlling “. 

Thia inference is based on the fact that the rates calculated on the 

basis of absolute reaction rate theory are faster than the observed 

rates and the values of the experimental activation energies are lower 

12 
than that expected for chemically controlled reactions. Richardson “ 

14 
in a theoretical analysis of the results of Fulton and Chipman's 

work on silica reduction from blast furnace type slags, found that 

theoretical (reaction control) and experimental rates were comparable 

-6 -2 -1
(of the order of 10 gm. mole, cm . sec ). In this extreme case 

chemistry might be rate controlling. Philbrook and Kirkbride‘S 

measured the rate of FeO reduction by carbon saturated iron. Com­

paring this experimental rate of 10 gm. cole. cm. " sec. at 0.03 

3 -2
mole fraction of FeO, with his theoretical rate of 10 gm. mole. cm. 

-1 12
sec. , Richardson concluded that FeO reduction must be transport 

controlled. Wagner explained the same results of Philbrook and 

Kirkbride^ assuming the diffusion of iron ions across a boundary 

layer in the slag as cho rate controlling stop.
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/Apart from ths two rate controlling processes (transport 

control and chemical control) discussed above, the nucleation and 

growth of a new phase may also affect the rate. The formation of 

CO bubbles in the open hearth is an example of a nucleation and growth 

process. Homogeneous nucleation of CO bubbles in the steel requires 

a high degree of supersaturation. Korber and Oelsen"' found that 

under Laboratory conditions bubble formation in steel did not occur 

until the degree of supersaturation was more than 10 atm. Darken^ 

has discussed the nucleation of CO bubbles with reference to Brower 

. 16 
and Larsen’s observation. Re believes that since homogeneous 

nucleation of CO bubbles will be extremely difficult in view of high 

degree of super-saturation required in the bath, the bubbles must be 

nucleated in the crevices of the open hearth where already a thin film 

of gas exists. These subsequently grow by the diffusion of carbon 

and oxygen from the metal to them.

IC has been shown 1 “ * that the slag-metal interfacial 

area and the effective boundary layer thickness arc influenced by the 

gas evolution. Higher rates of gas evolution tend to decrease the 

diffusion thickness and increase the interfacial area. This would 

result in an increase in the apparent order of reaction. *

2.4 Slag-MutaL Reactions

Kinetics of different slag-metal reactions have been studied

by various authors. The slag-metal reactions in general involve 

simultaneous transfer of elements across the interface with or without



15

evolution of carbon monoxide. The experimental data have been 

explained on Che basis of the theories already discussed in earlier 

sections of this chapter.

One of the important reactions in slag-metal systems is 

the reduction of silica from the slay by carbon-saturated iron Ln 

Che blast-furnace hearth. This reaction in the laboratory has been 

studied by reacting blast furnace type slags with carbon-saturated 

iron contained in a graphite crucible. » in .seme cases

24 95 
solid silica has also been used.

14
Fulton and Chipman first studied Che kinetics of silica 

reduction. They reacted a slag of the composition 45% SiO^, 33% CaO, 

17% AlgO^ with carbon-saturated iron in atmosphere of carbon monoxide. 

The slag and metal were stirred in a manner such that Che slag metal 

interface remained mostly undisturbed. They treated the rate data 

assuming the following overall reaction

Si02(slag) * 2C(Sr) = Si -I- 2C0 <15)

The effect of stirring on the rate was only slight and bubbling of 

CO through the metal did not affect the rate of silicon transfer. 

The reaction (15) was believed to be chemically controlled on the 

basis of high activation energy of 130 kcal per cole end cho slow 

rate of transfer, of order of 10 gm. moles, cm. see. “.

19
Schuhmann , in a written discussion of the above paper, 

pointed out the possibility of transport control. The reaction 

mechanism for silica reduction, suggested by Schuhmann, was analogous
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to that for alumina reduction from the work of Parlee et al .

The overall reaction is supposed to take place in the

following steps:

(I) Decomposition of silica at the slag-metal interface

according to equation (16)

Slo2(31ag) “ Si + 20 ao

(II) Transport of oxygen from the slog-metal interface to gas 

metal interface by

(a) diffusion across metal boundary Layer at slag-metal 

interface,

(b) convection within the Liquid metal,

(c) diffusion across the boundary Layer at metal-gas interface

(HI) Reaction of carbon and oxygen at gas-metal interface

C + 0 = CO (17)

(IV) Dissolution of carbon at graphite-metal interface

(18)

On the basis of oxygen transport as the rate limiting step.

Schuhmann ” calculated the rate using equation (19)

dnsio2 

dt

i A *
7 ^ <% - %> 

o
(19)

This equation predicted a rate of 0.002% to 0.2% Si per hr. compared to

the observed rate of approximately 0.03% Si per hr. Thus the 

theoretical estimate seems consistent with the experimental results 

of Fulton and Chipman .
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20
Turkdogan et al studied the kinetics of silica reduction 

from CaO-SiO^ and BaO-CaO-SiO2 slags. In these experiments, 5 gm. 

of metal was hold in a graphite holder, which was immersed in a large 

slag bath. Both the motel and slag were heated separately and at the 

repaired temperature of 1600°€, wore brought into contact. The experi­

mental sot up was such as to allow bubbling of carbon monoxide at one 

atmosphere pressure at the nlag-metal interface. The results wore 

interpreted on the basis of interfacial reaction so the rate controlling 

step. The following is the reaction mechanism proposed by Turkdogan 

et al : 

(1) Adsorption of silica at nlag-metal interface

J-°2(31ag) * ° ---  °SiOo (20)

where □ and □,..
Si02

are the vacant

(2) Since the silicon potential

and occupied sites at the interface.

of the slag is higher than that of

metal, silica adsorbed nt the interface is disorbed into the metal by 

dissociating into silicon and oxygen which than dissolve in the

metal, thus

□• ~ Si + 20 + □ (21)

(3) Diffusion of Silicon and oxygen into the bulk of natal.

(4) Reaction of carbon and oxygen nt gas-metal interface

C + 0 « CO, (22)
- (5)

In some of their experiments a lower rate of silicon transfer 

was observed even with similar experimental conditions as in others.
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Ilie authors believe that for these exporinanto the transport of oxygon 

from sUi3«raetal interface through a boundary layer in the rectal could 

be rate controlling. Though this interpretation for olov transfer of 

19 
silicon in the metal is in keeping with Schuhmann’s* explanation of 

Fulton and Chipman’s^' results, the thickness of the effective boundary 

layer estimated is very small, of the order of 0.0005 cm.

21 
Railing and Elliott investigated the silicon transfer from 

blase furnace type slags in an experimental system, not different from 

that of Fulton and Chipman . The investigation was carried out with 

two types of experiments. In one, the only reducing agent present was 

graphite and cho overall reaction was described by equation (15). In 

the secondtypo of experiments graphite saturated ferrosilicon-iron con­

centrations cells were set up so that the reduction of silica in slag 

could occur as described by the equation (15) or by a reaction of electro­

chemical nature.

From the results of first type of experiments, it was concluded 

that diffusion of oxygen in the metal could be rate determining. These 

20 
results are in agreement with those of Turkdogan et al .

The results from the second type of experiment showed no or 

little change of silica concentration in the slag. At the same tine 

the silicon concentration of iron increased while that of ferrosilicon 

decreased correspondingly. Since no CO bubbles were observed bursting 

at the slag-gas interface, it was concluded chat the transfer of silicon 

occurred by the following electrochemical reaction in which no CO 

evolution is necessary.
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Si(Fc-Si) “ Si1** + 4o (23)

Si^. . . + 4e = Si(Fe) (24)
(□lag)

23
Gribble, Ward and Williams studied the electrochemical 

nature of silicon transfer. The overall silica reduction reaction 

could take place in the following steps:

An anodic reaction occurring at slag-graphite interface

2C + 2(0 ) - 4e = 2C0z . (25)

and a cathodic reaction at the slag-metal interface

Si4* + 4e « Si (26)

The electron transfer takes place through the graphite crucible end 

the reaction can occur at two different sites. From their results, 

Grlnble et al found that 50% of the silica is reduced electrochemically 

and the rest by chemical reaction at 1450°C.

The electrochemical nature of sulfur transfer has been 

demonstrated by Ring end Ramachandran^^*. it was shown that the 

simultaneous transfer of other elements like Si, Mn etc. also takes 

place by an electrochemical mechanism.

In a recent study Simkovich, Li and UcC.ibe chained the 

rate of dissolution of alumina and silica rods in carbon saturated iron. 

The rods were either rotated at previously set speeds or were kept 

stationary. The concentration of aluminum and silicon in the malt was 

measured aa a function of time. The experimental results indicated

that in the case of alumina the rate of dissolution is controlled by
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transport of aluminum away from the alumina-mats 1 interface. The fact

that diffusivity of Al observed at 1500’C was higher than that at 1600®C,

could not be explained* However for silica dissolution the results

seem to bo inconclusive, but still the mechanism of moss transport

control la believed by the authors.

2*5 foytnlesion of React inn ?C^bnal:::3 for frlljca. reduction in

the Present Invaati^^w’!

(i) The reduction of silica from slags by carbon saturated 

iron is represented by the following overall reaction

’^(.Ug) * M(gr) - SI * 2=0(3) <»>

As discussed earlier, there are various mechanises put forward to 

explain the results. St is seen that reduction of silica could also 

take place by electrochemical reaction, if a graphite crucible is 

used, this possibility always exists. Hence to suppress the electro® 

chemical reaction, a silica crucible was used. C irben saturated-iron 

was malted in the silica crucible and allowed to react with cho silica

of the crucible wells. The rate of reaction at a fixed temperature 

was calculated by measuring the rate of CO evolution. Stoichoractrieslly 

the volume of CO evolved should bo equivalent to the silicon transferred 

to the iron according to the reaction (27). The experiments in principle 

were similar to those of Parleo et ul"$ who studied lf:o reduction of 

alumina by carbon-saturated iron from on alumina crucible. However, 

the experimental technique was entirely different from chat of Paries



(ii) Reaction Kechanisa

Iha suggestion of a probable reaction mechanics is mainly 

based on the observation of other workers reported in the section 2.4.

As the reduction from solid silica is studied the transport 

ox species in silica is eliminated. Hance fallowing 'reaction path is 

possible.

(1) Dissociation of silica network at the silica metal interface 

according to reaction

SiO? a Si + 20 (28)

(2) Transport of silicon away from the interface into the bulk 

metal.

(3) Transport of oxygen from silica-metal interface by

(a) Diffusion across a boundary layer in the liquid metal

(b) Convection within the liquid metal

(c) Diffusion of oxygen to metal-gas (CO) Interface

(4) Diffusion of carbon to gas-metal interface.

(5) Reaction of carbon and oxygon at the gas bubble to fora carbon 

monoxide

C * O « CO (29)

It is assumed that the reactions (28) and (29) are in a state of local 

equilibrium. It is interesting to consider the formation of carbon 

monoxide bubbles. Turkdogan et al believe that CO bubbles are pro­

duced near to the slag-metai-crucible line of contact and consequently 

no major stirring of the malt is expected in their system. In the
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case of Simkovich et al’a work Che reaction is occurring between 

solid silica and the molt. From equation (28) it is evident that 

reaction must occur at silica-motal (S/M) interface, reaction (29) 

could, however occur at either S/M interface or gas-metal interface. 

Since there is abundance of carbon near S/M interface and there is no 

positive reason to rule out the possibility of nucleation at this 

interface, the reaction (29) may possibly take place at S/M interface. 

24
On this line of argument Simkovich et al ‘ believe that CO bubbles 

arc forming at S/M interface. Fulton and Chipman z had found no effect 

of bubbling of CO through the melt on the rate of silicon transfer. 

It seems Justified, in that case, to assume Chat nucleation and growth 

of CO bubbles are not the rate controlling factors.

Of the steps Listed above only 2, 3(a), 3(c) and (4) could 

be rate limiting. Considering these steps separately, step (4) 

could not be rate limiting owing to Large concentration of carbon in 

the melt. Silicon diffusion (step 2) in the bulk metal could be dis­

carded on the basis of the results of Simkovich et al^ \ Also this 

22 
would predict a higher silicon flu:: than experimentally observed • 

Thus the diffusion of oxygen from the S/M interface to the bulk metal 

or from bulk metal to the gas metal interface could be rate controlling. 

The latter seems improbable as the bubbling of CO through the metal 

does not affect the rate
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2*6 (i) R-ii:e E-uation for Silicon Transfer if Oxygen Diffus.ioa

Rate-Limiting

In genoral chore arc Chrce criteria for identifying the 

actual rate controlling atop in an overall reaction- .

(1) Coapasioon of the experimental rate with the theoretically 

calculated rates.

(2) Comparison of theoretical and experimental activation energy.

(3) Determination of reaction order,

Though these are helpful in analysing the reaction mechanic, 

they do not lead to an unambiguous determination of the rate limiting 

step. For example, the last one is a weaker criterion and is affected 

by stirring, gas evolution etc.

For the present case let us evaluate a rate equation based 

on oxygen transport control. The flux of oxygen from S/H interface 

to we metal is given by equation (30)"

AD 
% = T <o° - 'P »

where n^ = Rate of oxygen transfer in males, sec. 1

2
A = Area of silica-matal interface in cm

6 « Effective boundary layer thickness for oxygen in co.

Co and C’ » Oxygen concentration at the ailicc-natal interface 

and in bulk natal respectively in moles, cm ♦

The values of Co and C* arc governed by the silica dissociation 
o

(equation 28) and carboa-oxygen reactions (aquation 29) and arc calcu­

lated as follows:
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For silica dissociation, the equilibrium constant is

S100 « Si + 20

2
„ Sio
Si 3SiO,

(31)

in our case a___ « 1
S102

silicon and oxygen in

for the reduction of pure solid silica. Por

solution in iron, the reference state selected

is the infinitely dilute solution such that activity coefficient

f^ « 1 as %i ->0 . Hence substituting for the activities in

equation (31) we get

^i = <m x fSiH4o « y2

or
TO

,,1/2

£ (ZSi £Si)1/2

(32)

(33)

Equation (33) gives the value of oxygen content at the interface in

equilibrium with Si and SiO?. .

For carbon monoxide formation

C + 0 « cofc)
(34)

^ ” ^"0

or a*
GO)* = / pco

:C-0% fo
(35)

2 7
Value of Kq_q is known from Fuwa and Chipman’s data '.

3
The weight-percent could be converted to mole per cm by 

using the equation (36)
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-3
Hole3. era ’

voi^hv norcent
100

£
M

(36)

where p la density of iron and M is the molecular weight of the dissolved

species.

From the known thermodynamic data on Si-0 7 • and

27
C-0 reactions in iron It in found that C la about ten times Larger 

o

than C’ and 
o

to C • Thus

hence to

the rata

AD

3

a good approximation can

aquation (30) becomes

C 6 101
P
16

be ignored In comparison

(37)

Since the molar rate ox oxygen transfer is twice Chat of silicon.

n *= 2n.
o ;

Hence n3i
P
16

(38)

Converting Che molar concentration to weight percent by using the

relation

*1 E3 V •*• ••**■•■-» «-*««»«»•

Si ”81 ICO 23*09
(39)

where V is the volume of malt in co' Substituting in (38) tha value

of "si from equation (39)

or

d%Si 
dt 100 23-09

1 JCS21 p2 3 ICO 16

d%Si 
dt

23*09
32

(40)

The oxygen concentration (XO) at the interface is given by equation

(33) in term* of silicon content. Hence equation (40) become#
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dt
28’09

32

Thio relation (41) involves th product £ £„/*. The presence of carbon 
o

in iron increases the activity coefficient of silicon (fc^) and

decreases that of oxygen (£„), and hence frtf can be

, , 20,33
taken as one ^

approximately

Thus we can write equation (41) finally as

dXSi 28-09 A o Si

dZSi
This shows that the rate of silicon transfer ( ,r~) is proportional to

•^^-r-rr. Also, at a constant temperature the quantity is
(XSt)1'" °

constant and could bo called cho specific rate constant, k., for

silicon transfer.

Qf5 w^
2C•09 A 

32 V

(43)

2.6 (ii) Theoretical Activation Energy

If the silica reduction reaction is controlled by the trans­

port of oxygen, the specific rate constant is given by equation (43). 

The activation energy for the process could be obtained from Che 

Arrhenius plot of the rate constant as a function of temperature. In 

the expression for k in equation (43) it la scon that Dq, o and IC. 

are all temperature dependent terms. Hance a theoretical calculation 

for the temperature coefficient: of k could be made if these for Dy 

6 and Rs orc known.
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it io troll Rnoxm th Jt the diffusivity D varies exponentially 

with temperature accordins to the relation^

D “ A(D) exp ( — r~) (44)

where A(D) io the frequency factor and 3$ in the activation energy 

for diffusion. Riddiford has shown that effective boundary layer 

thickness, 6, has also a similar temperature dependence, so that

the following relation is valid.

§ “ <CM-^)
where A(D/o) is the frequency factor and E(D/d) is the temperature 

coefficient or activation energy of D/o.

Riddiford* has given following relations for the evaluation 

of E(D/d).

E(D/d) =
6

(for laminar flor;) (40

:1V
3

flow)

Here 5$ is the activation energy for diffusion and 3 is that for

kinematic viscous flow. As g$ and E^ are of the same order of msg- 

9 .
nitudo , it follows from equations (46) and (47) that the valve of

E(d/o) lies approximately between 0.6 E^ and 13 3$.

The diffusivity of oxygen in carbon-saturated iron is not

known. But from the values of D and 2$ available for silicon, carbon 

and manganese'"'* 2$ is estimated to ba 10*"; cm."sec-“ nt 1600*C, and
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E approximately 8
J0

to 10 kcal par mole. Ilene a will ba

of the order of 6 to 13 kcal per mole.

Tiie temperature dependance of KSi xs given by AsQ“ -RTinK_,

where ^G* is the standard free energy change for the reaction (28).

Thus I- could be written as

(48)

Since Ac* ~ Z&° - lAS*

(49)

(50)

A plot of Ink vs 1/T will yield a straight line with a slope a ual 
An*

EGWg) 4- —s-
to — # Hence the experimental activation energy calcu-

lated from above rate constant, k, will be equal to ^S(D/6) + ~Vy» 

Since the standard free energy change for reaction (28) is

£G° « 142000 — 55.62T (See Appendix I)

Hence ^ - 1*3220 « /1000 cni/aolo.

As shown earlier E(Do/0) ~ 6 — 13 kcal/molo so that experimental 

activation energy will be approximately 77 to 84 kcnl/mole. If the 

experimental results for silicon transfer obey the rate equation 

(42) ana if the activation energy has the value as predicted from above 

considerations, it will be an evidence of oxygen transport control.



®Pi'ER III

exkere^Nj^

3.1 Experimental Apparatus

The experimental apparatus consisted of the following:

(1) Heating Furnaces

(i) Crusilite furnace with temperature controller

(ii) High Frequency induction furnace

(_) Reaction vessel

(3) Capillary tube for measurement of gas volume

3.z (i) The Crusilite Furnace

For first set of experiments this silicon carbide resistor 

furnace was used. The furnace is schematically shown in figure 3(a). 

This rectangular boat type furnace had over-all outside dimensions 

14^" x 14^” x 16^” and was counted on a movable dexion stand. The 

furnace chamber was filled with K-28 type fireclay bricks. The 

bricks in the centre were cut as shown in the figure 3(a), so as to 

provide a tubular space of 4” diameter around the vertical axis.

The heating element was a one piece tubular construction 

and had a helical heating zone about six inches long. This gave an 

almost constant maximum temperatures, ±5°C, over a cone length of 

two and a half inches. The crusilite (silicon-carbido) element was

29
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counted vertically in the furnace and my supported at the bottom.

A mullite tube of two inches internal diameter was placed verti­

cally inside the cylindrical element, taking care not to touch tho

heating element. The space between the maximum temperature cone

and the bottom of the tube was filled with a refractory brick.

This brick also acted as a support for the reaction vessel.

$•2 (ii) The Power Supply and Temperature, Controller

A 230 volts, single phase power supply was used for 

heating the furnace. The voltage was stepped down by using a 

variac. A saturable core reactor (3 KVA, 25 .haps.) was connected 

in series with the furnace element. This was used in combination 

with a digital set point type temperature ccntrullor, and a mag­

netic amplifier. The working principle of the controller is as 

follows: The required temperature is set on the three digit set 

point drum and this in turn selects a corresponding voltage on 

the potentiometer in the controller. This voltage is compared with 

an external signal from a Pt/Pt-13^ Kh thermocouple in tho furnace. 

Tho resulting voltage difference is fed to the magnetic amplifier 

which acts as a power amplifier to boost the low level input 

signal from the temperature controller to a high level output d-c 

voltage to activate the saturable core reactor. Thus it controls 

the power in the furnace circuit and provides a continuous 

stepless electrical control. If the temperature in the furnace 

rises above tho required temperature set on tho controller, the 

power is proportionately reduced in tho circuit.
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The temperature of the furnace was kept constant with a 

maximum fluctuation of ±5°C. Mostly a control within ±3°C was achieved.

Two Pt/Pt - 13% Rh zhemocouples were inserted inside the 

working tube such that their welded ends were in the maximum temperature 

zone. Ono of these was connected to the temperature controller and 

the other to a precision potentiometer. Thus the temperature in the 

furnace was continuously checked by measuring the e.a.f. of the second 

thermocouple.

3*3 High Pregnancy Induction Heatin'';

In the second set of experiments a high frequency induction 

was used. This provided fair amount of stirring in the melt which was 

lacking in the first set of experiments. It is on these experiments 

that moat of the interpretation of the results is based.

A 450 kilocycles, 10KW Toccotron induction generator was used 

as the source of power. The induction coil was a water-cooled copper 

tubing of 1/4 inch diameter. This was wound to fora a cylindrical 

heating zone three inches long with an inside diameter of approximately 

2 1/4 inches. The induction coil surrounded a two inch i.d. Vycor tube, 

packed with refractory bricks. The refractory block was drilled in 

the centre to provide one inch diameter cylindrical cavity. The reac­

tion vessel was kept in this cylindrical cavity as shown in the figure 

3(b). The arrangement of the apparatus is shown pictorially in figure 4. 

Temperature Maanurcaent: - The tenderacure of the molt was 

continuously measured by a two-colour pyrometer. For this, the tacit

was sighted through a prism kept on Che optically flat surface at the
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top of reaction vessel. Thus the temperature measurement: was continuous, 

providing for precise temperature control. The two-colour pyrometer 

used was a MiHetron Thermoscope with a temperature range of 800-1300/ 

1300-1800°C and a recorder output of IGO mv.

The obvious advantage of using a two-colour pyrometer was 

that no correction was required for the variation in the emissivity of 

of radiating surface. The pyrometer was calibrated against a Pt/?t-13% Rh 

immersion thermocouple with a silica sheathing. A calibration curve 

was plotted in the temperature range 1300-1650°C.

The temperature of the melt was controlled manually with a 

variac to within ±10°C of the required temperature and sometimes a con­

trol of ±5°C was achieved.

3*^ Thu Reaction Vessel

Initially an nU” shaped reaction vessel made of vitreous 

silica was used; it is shown in figure 5(a). This silica reaction vessel 

was lowered in the Crusilite furnace such that the length CD was in the 

maximum temperature sone. The tube ABCD had 12.5 cm internal diameter 

and was bent to give an ”U” shape. At D, it was joined to a 4 co i.d., 

silica tube which was bent at right angles at E. The portion EF was 

in the plane of ABCDE and was horizontal.

The end F of the thinner tube was joined with a plastic tubing 

to capillary tube fox measuring the rate of evolution of carbon monoxide. 

The molten carbon saturated iron was contained in both the limbs of the 

vessel. Only in the limb AB, the slag was added to the molten iron.
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Using Chis type of reaction vessel, the reduction of silica 

from Che blast furnace type slags was to be investigated. In this type 

of setup, it was assumed that the silica from the slag will decompose 

at the slag-metal interface to foxm silicon and oxygen. The oxygen 

and carbon would subsequently diffuse to Cho free melt surface in the 

limb CD to form carbon monoxide. Accordingly all the CO due to the 

reaction should have formed in the limb CD and measured in the capillary 

tube.

In actual practice, carbon monoxide bubbles were seen bursting 

out of tho slag surface. This was further confirmed by calculating 

the mass balance for carbon in the melt. More carbon was lost than tho 

corresponding volume of carbon monoxide measured from the limb CD. 

This necessitated a change in the design of reaction vessel, to alow 

the reaction of carbon saturated iron with the silica walls of the vessel 

to be investigated. The reduction of silica from the vails turned out 

to be appreciable.

Hence it was decided to study the reduction of silicon fren 

solid silica. This also avoided the complicated set up required for 

adding the slag to gas tight system.

The modified reaction vessel, hereafter called silica crucible, 

is shown in figure 5(b). It consisted of a silica tube A, 25 cm long 

and with a hemispherical bottom. Silica tubes of two different disasters 

vie., 12.5 and 17 m i.d. were employed to get different silica-metal 

interfacial area for the same mass of the malt.

The silica crucible, A, was connected to a Vycor (96% Si09)
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tube C with the help of a teflon union, B. The top of the Vycor 

tube C, was cloned by sealing an optically flat glass plate with 

plastic cement. A right prism, D, was placed on this gloss window 

for observing the malt surface. Two small tubes 4 mm i.d. wore joined 

to the tube C as shown in the figure 5(b). Ona of these small tubes 

was connected to the capillary tube for gas volume measurement and 

the other was used as an inlet to provide CO atmosphere in the reaction 

vessel. This inlet tube was chain clamped during the run.

The teflon union provided an affective seal for joining the 

tubes A and C. There was no Leakage of CO through the joint and the 

volume of CO evolved due to the reaction was measured accurately by 

the capillary tube.

3*5 Capillary Tube for Measurement of Gas Volume

The rate of CO evolution and its total volume wore measured 

with the help of an ingenious device. This is shown in figure 6. It 

consisted of a 2 mm bore pyrex glass capillary tube, LIO cm long and 

was mounted on a meter scale. About 5 cm, from one end, was joined a 

small capillary tube with a stopcock and a small reservoir for holding 

mercury as shown in figure 6. By turning the stopcock knob swiftly, a 

small pellet of mercury could be dropped in the main capillary tube. 

The zero of the mater scale was adjusted such that front end of the 

mercury pellet always nearly coincided with it.

Tills end of the capillary tube was joined to the reaction 

vessel tube with a plastic tubing. The oncoming gas pushed the mercury 

pellet, and its position could be read on the meter scale at any time.
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The position of the mercury pellet was recorded at minute intervals.

As soon as one mercury pellet crossed the 100 cm mark on the 

scale, another was dropped in the capillary from the reservoir. Shus 

the volume measurement was continuous. By plotting the curves, voluma 

of CO against time, the rate of CO evolution could be calculated by 

taking tangents at any time on the curve.

3-6 ZT^erlmcntal Technique

(i) Preparation of .Carbon-Saturated Iren: - The carbon- 

saturated iron was prepared separately by molting pure Armco ingot iron 

(composition 0.0152C, 0.0282 Mn, 0.0052 ?, 0.0252 S and 0.0032 Si) in 

a graphite crucible in an induction furnace. After melting, the iron 

was held in the graphite crucible for about half an hour for carbon 

saturation. The iron was saturated with carbon at about 1450°C and 

cast in a steel mold to give 9 ton diameter rods. About 500 gm of carbon- 

saturated iron was prepared at a time. Subsequent analysis showed 

about 4.6-4.82C in different lots of iron. The carbon content of iron 

used in any run was predetermined.

(ii) Chemical Analysis: - As indicated earlier no samples of 

the metal were taken during a run. The solidif*^ o®^*- ua® analysed 

for carbon and silicon after each run. The carbon was determined by 

combustion method and silicon, gravimetricslly by perchloric acid method." 

(iii) Enoorimoncal Procedure: - The procedure for a typical 

run was as follows. A predetermined amount of carbon-saturated iron 

was weighed on a chemical balance and transferred to the silica tube. 

For the tubes of diameter 12.5 mm, generally 25 gm of metal was used
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for a deeper bath and a small amount of 5 gm for a shallow bath. In 

the case of 17 deb diameter tube, the amounts taken ware 33 and 10 gm 

respectively for a deeper and shallower bath.

Tho allien tube was joined to the other tube with a teflon 

union as discussed earlier. This was then joined to the capillary tube 

(figure 4). Before starting the run, the whole system i.e. reaction 

vessel and capillary tube, was evacuated with a mechanical pump for 

about half an hour. And Later the evacuated system was filled with 

C.P. grade, 99.9% pure, CO gas. This was required so as to prevent 

oxidation and decarburizing of iron during heating period. The heating 

period ranged from 4 to 4-1/2 hours in the Crusilite furnace and 1/2 

to 1 hour in induction furnace.

Once the reaction tube was filled with carbon monoxide the 

farther end of the capillary tube was opened to atmosphere, thus 

keeping atmospheric pressure in the chamber. During the heating period, 

the gas in Che chamber expanded and was allowed to ceme out. If a 

mercury pellet was introduced in the capillary, it was pushed ahead by 

gas. When tho iron was about to melt, it was observed 
the expanding . ■

that the movement of the mercury drop stopped, indicating no further 

expansion of tho gas. The mercury drop remained stationary till all 

the iron had molted (1130 to 1200°C). The zero time wan counted as 

soon as all the iron was molten. Initially the volume of tho gas evolved, 

was very small. Tho temperature of the melt was raised quickly to the 

required temperature vic., 1300°C to start with. A record of time end 

volume of the gas evolved prior to the required temperature was maintained.
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As soon as the melt temperature was 1300°C, the position of 

the mercury pellet was noted at a fixed interval of one minute. This 

interval was reduced to half a minute at higher temperatures. The 

volume of the gas was recorded in terms of centimeters as the area of 

x-section of the capillary was constant. The values could be converted 

to volume units by multiplying with the x~sectional area.

Tita position of the meter scale was such that whenever a 

small droplet of mercury tzas inserted through the stopcock, the front 

end of the pellet coincided with the zero of meter scale. Hence this 

end was taken as the reference point for taking the reading on meter 

scale. With little practice a pellet about 1/2 - 1 cm long could be 

introduced into the capillary. Thus when the front end of a mercury 

pallet reached ICO cm mark on the scale, another xzas introduced in the 

capillary at the zero mark. The procedure was repeated every time 

one pellet crossed 100 cm mark. This gave continuous measurement of 

the volume of gas evolved due to the reaction at any temperature. At 

the same time the rate of gas evolution was also known, which is the 

measure of the rate of silicon transfer to the metal. The rate of CO 

evolution was higher at the beginning of the run and it fell gradually 

with increase in time. This decrease xzas not linear with respect to 

time.

Usually a run lasted for about 50 to 70 minutes at each tem­

perature. The same melt was used for all the subsequent temperatures. 

At the end of a run, the power was increased and the temperature was 

increased by about 50°C. During this interval of the increase in
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temperature, the time and volume of CO were continuously noted. As 

soon as the required temperature was attained the observations wore 

taken as described earlier. In this way the volume and rate of CO 

evolution were measured at temperatures from 1300 to 1600°C at an 

interval of 50°C. At the end of entire run, the melt was cooled down 

in CO atmosphere. The samples were drilled from the solidified celt 

and analysed for carbon and silicon.

Thus one silica tube lasted for only one run and each time 

a now silica tube was used.

3.6 (iv) Effect of Carbon xActivlty: - The carbon concentration

of the molt decreases as the reaction proceeds. Because of this, 

and the increased solubility of carbon in iron with increase in tem­

perature, the melt does not remain saturated with carbon. In come 

experiments, it was decided to keep the activity of carbon constant 

by saturating the melt with graphite st all the temperatures and to 

study the effect on the rata of CO evolution. This was done either by 

allowing a small lump of graphite to float on the melt surface or by 

entrapping a graphite block at the bottom of the silica tube.

3.7 Gas Analysis

The gas evolved due to the reaction was analysed, nearly 

at the end of a run by gas chromatographic method. It consisted of 

more than 921 of CO and cho rest being oxygen and nitrogen in the 

same ratio as in air. This suggested chat air rushed in the samplf*1^



tube after sampling, due to slight pressure differential, There wa

no trace of C09 in the sampled gas. The analysis was done to see if

any cracking of CO occurred, and if so, the observed rate of gas

evolution would be faulty. If at all any cracking occurred it was

very negligible and was beyond the limits of detection.



CHAPTER IV

SgRIH^ RESULT^

4.1 Tntroduetlea

The results of the investigation of silicon transfer from 

solid silica to molten iron are presented in thia section. The 

experiments are classified in three groups.

(1) Silicon transfer to unstirred high carbon iron.

(2) Silicon transfer to induction stirred high carbon iron.

(3) Silicon transfer to induction stirred graph!tevsaturated iron.

The iron under (1) and (2) contained core than 4.6X carbon to start 

with. Though the carbon content of the iron during a run remained 

more than 3.8 - 4.OX, th© carbon saturation was not maintained at 

higher temperatures.

The results from the above experiments ware used to 

determine the dependence of the rate of transfer on silica-natal inter- 

facial area.

Tiie specific rate constants ware calculated from the observed 

rates as a function of temperature. The activation energy ia calculated 

from the Arrhenius plot of those rate constants, in order to identify 

the rate controlling step in the silica reduction reaction.

^•2 The Rate Curves

(i) The volume of the carbon monoxide evolved as a result

of the silica reduction was measured as a function of time in each

40
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of the experiments. The volume was measured at minute intervals for 

temperatures up to 1500*0. But at 1550 and 1600*0 the rate of evolu­

tion was faster and the volume was measured at half minute intervals. 

As the area of cross-section of the capillary was a constant factor, 

the volume is recorded in the units of length i.e. tho distance travelled 

by tho mercury pellet. To get the volume in cubic centimeters, rhe 

length is multiplied by cross-sectional area (0.033 cm ) of the 

capillary. For measuring the cross-sectional area, accurately weighed 

amount of mercury was introduced in the capillary tube and tho length 

of tho mercury thread was noted. This was reseated with several 

different amounts of mercury. The average of mass GO Co length (1) 

ratio was taken to calculate rhe area of cross-section which io equal 

to M/lp , p being the density of mercury.

The volume of carbon monoxide observed is tabulated in 

tables 1(a), 1(b) and 1(c), and shown graphically in figures 7 to 22. 

In the tables 1(a), 1(b), and 1(c), the volume is recorded only at ten 

minute intervals.

In the figures 7 and S, all the points at minute intervals 

are plotted to justify drawing of a smooth curve passing through almost 

all the points. In the rest of the rate curves those points are not 

shown.

(ii) Determination of the races - The figures 7 to 22 show 

that the rate curves are non-linear. To determine tho rate of gas 

evolution at any instant, a tangent war drawn to the curve. The slope 

dv
of the tangent represents tho rate, at that instant. These tangents
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are shown in figure 3 and were drawn using a plane mirror. *his 

method of drawing the tangents to the curve was fairly accurate and 

the errors in the calculated rate ware within ±3-5%. la general a num­

ber of tangents, from as few as fear to as many as ten, were drawn 

over the entire carve* The corresponding volume was also noted.

(Hi) Calculation of Silicon gio::; - By the stoichiometry 

of the overall reaction (15) the equivalent amount of silicon trans­

ferred was calculated frea the volume of carbon monoxide* Since

2 x 22600 ml CO at S.T.P. a 28.09 gm silicon.

Hence vmi CO at S *'£.?.
23.0?
TTTTTT v So sxncon

— 6.270 x IC v gm Si. (51)

From equation (51), the silicon content of iron is given by

%Si = (6.2/0 x LO"4 v) “
(52)

where V is the mass of iron in gm*

Thus (6.27
“4 ICO* dv

K U ' dt (53)

As the volume of carbon monoxide was measured at room

temperature and atmospheric pressure, cho sama was converted to

tandard temperature and pressure conditions (0°C and 760 cm) by

equation (54)

273 Pv
760 T

Pv



43

wlicje 1’ is the atmospheric pressure In nan (Kg), T the room temperature 

in °K and v is the observed volume in ml.

Tiie equivalence between the volume of carbon monoxide and 

the silicon content of the molt was checked by analysing the solidified 

Iron after tho run. In table V, the final silicon and carbon contents 

of tho molt are shown. The amount of silicon calculated from tho CO 

volume io also shown. These agree very well. The carbon loss is 

equivalent to CO volume observed. In soma cases however more carbon 

was lost than the corresponding silicon and carbon monoxide.

The pressure in the reaction vessel was assumed to be 

atmospheric. However when a mercury pellet is dropped in the capillary 

tube a small pressure differential is produced across the mercury 

pellet. The magnitude of this pressure differential was obtained by 

attaching a manometer between the reaction vassal and the capillary 

tube. The manometer showed the pressure in the vessel 2 to 3 cm (Hg) 

in excess of the atmospheric pressure. It being a small quantity, no 

correction was considered necessary for the pressure.

4.3 The DopandcmcQ of the Rate on the SiLicu'dlet.il Interfaclal Area 

As is obvious tho reduction of silica takes place all along

ths area of contact of iron with the silica. Therefore tha rate of 

silicon transfer must ba proportional to the silica-metal Interfacial 

area. This direct proportionality between tho silica-matal interfacial 

area and tho rate, was distinctly established for the stirred molts in 

runs 13, 14, 15 and 16. In figure 23, the rate of CO evolution is

dlet.il
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plotted as a functional S/M area. A straight line passing through 

those points and origin clearly indicates one to one correspondence 

between the rate and contact arcs.

For the unstirred welts, (runs 6 to 12) tho rate is not 

proportional to the area. Figure 23 also shocks the results from 

unstirred taeles. A line drawn through the points dees not pass through 

the origin but has an intercept on the ordinate axis, giving a definite 

rate even at aero contact area.

4*^ Specific Hate Constants

In Chapter II, a reaction mechanism for silica reduction was 

postulated based on the transport of oxygen cs the rate limiting step* 

The rate of the overall reaction, controlled by o-sygen diffusion is 

given in terms of oxygen flux equation (30) of chapter II. This 

equation was further modified to equation (42) to calculate the rate 

of silicon transfer. The rata equation (42) is

dt

Fran this equation, the 

k a

28.09 A
32 V a err

specific rate constant k was defined as

22 V
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where
d%Si 
dt

Rato of silicon transfer in Zbl/min.

%S1 « Silicon content of iron in percent.

A = Silica-Hetal (3/12) intcrfacial area in eta .

V “ Volume of the iron in cis'4.

D = Diffusivity of oxygen in iron in ea’Vain.

5 = Effective boundary layer thickness in cm.

and IC. « Equilibrium constant for silica dissociation 

(equation 23).

The quantities on the right hand aide of the above expression are

experiments 1 ly known and hence the rate constants could be calculated

for different temperatures at which the runs uera performed.

The values of and ZSi were calculated using equations

(52) and (53) from the values of v and ^p, obtained from the rate 

curves. Thus the value? of the product (^^^(ZoSi)-^” is given by 

equation (55)

(^>o1/2 - (^ . w4 . ^/2f vJ/

For a run at constant temperature, the other quantities remaining

constant.
the product v ^ should be constant. As this was found

to vary slightly with time, a mean of all the values uss taken. For

runs at higher temperatures, this product decreased with time but a

mean value could be used for calculating the specific rate constant

without introducing appreciable errors.

In table III, the values of *tt 

the specific rata constant, ’:, are shown

f^W'2 and 
***• X

for each of the runs.
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The 33122 Cable 5iso shows ths ratio V/A. the volume, V, of tho celt 

was calculated using the relation V « W/p whore W io the mass of tho 

iron and p the density of the molt. The density of carbon saturated 

iron at different temperatuxes was computed from the data of Lucas'^ 

and a correction was applied for the silicon content using the relation 

20 
given by Turkdogan et al . An average value of the density was 

employed between the temperatures 1300 to LG00°C and for a seen silicon 

concentration of 0.5%. Use of the average density did not introduce 

errors in k by more than 5%.

4 .5 Th £ Ac tIvation Huergy

The activation energy for the process was daterained from 

the Arrhenius plots of tho specific rate constants. In the figures 24 

to 26, the logarithm of the rate constants are plotted against the 

reciprocal of the ccmperatuxc. The slope of thio line is a measure 

of the activation energy of the process:

Slo’° “ “2353R ° "7^75 00

«4iero 0 la tho activation energy (cals/aole) and a la tho universal 

gas constant and is equal to 1.987 cols.taele “ °K \ The values of 

the experimental activation energy are shown in table IV.

4»6 The Thickness of Effective Boundary Layer

Using the expression (57) for the race constant, tha 

effective boundary layer thickness for oxygen diffusion was calculated: 

a = ^k!{2 <57)
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where K,,. la the equilibrium constant for silica dissociation, k is 

the rata constant and Dq tho diffusivity of oxygen at corresponding 

temperature. At 1600°C the values of 6 are tabulated in table IV. 

The diffusivity of oxygen in the carbon saturated iron is not known 

but it could be estimated from the work of Paries et al“$, and from 

Saito and co-worker^“ measurement on silicon diffusivity. The value 

ox D^ at 1600°C is taken to be 10 cm /see in the present calculations 

The value of effective boundary layer obtained here, is smaller than 

Darken*s' value of 0.003 cm in a vigorously boiling open hearth bath.

4 .z Observation of Gao Dubbins on tho Silica Kall

During tho course of one experiment, the refractory bricks 

surrounding the reaction vessel, ware removed to allow the direct 

observation of tho melt in the transparent silica vessel.

It was observed that carbon monoxide bubbles nucleate and 

grow on the silica wall. The photographs of these bubbles are .shown 

in figures 29 and 30. As these bubbles could grow and some attained 

a largo diameter of approximately 5-3 mm, they were believed to be 

very flat and thin. There was a tendency for tho bubbles to slide along 

the vails and escape to the gas atmosphere above the malt. On observing 

tho top surface of the molt through a right prism, no indication of 

bubble formation on the silica wall could be obtained.

As soo7i as a large bubble escaped the malt, small bubbles 

nucleated on the walls and these grew very rapidly. The formation of

gas bubbles un the silica walls reduced the contact time between the
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melt and silica* Because of thia, the effective silica-eatai inter­

facial area was reduced considerably.

To estimate the effective area and approximate residence 

time of bubbles on the silica surface movie photographs were taken. 

In the figure 30, the consecutive frames have been printed.

These photographs in figures 25(a). 29(b) and 30 were taken 

by viewing tho image of the transparent allies vessel in a plane 

mirrored glass kept slightly inclined to the horizontal plane. By 

this technique, one side of the crucible wall and the bottom of crucible 

could be observed directly through the mirror. The darker portion in 

these photographs represent the gas bubbles. A detailed discussion of 

the bubbles is given in section 5.4 of next chapter.



CHAPTER V B. ».«Wm »,», ■■ ■ esc*

DISCUSSION OP THS RESULTS

5 • 1 Ra te Cc;n!:.-n;:s

The race constants calculated for all the experiments have 

been shewa in table III and plotted graphically in figures 24, 25, 26 

and 27. An error of ±15% is estimated in the calculated values of the 

rate constants. This error ia the result of errors involved in the 

measurement of various quantities. Tho errors in tho derived functions 

arc calculated using a technique suggested by Mickley at al~' .

(i) SS££ constants for unstirred melts: - In the runs 

6 to 12, the melt was not stirred. For these runs it has been shown 

in previous chapter that the rate is not proportional to the silica** 

metal interfacial area (figure 23). Consequently the rate constants, 

calculated on the basis of S/M intorfacial area arc not in agreement 

2 
with ouch other. The rate constants for runs 7 and 10 (A = 2.65 cm )

2 
are six to eight times higher than those for runs 6, 9, 11 (A = 11.0 cm ) 

and 12 (13.6 cm ). For the runs 6, 11 and 12 where the 3/11 interfacial 

area was nearly same, the rate constants are also similar.

The non~proportionality of the rate to tho area of contact 

and such a large difference in the rate constants could be ascribed 

to changes in the stirring conditions in the molt. Since the gas 

bubbles are produced at the S/M interface, the effective interface area 

is reduced. If the molt ia stirred by some method, the gas bubbles will 

be regularly swept away from the interface thus providing similar

49
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effective area in different rune. In the absence of external stirring, 

the bubbles in the larger melt (runs 6, 9, 11 and 12) would tend to 

remain at the interface for longer time than those in smaller molts 

(runs 7 and 12). Thio will give larger effective area in the latter 

case than the former. Thus the rate of CO evolution will be higher for 

a smaller malt.

Another factor which could affect the rate of gas evolution, 

is the geometrical factor. For smaller melts, the shape of malt was 

that of a hemisphere, whereas for larger melts, the shape was that of 

a cylinder with a hemispherical bottom.

In view of considerable difference in rhe geometry of the 

melts and in the stirring conditions, the two rate constants are not 

comparable.

5 .1 (ii) Rate Constanta for Stirred Helts; - In the runs 13,

14 , 15 and 16, the melt was inductively stirred. Different S/M inter­

facial areas were obtained by varying the amount of iron and these wore

2 2 2
4.54 cm (run 14), 13.6 cm (runs 13 and 16) and 17.90 cm'' (run 15).

From table III and figure 25, it is seen that the rate constants at 

different temperatures for all the runs agree very well within the 

experimental error. This shows that the stirring provided an effective 

area proportional to or equal to the total area. It could also be 

concluded that the difference in the rate constants for unstirred melts 

is only because of ill-defined and dissimilar conditions of the melt.

From the figure 25 it is observed that the points at 1300

to 1400*C do not Lie on the line passing through the high temperature
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points. it is possible to plot a best fittins curve through all the 

point□ between 1300 and 1600°C* This curve is conue:: upwards with 

the slope becoming lose negative at higher tempera teres * Thus the 

rate constants at 1300, 1350 and L400°C are lower than ejected.

In calculating, the rate constants according to the equation 

(42), in Chapter II the bulk oisygen content la neglected in comparison 

to the interfacial oxygon content. However at lower temperacures the 

interfacial oxygen content C© is only 3 to 4 times greater than bulk 

oxygen C’ and hence the latter cannot be neglected. For temperatures 

higher than 1450°C, w 10 C’ and the bulk oxygen can be ignored in 

tho calculation or the rate constants* Cn taking Into account the 

bulk oxygen content at lower temperatures ond recalculating the rate 

constants, we find that there 1g no substantial increase in the magni­

tude of the rate constants.

Thu observed non-linearity of the Arrhenius plot for these 

runs could be due to several factors Listed below:

(1) Effect of the activity of carbon which is varying during the 

run; a o 0.9 to 1 in the beginning of run at 1300°C ond at the end 

of the run at 1600°C a a 0.5. 
c

(2) Change in the stirring conditions due to higher paver input 

at higher temperatures and due to greater rate of gas evolution.

(3) Possibility of a different rate controlling mechanism at 

lower temperatures.

(4) Errors in the activity coefficients used.
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Comparing the above results with Chose of runs 17 end 18 in 

which activity of carbon was maintained unity, it is seen that the rate 

constants are of the same order of magnitude in the temperature range 

1500 - 1600°C. But at 1400 - 1450°C, the rate constants for graphite 

saturated runs are higher than those for unsaturated runs (13 to 16). 

Also, the Arrhenius plot is linear for carbon saturated runs for Che 

entire range of temperatures from 1400 to 1600°C. This Implies that 

there is no effect of carbon activity on Che rate constants at tempera­

tures 1500-1600°C (as a w 0.5 for unsaturated runs as compared to 

ac “ 1 for saturated runs). There is no reason why the carbon activity 

should affect the rate constants at lower temperatures. Hence possibly 

the variation in carbon activity is not the cause of lower values of 

rate constants in these runs.

The effect of enhanced stirring at higher temperatures would 

be to increase the rate of silicon transfer. Simultaneously, this 

would reduce the effective silica-metal interfacial area and the boundary 

layer thickness * '^ because of greater rate of gas evolution. The 

effect of reduced effective area would be to give lower rate constants 

at higher temperatures. This could in part explain the slight curvature 

(convex upwards) of the Arrhenius plots.

The possibility of a different rate controlling mechanism at 

layer temperatures also exists. From the results of the present experi­

ments, it is not possible to verify and single out one particular factor 

which would load to lower rates at lower temperatures.
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5.1 (ill) ^-Q Constants for Carbon Saturated Runa; - In the

runs 17, 18, 20 and 21, the iron was kept saturated with graphite at 

all the temperatures. For runs 17 and 18, the carbon saturation was 

maintained by allowing a small lump of graphite to float on the melt 

surface. In case of the runs 20 and 21, the graphite block was trapped 

near the bottom of silica crucible between the ’walla. Thus the graphite 

block was surrounded by the molten iron during the run.

The results from the individual pairs are in good agreement. 

The rata constants for runs 17 and 18 are 1,9 times greater then those 

for runs 20 and 21. The Arrhenius plot for those runs is shown .in 

Figure 26. The conditions in the runs 17 and 18 and ia previous runs 

□re very similar. As discussed in 5.2 (ii) the rate constants are 

similar at higher temperatures for these two sets (i.e. runs 17 and 13 

and 13 to 16).

When the graphite block is immersed in the melt, the stirring 

pattern and power input at any temperature are different than in its 

absence. The graphite block will have a tendency to absorb more power 

from the inductive field. Consequently it will reduce the velocity 

of flow in the melt, it was also observed for these runs that graphite 

had precipitated at the bottom of the silica crucible. It is not 

possible to determine the conditions of tho melt below the graphite 

block. But in any case the effective area and the rate of stirring 

should be lower when the graphite is immersed in the melt. This has 

consequence of reducing the silicon flux and the rate constants for the 

runs 20 and 21. Though the rate constants are different, the Arrhenius

plots are parallel straight lines.
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5.1 (iv) Long Time Run; “ in run 1$ the experiment was carried

out at 1464°C for a longer period of 200 minutes as compared to 40-50 

minutes period at each temperature in other runs. The rate constant 

from this run is about 1.5 times to those in runs 13 to 16 at corres­

ponding temperature. It vas seen that the product ~~—(ZSi)^^“ in 

the equation (43) did not remain constant for the entire period. If a 

mean value of thia product is taken for first fifty minute period, the 

rate constant obtained is 4.23 x 10 cm/min which is comparable to those 

from runs 13 to 16. Since the mean of the product ^T~ (ZSi)1^ increases 

for a longer time, the value of rate constant is higher. It seems that 

tho effect of longer time would be to raise the linos in the Arrhenius 

plot.

5.2 Activation Energy

The activation energies for the process calculated from the 

Arrhenius plots of the rate constants are shown in the table IV. The 

Arrhenius plots arc shown in figures 24, 25, 26 and 27. The standard 

39 
method of least squares was employed to determine the slope of the 

39 
statistical line through the points. The maximum error in each point 

is also shown in these figures.

For the unstirred melts, the activation energy curve io shox/n 

in the figure 24. ihough the rate constants for different runs ore 

not tho same, they hove similar temperature coefficient. For these 

runs an activation energy of 39.6 kcal per mole is obtained.

For the stirred melts the Arrhenius plot is curved (figure 25),

with a lower slope at higher temperatures and vice versa. The high



55.

temperature points yield an activation energy of 84.6 kcal per mole. 

The slope of the line which could be drawn through lotzer temperature 

points corresponds to a value of approximately 120 kcal per mole.

For the carbon saturated runs (figure 25) an activation energy 

of 74.9 kcal per mole is obtained.

Thus the activation energy for silica reduction in the present 

experimental conditions lie in a range of 75 to 90 kcal per mole 

(at higher temperatures). This value compares very well with the 

theoretically predicted activation energy of 77-85 kcal per mole, if 

the rate controlling step in the silica reduction were the transport 

of oxygen in the liquid iron. This agreement may be regarded as oae 

evidence for the oxygen transport control for silica reduction.

Fulton and Chipman^ observed an activation energy of 

130 kcal per mole for the silica reduction. On the basis of high value 

of 130 kcal, they assumed the reaction to be chemically controlled.

12 22 
In view of the present analysis and those of other workers * , a 

high value of 100-120 kcal and above could be explained for transport 

controlled processes also.

5.3 Apparent Reaction Order

Though the terra order of reaction has not much significance

for heterogeneous reactions, it may sometimes be helpful in identifying

the rate limiting mechanism in an overall reaction. According to the 

equation (42) in Chapter II, the rate of silicon transfer ^‘^ ^ is 

proportional to ——x ■. ■ at a fixed temperature and mass of the metal. 
(ZSi)W-
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Tais relationship was obtained on tho assumption that silica reduction 

reaction is controlled by tho oxygen diffusion in tho metal. Hence it 

could be said that order of reaction Sa 1/2 with respect to ?~f“’ The 

plot of “frr" vo. VLSI on a logarithmic scale will be straight line with 

a slope of - 1/2. In figure 28, this is shown for run 21. The slope 

of the lines vary from -0.47 to -0*73 at temperature 1370 to 1505°C. 

But at 1560 and 1600°C the slope is approximately -l.g.

The observation of higher order at 1560 and 1600°C could be 

attributed to greater rate of gas evolution which decreases the effective 

boundary layer thickness. Philbrook and Kirkbride*^ in their study of 

the rate of reduction of iron oxide in a olag by graphite saturated iron 

found that rate is proportional to the square of iron oxide concentration 

in the slag. By chemical kinetics the rate should be proportional to 

iron oxide concentration. Wagner explained this second order dependence 

by assuming the reaction to be transport controlled (see chapter II). 

Consequently following relation between the rate and the boundary layer 

thickness was assumed

®w - “©^ (5S>

where b and B are constants and A is tho Interfacial area. The rate of

transfer n, will be given by

n
°7o"

(59)
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Substituting in equation (59) the value of 6^,, from equation (53)

we get

(60)

and if p ~ 1/2, (61)

which la in accordance with the experimental observation. In our case, 

taking a slightly higher value of p, between 1/2 and 3/4, the relation­

ship C ■—V7 could be explained. This seems suite justified in
dt %S11'5 ■ ■

view of the fact that CO bubbles ore produced at S/M interface which

at higher temperatures affect the boundary layer thickness and effective

area significantly.

$•4 Formation of Ges Bubbles at Sillca-Metal Interface

(i) Size: - From the photographs of the gas bubbles in 

figures 29(a) and 29(b) it is clear that at any instant Che effective 

S/M interfacial area is much less than cho nominal area. Since these 

photographs represent the projection of the crucible on a plane surface, 

exact calculations of the area covered by the gas bubbles is difficult. 

However an approximate estimate could be made from these photographs.

In a region vhcro only smaller butties of the size 0.7 - 1.0 cm 

diameter are present (i.e. during Che initial stages of growth of 

bubbles) approximately 50 - 60^ of S/M area is occupied by the bubbles. 

Hence the effective S/M area during tho initial atagc is 40 - 50Z of 

the nominal area. But when these bubbles grow and attain a larger size
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o£ about 6-8 m, the effective intarfacial area is reduced to 10-20% 

that of nominal area.

(ii) Rate of Growth of the Bubble^ - In the figure 30, 

the consecutive frames from a series of motion pictures taken at a 

speed of 24 frames per second are shown. A total of sixty-six 

consecutive frames, corresponding to a time interval of 2.75 sec. are 

reproduced here. From these pictures rapidity of the growth of these 

bubbles can be readily estimated.

In frame 1, a big bubble is seen at the bottom of the crucible, 

this bubble has escaped in the next frame. At the same site, the melt 

comas into contact with silica and very small bubbles could be seen, 

nucleating at the same site. These small bubbles (size < 1/2 mm) are 

seen clearly in the frames 5, 6 and 7. The growth rate is estimated 

to be nearly ^ x ^ = 3 mm/sec. Later these bubbles coalesce with 

each other and become larger. After one second (i.e. 24th frame, 

counting from first frame), the diameter of the bubbles, growing on 

the above-mentioned site, has increased to 2.5 - 4.0 eq. Observing 

these frames up to 2 second, we see that bubbles have moved up along 

the silica wall and others arc continuing to grow. In the frames 37 

to 39 a big bubble (8-9 ma) at the right-hand side has escaped and all 

over again small bubbles are forming. The above-mentioned bubble was 

present since frame 1, hence ic nearly took 1.6 sec. or more before 

escaping from the interface.

On the left-hand side of these pictures, bigger bubbles of 

6 to 7 mm have grown within two seconds. One of these bubbles leaves
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tho nolt in the frame 55 i.c, after 2.3 sec. Another ox these escapes 

in the frame CO i.e. after 2.5 sec. (The bubbles leaving the site 

have been arrow marked.) Ono of the bubbles (indicated by a double 

arrow) has not left the molt till frame 66. It was found that this 

bubble attained a sine of 9-10 cm before escaping the melt at the end 

of 4 sec. From this description it would seem probable that the gas 

bubbles escape on an average after 3 seconds from the beginning of 

their formation.

(iii) Shane of the Gas Bubbles: - These bubbles have an 

appearance of thin, flat film, rather than a spherical chape. This 

would imply that the contact angle between the silica, liquid iron and 

CO gae is very large. This observation is in conformity with those of 

24 _
Sinkavich et al who report a contact angle of 170-175 for allies, 

liquid iron and CO gas.

(iv) Thickness of the affective Boundary Layer: - The 

boundary layer thickness for oxygen diffusion in the metal, shown in 

table IV, has been calculated on the basis of nominal S/M Interfacial 

area. From the above discussion it is definite that the effective area 

is much less than the nominal S/M area. Also, it would bo reasonable 

to suppose on the preceding observations, that the effective S/M area 

is approximately 20-25% that of nominal area.

The average value of the effective boundary layer thickness 

(6), from the table IV is 0.0023 cm at 1600*C. Since only 25% of the 

total area is effective, the value of 6 (equation 43) changes to

0.00053 cm. This indicates extreme shortness of the diffusion path.
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1112 thickness of the diffusion path derived from the work of Tuakdogan 

et al and Rowling and Elliott ', io 0.00055 and 0.0303 cm respectively

Those compare well with the present observation.

5*5 The Controlling Mechanism

(1) Chemical Control; - The overall silica reduction 

reaction is

^(c^.J**5 ’ Si*2C0(S) (K>

It, being a three phase reaction can only occur along a curve or a 

line, and is unlikely to represent tho actual reaction path. If the 

chemistry of this reaction were the rate controlling mechanism, the

flu:: of silicon transfer will bo given by

“Si " A^'ln3iO2aC k2aSi PC0} (63)

where n_. ^ Rate of silicon transfer in taeles/see

k. and k_ = Rato constants for the forward and reverse reactions in

moles/cm^sec

and A « The S/M interfacial area in cm .

S4ncc aS10, - 1 and pC0 « 1 atm. for tho present case, the equation (03)

becomes
“Si “ A[klac - ‘^Sl5 (64)

At equilibrium n*. « 0 and hence

where K io the equilibrium constant of Che reaction (62).
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This type of rate equation was initially employed to explain 

the results. Though the observation could fit in the equation (64) 

quite well, the ratio of k, and k? did not equal the equilibrium con­

stant. There being a large difference between the theoretical and 

observed value of K, this model of chemical control was given up.

(ii) Transport Control; - bused on the observation of other 

^0 21 2*4 
workers'* >-->“ ^ a possible reaction path for silica reduction was 

postulated in the Chapter II. The moat probable rate controlling 

step was suggested io be the diffusion of oxygen in the metal. The 

present data have been explained on the basis of oxygen diffusion in 

the metal. The experimental and theoretical activation energies are 

in good agreement. The reaction order with respect to silicon concen­

tration in the metal, is also as per theory except at higher tempera­

tures where a high rate of CO evolution could give rise to a higher 

order dependence.

The formation of gas bubbles at the silica-mctal interface 

definitely establishes it to be the reaction site. This might lead 

one to suspect that the diffusion of silicon could be the rate con­

trol ling stop. The possibility of carbon diffusion to the reaction 

site from the bulk metal as the rate determining factor, could be dis- 

. . * , 22 . ,
cordee as there is.high carbon content in the me^t. Rowling snowou 

that if silicon or carbon diffusion were the rate controlling factor, 

the silicon flux would be 9 x 10 and 3 x 10 moles per oec. rcapec- 

lively at 1600°C as against the experimentally observed value of 2 x 10 

moles per see. This value is nearly of the sama order as 6 x 2b 

moles per sec. calculated on the basis of oxygon diffusion.
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Tibors observed tho formation of gas bubbles at tho silica- 

melt interface. However the carbon content of the melt was 0.8% and 

the effect of pressure on the rate of the reaction was investigated. 

It was found that the rate of dissolution of silica varied with 

-0.55 
pressure according to the relation u => kxp where u is the rate of 

solution in ji/min, k the rate constant and p the pressure in atmospheres. 

This dependence of the reaction rate on the pressure would not be 

expected if the CO formation were the slowest stage in the overall 

reaction. Similarly if the chemistry of silica dissociation reaction 

were the rate controlling step, the above-mentioned relationship could 

not be obtained. On this basis Tiberg"^ concluded that the diffusion 

of silicon and oxygen away from the interface controlled the overall 

reaction.

20 26
Turkdogan et al“ and Grimble have reported the formation

of silicon monoxide (SiO) in the region of the crucible. But it was 

not possible to determine whether SiO formation takes part in tho main 

reaction.

In the presence of CO at the interface silica could be reduced 

according to equation (66)

Si°2 W + C0(g) ’ S10(g) * C02 (g) <“>

This would mean that the gas bubbles observed at the interface consist

of CO, C09 and SiO. In the present work, the analysis of the evolved 

gas did not show any trace of C0o. If the above reaction takes place 

at the gas bubble and silica interface then SiO and C09 must diffuse
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through gas to the molten iron surface where they would give off their 

oxygen, SiO being dissolved in iron and C09 being reduced to CO. If 

this type of reaction is controlling the process, the rate of the 

reaction would decrease with the growing size of bubble as the diffa- 

25 
sion path for SiO from the interface to molten iron increases

Moreover by thermodynamic calculations the equilibrium con­

stant, for the reaction (66), is found to be approximately 1.03 X 10 $ 

at 1600°C (See Appendix I). This small value of equilibrium constant 

suggests that at 1600°C and below this reaction proceeds to a very 

small extent. Hence SiO formation does not seem to play a major role.
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CONCLUSIONS

1) Dubins the reduction of solid silica by carbon saturated iron 

in the present system, silicon is transferred to the metal and 

carbon monoxide is evolved. 'Ilie reaction is visualised to take 

place by the following mechanism:

(a) Dissociation of silica network at the silica-octal interface;

(b) Transport of silicon into the bulk metal;

(c) Transport of oxygen from silica-matal interface to the bulk 

metal across a thin boundary layer in the metal;

(d) Reaction of carbon and oxygen at tho gas bubble surface to 

form carbon monoxide.

2) Between 1300 to 1600’C the results are compatible with the oxygen 

transport control for the reaction.

3) There seems to be no effect of carbon activity on tho rates at 

higher temperatures (1450 to 1600°C).

4) For high carbon runs, at lower temperatures (1300 to 1400aC), the 

rote constants are lower, consequently the Arrhenius plot in the 

temperature range 1300 to 1600*C is a curve, the slope of which is 

leas negative at higher temperatures. It has not been possible to 

determine if this is due to a different rate controlling mechanism 

for the silica reduction or some other factor.

5) The activation energy for the silica reduction ia in the range 

75-90 kcel/mole at high temperatures which agrees well with Che 

theoretically predicted value.
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6) The thickness of the effective boundary layer for oxygen diffusion 

is calculated to be 0.00053 cm. This value, though very small,

20 21
is in line with those of Turkdogan ct al and Hauling end Elliott 

7) The observation of gas bubbles at the silica-mctal interface leads 

to the following definitive conclusions:

(a) The reaction site is the silica-matal interface, lieace the 

reaction rate depends on the S/M interface area.

(b) This is analogous to the carbon boil in an open hearth furnace. 

It could be concluded that CO bubbles in an acid open hearth 

are formed by the same mechanism as in here. Extending the 

reasoning, it could be said that for silica saturated slags 

the CO formation during tho reduction could occur at the 

slag-metal interface.

8) Finally, on the basis of the evidence of activation energy and 

reaction order, the silica reduction reaction is believed to be

transport controlled; the diffusion of oxygen in the liquid iron 

being the rate Limiting step.
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1A5LI: ICO Unstirred Melt

Time-Voluma of Carbon llonoid.de Measurements

Area of Gross Section of Capillary Tube = 0.033 era'

Run No.
& Temp.

Timo
Min.

Volume 
in eras.

Run No. 
£ Temp.

Tima 
Min.

Volume 
in ccs

1 to 5 Pre 1 trainsry Runs
6 - IV 
1445°C

230 20x8.5

6 260 2190.5

6-1 60 306.8 2/ 0 2348.2

1290°C
70 360.0 280 2490

80 407 .3 289 2608.5

90 452.4 300 2/42.8

100 492.5 308 2835.0

6 - II 120 638.4 7

1345°C
130 727.0 / - I 

1290°C
0 0

140 300.0 10 62.6

150 S81.0 20 120.6

160 954.5 30 1/0.3

6 - III ISO 1173.0 40 219.6

1385°C
190 1303.6 50 262.9

2C0£ 1420.5 60 310.2

210 1531.0 70 358.7

220 1634.5 80 401.2

225 1632.8 90 444.1

llonoid.de
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Table 1(a) continued

Run No.
& Temp.

Time Volume Run No. Time Volume
Mln. in cms. & Tame. Mln. in cm

7 - II 
1347°C

100 519.7 7 — IV 332 2505.0
1448°C

120 639.0 Sz>0 2625.0

130 766.3 350 2771.8

140 827.7 360 2912.8

150 383.1 370 3051.7

160 940.7 380 3187.3

170 992.4 390 3321.1

180 1040.1 400 3453.0

7 - III 
1398°C

192 1152.2 410 3531.0

200 1238.8 420 3706.2

210 1348.6 3 FAILURE

220 1451.8 9 ” J ° °
1285°C

230 1556.0 10 74,3

240 1650.9 20 143,2

250 1743.1 30 202,5

260 1834.9 40 258,3

270 1921.2 50 317,0

280 2005.4 9 " g 67 493”0
1332°C

290 2089.4 70 532,3

300 2172.2 80 648,1

310 2250.6 90 761,8
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Table 1(a) continued

Run No, 
& Temp.

Time
Min.

Volume 
in ceis.

Run No.
& Temp.

Time 
Min.

Volume 
in cm3

9 - II 100 871.4 10 - II. 96 369.4
(coat’d)

110 964.8
1351°C

100 392.5

120 1063.0 110 446.8

9 - III 167 1656.5 120 497.1
1388°C

170 1698.5 130 548.0

180 1869.3 140 595.1

190 2042.5 150 643.4

200 2202.6 160 688.9

210 2383.4 170 734.7

220 2439.6 10 - III 
1402°C

210 1015.6

230 2681.8 220 1103.2

260 2823.2 230 1185.4

10 240 1265.2

10 - I 
1302°C

0 0 250 1345.5

10 43.6 260 1418.3

20 81.7 270 1491.9

30 119.7 280 1566.6

40 154.6 10 - IV 
1451°C

323 2033.7

50 188.7 330 2118.2

GO 224.6 340 2238.8

70 257.0 350 2352.7

75 271.3 360 2462.7
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Table 1(a) continued

Run Ko.
& Temp.

Time
Min.

Volume 
in cms.

Run No.
& Temp.

Time
Min.

Volume 
in eras

10 - IV 370 2570.6 11 - III 200 1991.5

(coat’d)
330^ 2679.2

(cont * d)
210 2141.6

390 2777.5 220 2286.4

400 2879.2 230 2424.0

11 - I 0 0 11 - TV 290 3368.3
1302°C

10 71.0

1454°C
300| 3577.1

20 130.3 310 3753.1

30 183.8 320 3933.9

40 232.6 330 4106.5

50 284.7 335 4190.0

60 334.0 12-1
1301°C

0 0

11 - II
1353°C

85 554.7 10 74.6

90 610.3 20 136.7

100 718.7 30 210.0

110 519.6 40 274.0

120 918.4 50 336.0

130i 1018.1 60 383.4

140 1103.0 70 444.5

11 - III 178 1640.3 12 - II 80 529.4

1403’C
180 1673.0

1352°C
90 646.5

190 1834.4 100 750.0
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Table 1(a) continued Table 1(b)

Stirred Melt

Run No.
& Temp.

Tima Volume Run No. Tima Vo luma
Min. in cos. & lump. Min. in cas.

12 - II 
(coat’d)

110 851.0 13-1 0 0
1402°C

120 945.8 10 202.0

130 1040.2 20 393.5

140 1139.0 30 549.0

150 1214.5 *0 726.0

12 - III
1402°C

174 1534.1 50 872.6

100 1632.9 13 ~ SI 59 1143.4
1459°C

ISO 1795.3 60 1181.0

200 1959.0 69 1535.5

210 2113.8 SO 1951.4

220 2258.4 90 2263.7

230 2399.0 ICO 2613.3

235 2470.3 110 2968.9

12 - IV 
1454°C

275 3226.0 13 “ HI H? 3437.1
1521°C

230 3348.3 120 3696.0

290 3588.4 125 4125.0

300 3818.0 HO 4547.0

310 4026.8 1^5 4942.0

320 4230.0 1-0 5335.8

330 4424.8 1^5 5683.8

334 4495.5
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Table 1(b) continued

Run Ho.
& Temp.

Time
Ilin.

Volume 
in eras*

Run No.
& Temp.

Time
Min.

Volume 
in cm

13 - IV 152 6352.5 14 - I 40 232.0
1555°C

155^ 6853.5
(cont’d)

42 248.0

160 7450.8 44 257.4

165 7994.5 14 - II 
1453°C

CO 309.5

170 8494.0 65 379.4

175 8936.8 70 440.4

130 9356.0 741 490.0

135 9737.0 80 561.0

13 - V 191 10425.0 35 626.0
1600°C 195 110-47.0

90 678.0
200 11/01.5

95 749.5
205 12240.0

100 800.0
210 12670.8

105 867.0
215 13071.0

14 - III 110 959.8
220 13413.5 15iO°G

115 1064.0
225 13748.0

120 1151.0
230 14059.0

125 1240.5
14-1 23 120.0
1386°C

25 136.0
130 1334.3

135 1420.5
30 172.8

141 1532.0
34 200.4

150 1677.9
37 225.2

160 1846.0
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Table 1(b) continued

Rua No.
& Temp.

Time Volume Run No. Time Volume
Min. in cms. & Temp. Min. in coo

14 - IV 
1555°C

165 2000.0 *5 “ 11 45 336.2
1363°C

170 2129.1 51 453.6

ISO 2413.0 e$ 596’°

ISO 2677.8 70 749.0

200 2938.0 20 886.0

210 3172.2 90 1004.0

220 3395.0 95 1065.7

14 - V 
1606°C

225 3576.7 *5 “ *^I LOO 1184.5
1402°C

230 3791.0 HO 1430.6

240 4196.5 120 1665.7

250 4569.0 130 1898.0

260 4917.5 140 2126.0

269 5204.5 150 2349.1

260 5596.0 *5 “ IV 155 2544.0
1453°C

290 5896.0 ICO 2309.5

15-1
1306°C

0 0 170 3397.8

5 54.5 180 3789.3

10 101.5 I90 4265.5

15 154.5 195 4482.0

20 171.7 IS - V 200 4338.0
1498*C

25 192.2 210 5600.0

30 219.5 220 6379.4

35 244.6 230 7114.0

40 273.6
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Table 1(b) continued

Run No.
& Temp.

Time 
Min.

Volume 
in cm3.

Run No.
& T'-mp.

Time 
Ilin.

Volume 
tn cm a

15 - VI 240 3089.0 16 - II 55^ 1367.0
1550’0

245 3698.0

1466°C
60 1546.3

250 9255.0 65 1723.5

255 9368.0 70 1945.6

260 10331.0 80 2336.0

265 10890.0 85 2579.4

270 11393.0 90 2763.9

15 - VII 275 12174.5 95 2943.0

1600’C
280 13005.0 100 3129.0

285 13/20.5 105 3304.0

290 14412.0 16 - III
1500°C

110 35438.0

295 15079.0 120 4113.5

300 15623.0 130 4666.4

305 16079.0 160 5193.1

310 16701.0 150 5719.0

312 16995.0 155 65956.3

16-1 0 0 16 - IV 165 6714.5

1404°C
10 379.5

1560°C
170 7193.8

20 639.6 180 7995.1

30 828.1 190 8713.6

40 1022.3 195 9061.0

50 1192.8



74

Tabic 1(c) Carbon Saturated Melt

Run Ho. 
& Temp.

Time 
Mia.

Volume 
in eras.

Run Ho.
& Tool?. Min.

Volume 
in cm3

Lu - V 202 9761.8 17 •• xxx 108 6752.5
1603°C

205 10143.0

1550°C
110 6914.0

210 10780.0 120 3276.0

215 11376.0 130 9286.5

220 11879.0 140 10134.5

225 12322.0 150 10833.5

230 12698.0 17 - IV 
1622°C

157 11591.C!

235 13043.5 ICO 12136.0

240 1335l.S 165 13083.0

17 - I 
1425°C

0 0 170 13928.0

10 1030.0 175 14633.0

20 1491.0 180 15366.0

30 1854.0 185 1604C.0

35 2056.7 190 16552.5

17 - II 40 2386.7 18-1 0 0
1687°C

50| 3274,0
Unsteady
T.mperaCure 10 289.3

60 3958.0 20 481.5

70 4612.0 3Qj 624.5

80>> 5132.8 40 758.5

90 5555.0 16 - 11
1396*0

50 995.0

100 5980.0 CO 1225.6
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Table 1(c) continued

Run No.
& Temp.

Tine Volume Run No. Tino Volume
Mln. in eras. & Temp. Min. in cm3.

13 - II 
(ccnt’d)

70 1513.0 18 - VI 265 13258.9
(cont * d)

30 1806.4 270 13789.0

>0 2050.6 275 14302.5

95 2164.9 280 14343.0

18 ~ UI
1459°C

110 2999.0 15 0 0
1464*0

120 3478.0 10 750.0

130 3995.0 20 1474.6

140 4453.8 30 1940.8

150 4955.6 40 2493.6

18 - IV
1504°C

160 5677.0 50 3031.8

170 6339.0 60 3530.8

180 6834.0 70 4003.5

190 7271.6 30 4456.5

200 7705.5 90^ 4937.2

18 - V
1560°C

210 3379.5 100 5364.3

220 9157.5 HO 5805.1

230 9946.0 129 6247.5

240 10651.0 130 6693.9

IS - VI 
1600*C

250 11555.0 140 7094.8

255 12116.5 1^0 7456.6

260 12726.5 160 7818.5
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Tabic 1(c) continued

Run No.
& Temp.

Tima
Min.

Volume 
in eras.

Run No.
& Tamp.

Tine
Min.

Vo luma 
in cm

19
(cent’d)

170 3191.2 20 - III 
(coat’d)

150 5143.2

130 8530.5 ICO 5493*4

190 3894.0 20 - IV 
1555°C

166 5795.8

200 9240.3 171 6035.8

20-1 0 0 ISO 6570.8
1380°C

10 354.5 A 99 7076.3

20 605.0 203 7570.4

31 G23.5 210 3051.0

40 975.0 20 - V
1600°C

220 8814.5

45 1057.6 225 9303.5

20 - II
1453*0

55 1470.0 230 9755.8

CO 1653.0 235 10184.5

70 2010.5 240 10584.6

30 2334.5 245 10979.0

90 2637.8 250 11353.0

100 2944.3 255 11/70.8

105 3186.7 260 12163.5

20 - III 
1498*0

111

120

3-460.0

3892.0

21-1
1370*C

0

10

0

286.7

1301 4350.8 20 471.6

140 4/61.5
30 635.5
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Table 1(c) continued

Run No.
& Temp.

Tima Volvas Run No. Time Vo Luma
Min. in coo. ft Temp. Min. in ana.

21 - I 
(cont’d)

40 782.2 21 - V 241 9567.0
16G0°G

50 913.5 245 9335.0

21 - II
1*47 °C

62. 1313.2 259 10182.2

70 1604.5 255 10523.5

80 1943.5 260 10319.3

90 2263.3 2^ 11090.5

100 2565.3 270 11354.0

110 2351.7 275 11663.5

21 - III 
1505°C

120 3411.0 220 11879.0

130 3923.5 235 12155.0

140 4428.8 299 ^7-9

150 4328.5

160 5253.0

170 5625.4

21 - IV 
1561°C

180 6278.2

190 6938.9

200 7483.4

210 7934.0

220 8365.0

230 0328.-4



TABLE '£1 — Experimental constants

Run No.
Mass of tho 
C** saturated 
Iron
W gas.

Initial
Carbon 

content of 
the iron

7,

Internal
Diameter of 
the Silica
Vessel 
cons.

Silica-Melt 
Interfacial 

Area
A - err

Average
Density 
of the melt 

p gas/cis'5

Average
Volume of 
the melt

„ 3
V « ~ cm

P

V/A 

cm.

Ambient Conditions

Atmospheric
Pressure 
cra(Hg)

Average Room 
Temperature 

°C

6 (I-IV) 25.940 4.64 1.25 11.00 6.96 3.5830 0.3036 739.0 26

1 (I-IV) 5.00 4,64 1.30 2.65 6.96 0.7184 0.2705 752.0 27

9 (I-III) 25.00 4.64 1.25 11.80 6.96 3.591 0.3043 750.0 26

10(I-IV) 5.00 4.64 1.30 2.65 6.96 0.7184 0.2705 752.0 23

ll(I-IV) 25.00 4.64 1.25 11.80 6.96 3.501 0.3063 746.0 24

12(I-IV) 35.00 4.50 1.70 13.60 6.78 5.162 0.3795 759.5 22

13 (I-V) 35.00 4.50 1.70 13.69 6.78 5.162 0.3795 757.0 23

U(I-V) 10.00 4.50 1.70 4.54 6.78 1.474 0.3246 751.0 25
l.5(I-VII) 60.90 4.50 1.70 17.90 6. / u 8.8-49 0.4943 761.0 21
IC(I-V) 35.00 4.50 1.70 13.60 6.78 5.162 0.3795 749.0 24
V(I-V) 35.00 carbon 1.70 13.60 6.7S 5.162 0.3795 759.0 25
18(I-VI) ok . caters tec!

□s.uvdurln!* the entire 1.70 13.60 6.78 5.162 0.3795 758.5 25
run

19 35.00 4,50 1.70 13.60 6.78 5.162 0.3795 762.0 24
20(1-7) 35.00 carbon 1.70 15.50 6.73 5.162 0.3330 752.0 26

21(I-V)

saturated
during the

35.00 entire run 1.70 15.50 6.73 5.162 0.3330 747.5 25

C5



TABLE III ~ Specific Rate Constant

Rim No. Teaperature 
°C

Haan 
dv 1/2 

V 
dt

. 3/2
cm /min era

factor for 
converting the 

v to ST?

d j AjSll ?««. 11/2 _.
Specific Rato 

Constant
4 .

k x 10 cm/min.
5 + log k

1/T x loSf
dt J

1/min.
28 09 A 

cm.

6-1 1290 0.5503 0.05804 0.2006 0.3023 6.398

6-II 1345 1.204 0.8875 0.1268 0.3458 0.4335 0.6420 6.181

C-III 1385 2.632 0.2763 0.9552 0.9801 6.031

C-IV 1445 4.326 0.4550 1.577 1.1979 5.821

/-I 1290 0.3748 0.4494 1.384 1.1402 6.398

7-II 1347 1.128 0.9003 1.352 4.165 1.6196 6.172

7-in 1398 2.280 2.734 0.3031 8.424 1.9255 5.984

/-IV 1448 4.218 4.520 13.920 2.1436 5.870

9-1 1235 0.4770 0.05128 0.1777 0.2497 6.428

9-II 1332 1.783 0.9009 0.1916 0.3466 0.6642 0.3223 6.230

9-III 1388 4.4430 0.4776 1.6553 1.2183 6.020

10-1 1302 0.2472 0.2939 0.9055 0.9568 6.349

10-11 1351 0.637 0.801? 0.3031 2.486 1.3956 6.157

MO



Table III continued

w 
o

Run Ho. Tenwerature
*C

Mean
S ,1/2 
dt
3, . 3/2

co /nin cn

factor for 
convertins the 

v to ST?

105 x ^^i^si]1/2
32___V
28 09 A 

cm.

Specific Rate
Constant

4
k x 10 cin/min.

5 + log k i/T x 10"°^ ~

10-IiI 1402 1.6848 0.8952 2.0034 6.172 1.7904 5.970

10-17 1451 3.222 3.8314 11.75 2.0/01 5.800

11-1 1302 0.4005 0.04310 0.1493 0.1741 6.350

11-11 1353 1.623 0.9022 0.1746 0.0051 0.7819 6.150

ll-III 1403 4.092 0.4404 0.3466 1.526 1.1835 5.966

11-IV 1454 6.696 0.7207 2.497 1.3974 5.791

12-1 1301 0.5640 0.04226 0.1826 0.2615 6.353

12-11 1352 1.722 0.9245 0.12903 0.4322 0.5575 0.7463 6.153

12-III 1402 4.177 0.3129 1.352 1.1309 5.969

12-IV 1454 8.154 0.6109 2.640 1.4216 5.791
13-1 1402 2.176 0.1451 0.6270 0.7973 5.9.'
13-11 1459 9.378 0.9186 0.8256 2.703 1.4319 5.773
13-111 1521 32.533 2.170 0.4322 9.379 1.9721 5.574
13-IV 1555 54.700 O f. G iiJ • I JU 15.79 2.1984 5.470



Table III continued

Run Iio. Teapara ture 
°C

Mean
GV v1/2
dt
3, . 3/2

cm /aln cm

rector for 
converting the 

v to St?

W3 i: ^—“^i]1^
32— v
20 09 A 
cm

Specific Rate
Constant

4k x 10' cra/min.
5 + log k

1/T x lO^K^

13-V 1600 67.020 4.471 19.32 2.2860 5.339

14-1 1386 0.5322 0.2240 0.8300 0.9190 6.027

14-11 1453 1.732 0.8987 0.7530 2.735 1.4448 5.794

14-111 1510 3.838 1.044 0.3697 6.077 1,7837 5.603

14-IV 1555 8.016 3.309 12.53 2.0979 5.471

14-7 1606 14.952 6.323 23.37 2.5688 5.322

15-1 1306 0.4644 0.0140 0.07915 1.8935 6.333

15-11 1363 2.308 0.0698 0.3934 0.5948 6.112

15-III 1402 5.304 0.161 0.9041 0.9562 5.969

15-1V 1453 17.250 0.9297 0.522 0.5630 2.940 1.4663 5.794

15-7 1498 35.634 1.079 6.073 1.7834 5.646

15-71 1550 51.480 1.558 8.775 1.9432 5.430

LS-VIT 1600 107.500 3.25/ 18.340 2.2633 5.339



Table III continued

co
IO

Run Iio. Temperature 
' °C

Mean 
dv 1/2 
dt V 

3Z . 3/2
cm /min cm

factor for 
converting the 

v to SIP

103 x -—l^-fZSi]^2
32 V

Specific Rate 
Constant

k x 10 cm/min.

5 + log k
. -1

1/T x 10 °K "
28 09 A 

cm

16-1 1404 3.388 0.2210 0.9560 0.9805 5.963

16-11 1466 11.056 0.9053 0.774 3.346 1.5245 5.750

16-111 1500 21.822 1.425 0.4322 6.158 1.7395 5.640

16-IV 1560 42.025 2.797 12.09 2.0322 5.450

16-V 1603 63.049 4.117 17.79 2.2502 5.330

17-1 1425 10.116 0.6707 2.398 1.4621 5.809

17-11 1437 24.210 0.9148 1.605 6.936 1.8411 5.681

17-111 1550 57.948 3.842 0.4322 16.600 2.2202 5.486

17-IV 1622 107.610 7.134 30.830 2.4890 5.277

18-11 1396 6.6204 0.4420 1.912 I.2814 5.991

18-III 1459 10.516 0.9142 1.226 0.4322 5.298 1.7242 5.774
18-IV 1504 25.234 1.635 7.282 1.8622 5,623
18-V 1560 46.140 3.055 13.210 2.1209 5.456



Table III continued

Run Mo. Tcmorature
•c

Mean
^ vV2
dt

, 3/2
co /ain cd

factor for 
converting the 

v to SIP

10S x-^4|^^^
32___V
28 09 A 

an

Specific Rate 
Constant

k x 10J cc/oin.

5 * log k
1/T x lO4*^1

18-VI icoo 76.560 5.071 21.910 2.3406 5.339

19 1464 18.624 0.9213 1.245 0.4322 0.5389 1.7315 5.754

20-1 1380 3 • 144 0.2045 0.7756 6.8896 6.050

20-11 1453 9.078 0.9034 0.5906 0.3793 2.240 1.3502 5.794

20-11I 1498 16.665 1.083 4.109 1.6138 5.646

20-IV 1555 25.762 1.676 6.357 1.8033 5.471

20-V 1C00 50.934 3.316 12.57 2.0993 5.339

21-1 1370 2.265 0.1466 0.5560 0.7451 6.086

21-11 1447 3.730 0.9008 0.5654 0.3793 2.144 1.3312 5.813

21-III 1505 18.162 1.176 4.460 1.6493 5.624

21-IV 1561 27.318 1.769 6.709 L.8267 5.453
21-V 1600 33.556 2.493 9.455 1.9756 5.339
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TABLE IV — Activation Energy

Condition of Slope of Activation Thickness of
the Melt the line in Energy Effective Boundary Laye;

Arrhenius Plot E kcal/colo o cm ar 1600*C

1) Unstirred
(Runs 6,11&12) -1.958 89.6 0.0024

2) Stirred
(Runs 13,14,15,16) -1.850 84.6 0.0018

3) Carbon Saturated
and Stirred
i) Runs 17&18 -1.633 74.7 0.0016

ii) Runs 20^21 -1.033 74.9 0.0033

TABLE v — Chemical Analysis

Run
No.

Carbon Content % Final
Silicon in 
iron £

Volume of
CO evolved 
at ST? CC

7a Silicon 
in the iron 

calculated fret] 
CO Volume

Initial Final

15 4.50 4.05 0.598 522 0.543

16 4.50 3.83 0.750 400 0.716

17 carbon saturated 
during cho run

6.972 514 0.919
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(A) Calculation of Equilibrium Constant Kc.

In Chapter II, the silica dissociation reaction was expressed

as 

SiO.^B-Crlat.) a Si 4- 20 (1)

where the reference state for silicon and oxygen adopted, is the 

infinitely dilute solution in liquid iron.

Tho free energy change AG^, for above reaction is calculated 

from the following data.

Si(l) + 09(g) = SiO9 (6-Crist.) (2)

AG, = -226500 + 47.5 T (Ref. 28)

Si(l) =* Si (1% solution, hypothetical) (3)

Ag° ~ -20500 - 6.74 T (Ref. 29)

| 02(g) = 0 (7.) (4)

AG? = -28000 - 0.69 T4

Hence AG° = -AG9 + Ag° + 2AG?
1 2 3 4

or AG° = 142000 - 55.62 T (5)
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The equilibrium constant K-., for reaction (1) is given 
OX

by

= -RT In K_.
Si

or logKt;i = 2112212 - 12.157 (6)

At 1600°C, K_. = 4.046 x 10”5

7 -1/2
and K_. = 6.36 x io .

(B) Formation o£ Silicon Monoxide.

In presence of CO, silica could be reduced to form silicon 

monoxide according to reaction

SiO2(0-Crist.) + CO(g) “ SiO(g) + CO2(s) (?)

The standard free energy change for this reaction is computed from 

the following data available in reference (28).

Si(l) + | O2(g) = SiO(g) (8)

As° “ -36000 - 11.7 T

Si(l) + O2(8> = SiO2(0-Crlst.) (9)

9 = -226500 +47.5 T
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CO (g) + | O2(S) = C02(s) (10)

△Go
10

= -66555 4- 20.36 T

Combining these equations, the standard free energy change for reaction 

(7) is obtained as,

AG° » 4- 123945 - 38.84 T (11)

Hence the equilibrium constant K„, is given by

1o8K7 = ~^^ * 8.50 (12)

At 1600% K7 « 1.08 x 10“C

_ „ P3i0 PC02
Since K? .. ..... ^ ,

3SiO pC0

Psio ?co, ~ l0’6 38 *310, “ 1 and "co “ 1 =“•

Hence at 1600% SiO may be formed to a small extent only.
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(a) Crusilite Furnace

A-Reaction Vessel 
B-Mullite Tube 
C-Crusilite Element 
D-Refractory Bricks 
E-Supporting Plate 
F-Capillary Tube 
G-Thermocouple

Figure 3. Schematic Arrangement of Apparatus.
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A-Silica Crucible 
B - Teflon Union 
C - Vycor Tube 
D- Right Prism

Figure 5(b) Modified Reaction Vessel



A 2mm Bore Capillary Tube 
B Meter Scale
C Mercury Reservoir
D Stop Cock

Figure 6- Schematic Diagram of Capillary Tube
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