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ABSTRACT 2. CONCEPT OF THE NOVEL PROCESS 

A new "Two-Stage Reduction Process" is proposed 
for the production of high purity silicon. The porous SiC 
separates molten Si02 from an evacuated chamber. In 
the first stage, the molten Si02 reacts with SiC to 
produce gaseous SiO. In the second stage, SiO is sucked 
through the porous SiC wall and is reduced to Si. The 
fundamental potential of this process is examined by 
experiments and theoretical considerations. The con-
ditions for the formation of Si are investigated. The Si 
formation rate and the rate controlling steps of this 
process are discussed on the basis of the kinetic theory. 

1. INTRODUCTION 

The basic idea of the "Two-Stage Reduction" 
process is illustrated in Figure 1. The porous SiC, 
permeable to gas constituents but impermeable to the 
liquid Si02 , separates the molten Si0 2 bath and the 
outer space which is evacuated to a reduced pressure. 
Reactions in this process are composed of two stages. In 
the first stage, the molten Si02 reacts with porous SiC to 
produce gaseous SiO at the interface between Si0 2 and 
SiC [1st reduction stage]. Then SiO is sucked through 
the porous SiC filter and reduced to liquid Si in the 
outer space [2nd reduction stage]. 

By separating the two reduction steps from each 
other, it is expected that the transfer of impurity from 

Mass production of silicon of higher purity than the 
conventional "metallurgical grade silicon" (MG-Si) 
/I -6/ is one of the key industrial factors which must be 
realized to attain low cost of production of the silicon 
solar cell. Considerable research works have been done 
aiming to achieve more effective refining of MG-Si 
/7,8/. However, no proposal has been made concerning 
the smelting process which is more flexible in the raw 
materials of Si02 and which gives higher purity outputs 
than the conventional electric arc furnace process. A 
strong demand for the investigation of novel smelting 
process exists in this context. 

In the present study, the authors propose a 
"Two-stage Reduction Process" of Si02 as a potential 
novel process of silicon smelting. The concept of the 
process and the results of the preliminary experiments 
are given in the following sections. 

Porous SiC filter 

-Molten SiO 

(H 2 ) 

SiO + CO 
(GaseousPhase)!^ £ 

Fig. 1: The concept of two-stage reduction process of 
molten Si02 
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the raw material Si02 to the product Si is controlled 
under appropriately chosen conditions. The "Two-Stage 
Reduction Process" can be operated with more 
flexibility than the conventional electric arc furnace 
process. The aim of the present study is to prove the 
possibilities of the process and to investigate the 
fundamental mechanisms involved in the reactions. 

3. EXPERIMENTAL 

3.1 Experimental procedure 

The experimental apparatus is shown schematically 
in Figure 2. The experimental temperature varies from 
T=2073 to 2273K. The furnace is a 15kW high 
frequency induction furnace. Quartz of 99.999pct purity 
is used as the charge. A porous SiC tube (13 mm in o.d., 
7 mm in i.d. and 35 mm in length) with a closed bottom 
is connected to the vacuum system through a supporting 
tube which is made of graphite or SiC. A semiconductor 
pressure gauge is attached to the vacuum system for the 
measurement of the pressure inside the vacuum system. 

A weighed amount (120g) of quartz is melted in a 

Graphite tube or SiC tube 

Graphite crucible 

Porous SiC immersion tube 

graphite crucible (50 mm in o.d. and 40 mm in i.d.) 
under Ar atmosphere. The depth of molten Si02 is 
40mm. The temperature is measured by a thermocouple 
(W-5mass%Re/W-26mass%Re) at the top and bottom 
of the crucible. After the experimental temperature is 
established, the porous SiC tube is immersed in the 
molten Si02. The immersion depth of SiC tube is 
35mm. Then the space inside the tube is evacuated and 
the experiment starts at this moment. The pressure 
inside the tube is 6.67x104Pa, which is attained within 1 
min and is almost constant in most experiments. In a 
series of experimental runs, the inside space of the SiC 
tube is flushed with hydrogen gas at 0 to 
50xl0"6Nm3/min through a molybdenum nozzle. 

At the end of the experiment, the evacuation is 
stopped and the SiC tube is pulled out from the Si02 

bath. The SiC tube is then cooled down. The reaction 
product formed in the SiC tube is weighed. A part of the 
product is analyzed by the electron microprobe analyzer 
(ΕΡΜΑ) for bulk composition. The carbon content of 
the product is also measured by the combustion-lR 
absorption method with a LECO analyzer. 

H2 gas 
t 

Pressure gauge 

V 
To vacuum 

pump 

To vacuum line 

Mo tube 

Molten silica 

Fig. 2: Experimental apparatus 
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3.2 Preparation of porous SiC tube 

We use a commercial reagent grade ß-SiC powder 
(98% in purity) to produce the SiC tube. The average 
particle size of the SiC powder is 0.27μηι. The powder 
is formed in the shape of a Tammann tube with a cold 
isostatic press machine (pressure: 200MPa), and the 
outer surface of the tube is shaped mechanically. The 
green body of the SiC tube is thus obtained, and the 
green body is sintered at -2073Κ under argon 
atmosphere. The average micro pore size of the SiC 
tube is about 5 μηι. 

4. RESULTS AND DISCUSSION 

4.1 Thermodynamic conditions lor Si formation 

Here, we examine the thermodynamic conditions of 
Si(l) existence in relation to the oxygen partial pressure, 
P02, and temperature for the Si-Si0-Si02-SiC system. 

We consider the following reactions. 

Si02(s) = Si02(l) (1) 
Si02(l) = SiO(g) + l/202(g) (2) 
SiO(g) = Si(l) + l/202(g) (3) 
Si02(l) = Si(l) + 02(g) (4) 
Si(l) + CO(g) = SiC(s) + l/202(g) (5) 
2Si02(s or 1) + SiC(s) = 3SiO(g) + CO(g) (6) 

The relation between P02 and temperature for the 
reaction equilibria of eqs.(2)~(6) are calculated under 
the following conditions 

aSi02= 1 (for both 1 and s) (7) 
a»c= 1 (8) 
Pc0 / P° = 0.25 (9) 
/ W P° = 0.75 (10) 

P, = Pco + PsiO + Ρ 02 + PC02 = P" 
= 1.01325xl05 Pa (U) 

Here, a, is the activity of the component /; P, is the 
partial pressure of component /'; P, is the total pressure ; 
Pn is the standard pressure. It is to be noted that, 
considering the reaction of SiO(g) formation in the 
present reaction system of Si02 + SiC, the reaction 
which is described by eq.(6), we have taken the condi-

tions of eqs.(9)~(ll) for the gas phase components. In 
the calculation, we use the thermodynamic data in the 
literature 191. 

The results of the calculation are shown in Figure 3. 
In the figure, the solid lines represent the G° - Τ 
relation for the reactions of eqs.(2)~(6) at the 
equilibrium state. From the figure, we suppose that 
SiO(g) cannot be stable, while Si(l) can be stable, at Τ > 
2070K and log(P02 / Ρ") = -13.6 under the condition of 
aSiC~ 1. It is to be noted that, from the thermodynamic 
viewpoint, the condition of Si(l) coexistence with SiC(s) 
is not affected by the location of the reduction, i.e. the 
gas-solid interface at the outer surface, the inner surface, 
or the wall micro pores of the SiC tube. This fact 
suggests that the possibilities of the two-stage reduction 
must be investigated with kinetic experiments, since the 
separation of Si(I) from Si02(l) is one of the key 
engineering factors of the process and the outer surface 
of the tube is not preferable as the site of Si(l) 
formation. 
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3: The fields of phase stability in the system 
Si-O-C with Pco /P° = 0.25 and PSi„!P" = 0.75 

4.2Reduction of SiO2(0 into SiO(g): 
1st stage reaction 

It has been well established that the reaction 
between Si02(l) and SiC(s) forms gaseous SiO(g) and 
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CO(g) as the products /10/. The kinetic details of the 
reaction have been not fully investigated. 

In the present study, we have made preliminary 
experiments to confirm the formation of SiO(g) at the 
interface between molten S i0 2 and solid SiC tube. The 
experiments have been made at T = 2073K, at which the 
conversion from SiO to Si can be avoided (cf. Fig. 3). 
The experimental setup and the procedure are similar to 
those described in the section 3.1. After the experi-
ments, we observed the inside and outside appearance 
of the SiC tube and the graphite supporting tube, and we 
found a small amount of brown materia! sticking inside 
the graphite supporting tube at the point of 50~200mm 
above the SiC tube 's upper end. We qualitatively 
analyzed the brown material by usual chemical method 
and found that the material was an oxide of Si. At the 
same time, the results of the gravimetric analysis 
indicated that the composition of the oxide is Si02 .x 

(x=0.4). From these observations, we judge the brown 
material to be SiO partially oxidized by oxygen in the 
atmosphere. We consider that SiO(g), transferred from 
the Si0 2 -SiC interface through the SiC tube wall, 
condensed inside the graphite supporting tube at the 

location where the wall temperature is considerably 
lower ( -1473K) than 2073K. The amount of Si02 .x is 
~0.33g for an experimental run for 60min at T = 2073K. 
On the basis of the experimental results, we can 
conclude that the reduction of Si0 2( l ) to SiO(g) and the 
suction of SiO(g) from the Si02-SiC interface are 
practically possible. The reality of the first stage of the 
two-stage reduction is thus confirmed. 

4.3 Reduction of SiO(g) into Si(I): 
2nd stage reaction 

As indicated by Figure 3, we can expect that Si(l) 
can form at Τ > 2070K. Hence, to investigate second 
stage reaction, i.e. the reduction of SiO(g) into Si(l), we 
have made the experiments at Γ=2223Κ and 7 ,=2273K 
which are somewhat higher than 2070K. 

Figure 4-a) shows the inside appearance of the SiC 
tube after an experiment at Τ = 2273K. The reaction 
time is 16 min from the start of the experiment. It is 
obvious that there exists a metal pool inside the SiC 
tube. It is to be noted that the color of the fracture of the 
SiC tube appears similar to that of the metal pool, and 

< > 

600 μ m 

Fig. 4: Reaction products in the SiC tube 
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no green part, which indicates the existence of porous 
ß-SiC, is obvious after the experiment. It is also to be 
noted that we cannot observe any trace of SiO inside the 
SiC tube and the graphite supporting tube in the 
experiments at T > 2223 K. 

We examine the atomic composition of the metallic 
product inside the SiC tube by characteristic X-ray 
analysis with a SEM-EDS (Scanning Electron 
Microscopy - Energy Dispersive X-ray Spectrometer) 
combined equipment. A typical result of the 
measurement of the spectrum of X-ray emitted from a 
small piece of the metal sample is illustrated in Figure 
5, where the X-ray intensity (arbitrary unit) is plotted 
against the energy of X-ray. We observe, in Figure 5, a 
strong peak at 1,74keV, which corresponds to the Ka-ray 
of Si, with the continuous X-ray as a back ground. The 
Ka-ray of Si is the only one characteristic X-ray in the 
spectrum. From this fact, we can deduce that the metal 
in the SiC tube consists of Si. 

In the experiments at T=2223 K, on the other hand, 
we can also observe the formation of metal Si inside the 
SiC tube. However, the amount of Si is considerably 
smaller than that obtained at Γ=2273Κ, and the metal Si 
appears in the form of droplets, which is shown in 
Figure 4-b), instead of a metal pool. 

The carbon content of Si obtained from the 
experiment at Τ = 2273 Κ is analyzed and the results of 

the analysis are shown in Figure 6. In the figure the 
dotted line represents the solubility of carbon in liquid 
Si in equilibrium with SiC / l l / at T = 2273K. As seen in 
the figure, [mass%C] in Si ranges from 0.05 to 0.2. The 
carbon content is close to that of the carbon solubility, 
which is coincident with the fact that the Si melt is 
contained in the SiC tube. 

From the fact that Si metal is observed inside the 
SiC tube in the experiments at Τ = 2223K and 2273K, 
we conclude that the second stage reaction, i.e. the 

(Λ 
e ω 

Si-Κα: 1.74keV 

0 
1.74keV 10.24 keV 

Energy of X-ray 

Fig. 5: The result of SEM-EDS measurement for the 
metal 
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Fig. 6: Relation between mass of produced Si and [mass ppm C] 
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reduction of SiO into Si, takes place at T > 2223K in the 
transportation process through the porous SiC tube wall. 
We thus can confirm the positive possibilities of the 
two-stage reaction process for the reduction of Si02 into 
Si. 

To confirm the reduction of SiO by SiC in more 
detail, we have examined the effect of additional 
reductant on the amount of Si. As the additional 
reductant, we have employed H2 which was supplied 
inside the SiC tube through the molybdenum tube 
shown in Figure 2. The experiments have been made at 
Τ = 2273K for t = 16-17min. The results of the 
experiments are shown in Figure 7. As seen in the 
figure, the amount of Si, ASi, obtained from the 
experiments, is almost constant at ~2g under the present 
experimental condition, and no influence of the flow 
rate of H2 is apparent. This fact indicates that no 
additional reductant is necessary for the 2nd stage 
reduction of SiO, and SiO formed in the 1st stage 
reduction is fully reduced to Si by SiC. 

as 

00 

3 

χ ίο-6 

-0.2 0.0 0.2 0.4 40 50 60 

Hydrogen flow rate / Nm'-min'1 cm 

Fig. 7: Effect of hydrogen flow rate on the amount of 
Si formed by the reaction 

4.4 Change in the gas composition in the 
reaction process 

As described in 4.1, we found no trace of unreacted 
SiO in the SiC tube and the graphite supporting tube in 
the experiments at Τ > 2223K, and, in these cases, only 
the carbon supplied from SiC acts as the reductant. 

The reaction between Si02(l) and SiC(s) is written 

2Si02 (1)+ SiC(s) = 3SiO(g)+ CO(g) (12) 

which is the overall reaction of the 1st stage reduction 
and takes place at the SiC-Si02 interface. 

The reaction between SiO(g) and SiC(s) is 
represented by 

SiO(g) + SiC(s) = 2Si(l) + CO(g) (13) 

which is the overall reaction of the 2nd stage reduction 
and takes place at the gas-solid interface in the micro 
pores of the porous SiC tube wall. 

According to the reactions of eq. (12) and (13), we 
have SiO and CO as the components of the gas phase. 
Hence we have to consider that the gas phase product of 
SiO+CO mixture is transported from the Si02-SiC 
interface to SiC tube's inside space, through the SiC 
tube wall, with changing its own composition. Here, we 
examine the change in PSi0 and PCo in the reaction gas 
by thermodynamic phase relations. Here, it is to be 
noted that the coexistence of Si02 with SiC (and C) is 
impossible under the conditions of Τ < 2273K and P, / 
P° = 1 from a thermodynamic viewpoint 191. 

(I) Equilibrium gas composition at the reaction 
interface 

Since Si02(l) cannot coexist with SiC(s) in the 
equilibrium state, a gas phase, i.e. bubble or gas film, 
must separate the two condensed phases. Assuming a 
gas film between Si02(l) and SiC(s), we have two 
interfaces. The composition of the gas-side of the two 
interfaces must be different and this difference in the 
gas composition originates the driving force of the 1st 
stage reduction. Here, we estimate the equilibrium 
composition of the gas phases at the Si02(l)-gas and 
SiC(s)-gas interfaces. Further kinetic analysis is to be 
made in a later section 4.5. 

(i) SiC(s)-gas interface 
The reactions at this interface are represented by the 

following equations. Here, we assume the formation of 
Si(l) by the reduction of SiO(g). 
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SiO(g) + SiC(s) = 2Si(l) + CO(g) (13) 

a
2 ρ 

K n = - c o = 1.086 [at Γ = 2273K] (14) 
PsiOaSiC 

C02(g) = C 0 ( g ) + l / 2 0 2 ( g ) (15) 

ρ pV2 
K i s ~ C ° ° 2 = l - 1 0 5 x l 0 " 2 t a t r = 2 2 7 3 K ] (16) 

Pco2 

C02(g) + SiC(s) = Si(I) + 2CO(g) (17) 

a2 Ρ 

KX 1 = Sl c o = 1.85xl04 [at T = 2273K] (18) 
Pcn2

asic 

Here, the equilibrium constants are calculated with 
the thermodynamic data 191. Then we have, at Τ = 
2273K, 

(Psto\i) /Ρ" = 0.479, (19) 
(Pco\ i)/P" = 0.521, (20) 

(Pco2h'*"=l··46x1 ° '5 ' ( 2 I > 
(Pm\i) IP" = 9.66* 10"14· (22) 

where Ρ, = Λ:ο + Λν,ο + Ρ οι + Pan = Ρ° and a s i c = «si = 
L 

It is to be noted that the SiC(s)-gas interface can locate 
in the wall of the porous SiC tube in the present study. 

(ii) Si02(l)-gas interface 
The following reaction together with the reaction of 

eq.(15) is considered for the equilibrium at the interface 
between Si02(l) and gas. 

Si02(l) + CO(g) = SiO(g) + C02(g) (23) 

Ρ Ρ 
K 2 3 = S l° C°2 = 7.507x10"3 [at T= 2273K](24) 

aSiO^CO 

Under the condition of aSi02 = 1 and Ρ, / Ρ" = 1, the 
changes in PSi0, Pco, Pcoi with Pm at 2273K are 
calculated on the basis of eqs.(16) and (24). The results 
of the calculation are shown in Figure 8. The partial 

pressures of the SiC(s)-gas interface are also plotted in 
the figure. 

From Figure 8, considering the non-zero driving 
forces for the transportation of SiO, CO and C 0 2 in the 
gas phase, we have 

0.479 <(Psloh)IPn< 0.973 (25) 
2.68* 10'2 < (PCo)(ii) IP" < 0.520 (26) 
1.46xl0"5 < (PCo2b) IP" < 5.78χ 10-4 (27) 
3.66x10·" <(Ρθ2\»)ΙΡ°< 1.51x10"'° (28) 

(2) Changes in PSio andPco with the proceeding of the 
reduction process 

(iii) 1st stage reduction 
The first stage reduction of Si02 takes place at the 

Si02(l)-SiC(s) interface, and a gas bubble or gas film is 
formed between Si02(l) phase and SiC(s) phase. The 
gas phase thus covers the surface of the SiC tube to 
some extent. 

The gas composition at Si02-gas interface can be 

pSi01ICas = { P s o U ( 2 9 ) 

pm2,Gas =0pco)(ji) (30) 

Pcoi'G S = Ccoi)(ϋ) (31) 

Here, the superscript Si02/Gas indicates the Si02-gas 

interface. The actual numerical values for P S i Q 2 ' G a s etc. 

are not determined only by the thermodynamic relations 

but also by the kinetic relations which restrict the fluxes 

of SiO etc. in the gas phase. 

At the SiC tube surface covered by the bubble (or 

gas film), the composition of the gas phase, i.e. 

P™*/Gas a n d P ™ * , G a s , should be 

pSiO, /Gas /p„ > pSiC I Gas /p„ > Q m ^ 

pSi02/Gas /pn K pSiC,Gas/po < Q 521 (33) 

The difference in the composition at the two interfaces 
causes mass transport of SiO and CO(and also C0 2 ) in 
the bubble (or gas film). 

(iv) 2nd stage reduction 
Because of the pressure gradient between the 
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P,'P°=l asio = l 

p, = Ps,o + Pco + Pco,+ Po: 1 01325X105 Pa 

10" 
I 

= 0.521 

I 1 I ρ 1 
CO 10" CO (i) 

I 

= 0.521 

p SiO (i) = 0.479 

10" 

τ 
10"' - ο 

10" 

χ VC VO 
σ< 
II ο 
Q, 

/ Ρ / CO, 

10" 

Ρ CO. (i) = 1.46X10"5 λ 

^ non-zero driving forces 

1 i I I 1 . I 1 1 

10 ' " 10"1 10"12 10"" 10"10 10"9 10"s 10"7 10"6 

ρ I P 0 

o. 

Fig. 8: Relation between P„2 and Pco, Psto and Pc02 at T= 2273K and Ρ" = 1.01325χ 105 Pa 

Si02-SiC interface (-normal pressure) and the inside 
space of the SiC tube (1.01325x10s > Ρ > ~6.67xl04 

Pa), the gas mixture of Si0+C0(+C0 2 +0 2 ) is trans-
ferred from the Si02(l)-SiC(s) interface to the pores in 
the SiC tube wall. Here, we assume that the 2nd stage 
reduction of SiO into Si takes place in the wall pores but 
we do not need to fix the location of the pore, where the 
Si formation is taking place, for the purpose of the 
present discussion. 

At the SiC-gas interface of the micropore in the SiC 
tube wall, the reduction of SiO by SiC takes place and 
Si(l) forms at the interface. The gas composition of the 
gas side interface is then represented by 

Ps%re. IPN = 0.479 (34) 

P£J IPN = 0.521 (35) 

under the condition of P, = PN, or by 

Ρ ζ Ζ Ϊ / Ρ ° = 0.315 (36) 

P £ j //>" = 0.342 (37) 

under the condition of Ρ, = ~6.67x 104 Pa. 
It is to be noted that the partial pressures of SiO and 

CO, PS,O and PCO, in the bulk gas inside the micropore 
must be 

pSiCIGas ! p„ > p<ijo/ p0 > pPore / p0 ^ 

pSiC I Gas / po K pco ! po < pPore / pO ^ 

When the gas mixture consisting of SiO and CO 
with a small amount of C0 2 and 0 2 transfers from the 
SiC tube's outer surface to the inside space of the tube, 
PSIO decreases and PCo increases simultaneously, with 
the proceeding of Si(l) deposition at the SiC-gas 
interface in the micropores in the SiC tube wall. The 
deposition of Si(l) terminates at a point where the bulk 
partial pressures of SiO and CO attain to P ^ J j and 

PCOi ' respectively. 
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(3) Gas-metal reactions 
According to the thermodynamic estimation of the 

reaction gas composition, we have to expect that, after 
the reduction of SiO(g) into Si(l) terminates, there still 
remains a considerable amount of SiO in the reaction 
gas because the lower limit for Ps,o is determined as 
PstoJ from the equilibrium conditions. 

If the remaining amount of SiO is removed from the 
reaction system without further reaction, we must 
observe the deposition of SiO in the graphite supporting 
tube (c.f. 4.2) at a low temperature zone. In the 
experiments at Τ = 2223K and 2273K, however, we 
found no trace of SiO deposition (c.f. 4.2). This fact 
suggests that SiO is consumed by some other reaction 
than eq. (13), and that the overall reaction does not 
reach to the equilibrium state. 

The possible reaction, which can decrease SiO to the 

lower level than the equilibrium estimation of jP$QJ , is 

represented as follows 

SiO + C (in Si(l)) = Si(l) + CO(g) (40) 

since Si(l) contains a considerable amount of C (c.f. 
4.3). 

Considering the fact that we pump out CO 
continuously during the experiments, we can expect the 
proceeding of the reaction of eq. (40) on the basis of 
LeChatelier's principle. If the reaction of eq.(40) takes 
place, we can also expect that C concentration in the 
liquid Si becomes lower than that under the equilibrium 
condition of Si(l)-SiC(s) system. This expectation is 
consistent with the results shown in Figure 6, where 
[mass ppm C] is slightly lower than that at the 
equilibrium at T= 2273K. We thus conclude that PSi0 in 
the gas phase is negligible above the molten Si bath in 
the SiC tube owing to the gas-metal reaction represented 
by eq. (40). In this context, we need not consider the 
reoxidation of SiO by CO although PCo increases with 
the decrease in PSio· The details of the gas-metal 
reaction, e.g. the interfacial area, the shape of the 
interface (bubble or not) etc., are to be investigated in a 
future study. 

High Temperature Materials and Processes 

4.5 Reaction kinetics of the two-stage reduction 
process 

As has been described in 4.3, the amount of Si, 
which results from the 2nd reduction process, is very 
much smaller at T = 2273K. On the basis of this fact, we 
discuss the kinetic aspects of the present reduction 
process qualitatively in the following. 

4.5.1 Apparent Si formation rate 
The amount of Si, ASi, obtained from the 

experiments under various reaction conditions is shown 
in Figure 9 in which the data represented by · are those 
obtained from the experiments at Τ < 2273 Κ for the 
reaction time, t, of t = 60min. The data represented by 
O, • , Δ , • and • are those obtained from the 
experiments at T = 2273K for t = 10~17min. It is to be 
noted that ASi / mg = 0 at T= 2073K. 

The observations deduced from Figure 9 are 
summarized as 
(i) obvious dependence of ASi on T, and 
(ii) large ASi for a longer reaction time at T= 2273K. 

2.5 
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Fig. 9: Relation between produced Si and temperature 
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4.5.1.1 Relation between ASi and time at Τ =22 73K 
Here, we examine the change in ASi with the 

reaction time, t, for the data obtained from the 
experiments at T = 2273K. Figure 10 shows the relation 
between ASi and t. In the figure, Ο represents the data 
shown in Figure 9. 
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Fig. 10: Relation between the reaction time and the 
mass of Si(l) obtained from the experiments 

explain the small ASi at / < - 1 2 min in Figure 10 by 
considering the cooling effect. To examine the cooling 
effect in more detail, we have made several experiments 
in which the suction of SiO (+CO) gas into the inside 
space of the SiC tube has been started after 12 min from 
the immersion of the tube (waiting time). The reaction 
time in these cases is 4 min. The results of the 
experiments are illustrated by • in Figure 10. As seen 
in the figure, ASi in these trials with the waiting time are 
~2.2g which is comparable to ASi = 2.2~2.5g obtained 
in the experiments without the waiting time for / = -16 
min. This fact clearly indicates the cooling effect. Here, 
it is to be noted that, in preliminary experiments without 
suction for more than 30 min, we have observed the 
apparent absence of Si formation at the SiC-Si02 

interface even at Τ = 2273K. This observation justifies 
the performance of the experiments with the waiting 
time. 

4.5.1.2 Evaluation of Si formation rate 
From the experimental results shown in Figure 10, 

we evaluate the apparent Si formation rate, 
dASi 

dt , by 

linear fitting of the data of t > - 1 2 min. The result of the 
least square fitting is indicated by the dotted line in 
Figure 10. From the slope of the linear line, we have 

d(ASi/g) 

Apparently, ASi increases with increasing the 
reaction time at t > ~12min, while, at t < ~12min, ASi is 
very small compared with that at t > ~12min. Here, we 
should note that, in the experiments which give the data 
of Ο in the figure, the reaction time has been measured 
from the time point at which the porous SiC tube has 
been immersed in the molten Si02 . In this case, we have 
to consider that the temperature of the porous SiC tube 
is considerably lower than that of the molten Si0 2 bath 
at the instance of the immersion, owing to the large 
temperature gradient in the space above the graphite 
crucible which is heated inductively. The immersion of 
the SiC tube hence lowers the temperature of the molten 
Si02 bath. The overall reaction of Si formation is 
retarded thereby (c.f. Figure 9 where ASi is small at T < 
2223K) for the initial 12min until the bath temperature 
and also the temperature of the SiC tube reach again 
their initial condition of Τ = -2273K. We thus can 

: 0.449 
d( i /min) 

at Γ= 2273Κ. 
With the data represented by • in Figure 10, we 

take ASi/Ai, where At is the reaction time, as the 
apparent Si formation rate at the same temperature of Τ 
= 2273K, since, in these experiments, the temperature is 
considered as constant throughout the reaction time. 

For Τ = 2223K, we also evaluate the apparent Si 
formation rate by taking ASi/A/, because, at T = 2223K, 
the reaction time is 60min which is considered as long 
enough to assure the establishment of the steady state 
for the heating condition. 

The apparent Si formation rates obtained from the 
experimental results are plotted against the experimental 
temperature in Figure 11. The figure shows that the 
apparent rate of Si formation increases from -0.1 
mg/min at T= -2223K to -100 mg/min at T = 2273K 
with increasing temperature. 
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For the experiments at Τ = 2073K, we evaluate the 
apparent rate with simply dividing the amount of Si02.x, 
obtained as the deposit inside the graphite supporting 
tube, by the experimental time. 

The relation between the apparent SiO formation 
rate and temperature is illustrated in Figure 12. 
Obviously the apparent SiO formation rate is less than 
0.01g/min and does not change in the temperature range 
of Τ — 2073-2223K. On the other hand, between Τ = 

„ _ , „ dASiO . 
2273K, — : increases with the 2223K and Τ 

di 
increase in temperature. The strong dependence of the 
apparent SiO formation rate on the temperature in the 
narrow range of T = 2223-2273K shows strikingly high 
contrast to the independence of the apparent SiO 
formation rate on the temperature in the much wider 
range of T= 2073-2223K. 

4.5.2 Evaluation of SiO formation rate 
As described in 4.1, we observed no accumulation of 

SiO in the SiC tube (and the graphite supporting tube) in 
the experiments at T= 2223K and T = 2273K. From this 
observation, we conclude that whole amount of SiO 
formed in the 1st reaction stage is reduced rapidly to Si 
in the 2nd reaction stage, and the 2nd reaction stage 
does not control the overall reaction rate of the present 
process. Thus we have to consider that the rate 
controlling step is involved in the 1st stage reaction. To 
confirm this consideration, we need to estimate the rate 
of SiO formation from our experimental results. 

The rate of SiO formation, ASiO/Af, in the 1st stage 
reaction is evaluated by the experimental results as 
follows. 

For the experiments at T = -2223K and T= 2273K, 
dASiO 

di 
is evaluated with the following relation on the 

assumption that ASiO = ASixl/2 according to the 
reaction of eq. (13). 

dASiO dASi 1 ASi 1 = x— or x — 
At dt 2 At 2 

where 
dASi 

di 
and represent the apparent Si 

At 
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OÄ 

Fig. 

formation rate estimated in 4.5.1.2. 
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12: Relationship between d SiO/dt and 
temperature. 

4.5.3 Elementary steps of the reaction of the 1st stage 
From the general theory of reaction kinetics, we can 

divide the overall reaction of the 1 st stage reduction of 
Si02 into SiO in several elementary reaction steps as 
follows. 

(i) Chemical reaction at Si02(l)-SiC(s) interface: 
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2Si02(l) + SiC(s) = 3 SiO(g) + CO(g) (12) 

(ii)Chemical reaction at gas- Si02(l) interface: 

Si02(l) + C0(g) = Si0(g) + C02(g) (23) 

(iii) Mass transfer of CO and C0 2 in the gas phase ( 
bubble or gas film ) between the gas- Si02(l) 
interface and the gas-SiC(s) interface: 

Step (a) is the direct reaction in which the reductant, 
SiC, is supplied directly to the reaction interface. Step 
(b), on the other hand, is the indirect reaction between 
Si02 and SiC. Step (b) is combined with Step (c) in 
which the oxygen atom concerning the reduction is 
carried by CO and C0 2 (fenying effect). 

As for the rate controlling step of the present 
reaction, however, the three steps cannot correspond to 
it, since none of the kinetic factors of the three steps, 
e.g. chemical rate constants, diffusion coefficients etc., 

can change irregularly with temperature like in 

Figure 12. Arrheniusian behaviors are the usual forms 
of the relations between the kinetic parameters and 
temperature. The relations between the kinetic para-
meters and temperature can be interpreted theoretically 
as follows. 

Here, we consider the following rate equations 
representing the SiO formation rate. 

= A U G ^ ( p c o - p c ^ ) (41) 
d t RT 

d η l. IG 
CO, 

d t 
= A U G

k ^ r { P ^ - P C O l ) (42) 
RT 

^Si'o _ Λ (k pi'IG — t pLIGpLIG\ ^ 
LIG CO OX SiO 1C02 ) 

d t 

- A k ( p u a - P ) ~ IG SiO XT SiO ΓSiO ) 

^ - - A k' 
d t ~ L ' s L US 

d η ov 
SiO 

dt 
Msio + an SiO 

dt dt 

(45) 

(46) 

where: n, is the mol of i-component; P, is the partial 
pressure of i-component; Ct is the mol concentration of 
i-component; kCo and kC02 are the mass transfer 
coefficients of CO and C02 , respectively, in the gas 
phase (a bubble or gas film); k^ and kox are the rate 
constants of the reaction of eq. (23) for the forward and 
the backward directions, respectively; k' is the rate 
constant for the forward reaction of eq. (12), 
respectively; AUG and Aus are the interfacial areas 
between the liquid Si02 and the gas phases and between 
the liquid Si02 and the solid SiC phases, respectively; 
and superscript ov represents overall rate. The 
superscript L/G and L/S represent the liquid-gas and 
liquid-solid interfaces, respectively. 

The equation (46) represents the overall rate of SiO 
formation, and the equations (43) and (44) are the 
conditions of the steady state for the reactions at 
gas-liquid interface. Considering the unit activity of 
Si02 and SiC, we assume apparent Oth order reaction 
rate (= constant rate) in eq. (45). The apparent rate 
constant, k'hS, can be affected by the porosity of the SiC 
tube. 

From eqs. (41) ~ (46), we have the following 
equation for the overall rate of SiO formation. 

faov / 

= A. IG^OV (PsiO,e ~ ?SiO ) + A. IS^L IS (^7) 
dt 

ι 

k f f l KPC02 [ kco kR kCQ2 

1 SiO 

Ρ SiO* ~~ Κ 21 
CO 

CO 2 

kSiO 

(48) 

(49) 

dt 

l. IG 
Κθ2 _ Klo 

dt dt 
(44) L· (50) 
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We can expect that the chemical rate constants k^ 
and k'us should increase with increasing temperature 
according to the Arrhenius's relation in the narrow 
temperature range of T= 2073-2273 Κ 

kR =kRfiex P ( - ^ r ) (51) 

K,s =ki./s,o e x p ( - ~ - ) (52) 
K1 

where kii0 and k'us,η are the frequency factors and ER 

and Eus are the activation energies. 
At the same time, we can also expect Arrheniusian 

relations for the diffusion coefficients of CO, SiO and 
C0 2 . We hence expect that ka>, kco2 and kSi0 increase 
with temperature and thereby kgy increases 

monotonously with increasing temperature. The change 
in the dependence of SiO formation rate on the 
temperature in the present experiments (Fig. 12) cannot 
be caused by the changes in the kinetic constants, i.e. 
the chemical rate constants and the mass transfer 
coefficients. 

In eq. (47), except for the kinetic constants, the 
interfacial areas, A,jC and Αυ$, are the factors which can 
affect the rate of SiO formation. We have to investigate 
if the interfacial areas change with the temperature. 

4.5.4 Interfacial areas for SiO formation reaction -
Observation of the surface of the SiC tube 

To obtain the information concerning the interfacial 
areas of gas-liquid Si02 , gas-solid SiC, and the liquid 
Si02-solid SiC interfaces in the vicinity of the outer 
surface of the SiC tube, we observe the surface of the 
SiC tube after the experiments. 

The outer surfaces of SiC tubes used in the 
experiments at Τ = 2073K and 2273K are shown in 
Figure 13. 

It is seen in the figure that the traces of the reaction, 
i.e. the decrease in the tube's diameter, small pit holes 
etc., are evident in both cases. But there is a 
considerable difference in the wetting behavior of Si02 

between Τ = 2073K and 2273K. In the case of Τ = 
2073K, we observe no trace of wetting by Si02 . We can 
hardly imagine that the SiC tube's surface contacted 
directly with the liquid Si02 in this experiment. In the 

case of the SiC tube used in the experiment at Τ -
2273K, a comparatively large part of the SiC surface is 
wet by Si02 . The direct contact of SiC with liquid Si0 2 

is evident in this case. 
On the basis of the above mentioned observation, we 

imagine that, at the lower temperature of T = 2073K and 
2223K, there is almost no direct contact of the solid SiC 
tube surface with the liquid Si02 during the experiment, 
while, at T = 2273K, the direct reaction (eq. (12)) at the 
liquid Si02-solid SiC interface takes part in the 
formation of SiO. 

The difference in the Si02-SiC contact between Τ = 
2073-2223K and Τ = 2273K is also supported by the 
following observations. At the end of the experiments, 
the SiC tube was withdrawn from the Si0 2 bath. In the 
experiments at Τ = 2073-2223K, the fluidity of the 
liquid Si02 was very small and a hole with a similar 
diameter to that of the SiC tube was left in the Si0 2 bath 
after the SiC tube was withdrawn. In the experiments at 
T = 2273K, no hole was observed and a small amount of 
very viscous Si02 stringing and adhering to the SiC tube 
surface came out with the SiC tube. 

The formation of the hole in the Si0 2 bath after the 
experiments at Τ = 2073-2223 Κ is interpreted as 
follows. 

At the initial contact of the SiC tube with the Si0 2 

bath, gaseous reaction products, i.e. SiO and CO, form 
at the SiC-Si02 interface. This gas phase forms a thin 
gas film between the SiC tube and Si02 bath. At Τ -
2073-2223K, the fluidity of the liquid Si02 is very low 
because of the very high viscosity. The liquid flow in 
the Si02 bath does not grow so as to break the thin gas 
film although the suction of the gas through the tube's 
wall enhances the contact of SiC with molten Si02 . 

The viscosity coefficient /12/ of molten Si0 2 is 
shown in Figure 14. As seen in the figure the viscosity 
coefficient, μ, is as high as 104 ~105 Pa s at Τ = 
2073-2273K. With this high viscosity, the Reynolds 
number for the liquid flow in the Si02 bath becomes 
very small (~10'5) for the usual flow velocity (several 
cm/s) related to the characteristic ascending motion of a 
bubble of ~10mm in diameter. In this case, intensive 
flow cannot grow, which verifies the interpretation of 
the hole formation stated above. 

At Τ = 2273Κ, μ =~5xl04 Pa s which is still very 
high but is comparatively lower than the value at Τ = 
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broken and the gas phase forms a bubble, while the 
direct contact of the liquid phase and the solid phase is 
established. 

Hence we can attribute the difference in the 
Si02-SiC contact between the case of Τ = 2073-2223K 
and the case of Τ - 2273K to the change in the intensity 
of the liquid flow, due to the change in viscosity of 
molten Si02, in the vicinity of the SiC tube. 

The role of the suction of the reaction gas through 
the tube wall should be mentioned here. In a few 
preliminary experiments, the authors made experiments 
without suction to observe the possibility of Si 
formation at the Si02-SiC interface at Τ = 2273K. The 
outer look of the SiC tube after these experiments shows 
that there is no direct contact of Si02 with the SiC tube. 
We can conclude that the suction of the reaction gas 
through the tube wall is necessary for the direct contact 
of Si02 with the SiC tube. 

4.5.5 Rate controlling mechanism 
Summarizing the kinetic discussions above, we can 

illustrate the scheme of the kinetic mechanism of the 
two step reduction process as seen in Figure 15. 

At lower temperature range of Τ = 2073-2223 Κ 
(Fig. (15)-(a)), gas phase (gas film) separates the molten 

(a) Low temperature (b) Higher temperature 
2073 ~ 2223 Κ 2273 Κ 

Fig. 15: Schematic mechanism of reduction of Si02 
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Fig. 14: Relation between the viscosity of Si02 (1) and 
temperature 

2073K and 2223K. The lowered viscosity can result in 
more intensified liquid flow in the vicinity of the SiC 
tube. In this case, instability can be caused at some 
locations of the gas film surrounding the SiC tube. The 
suction of the reaction gas through the tube wall 
enhances the instability. Then the gas film can be 
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Si02 phase and the solid SiC phase. The overall reaction 
rate is controlled by the mass transfer of CO, C0 2 and 
SiO in the gas phase. Since the rate controlling step is 
considered to be involved in the 1st stage reduction, i.e. 
SiO formation reaction step, the gas side mass transfers 
at Si02-gas interface are supposed to be the rate 
controlling steps. 

Thus the apparent independence of the rate of SiO 
formation on temperature at Τ = 2073-2223K is 
interpreted as follows. 

The diffusion coefficients of CO, SiO and C0 2 in the 
gas film increase with the increase in temperature. The 
increase in temperature also increases the rate constant 
of the chemical reaction at the gas-Si02 interface. The 
increase in the diffusion coefficients, D, and the rate 
constant enhances SiO and CO formation rate. The 
enhanced SiO and CO formation rate tends to increase 
the thickness of the gas film, δ, to some extent. This 
increase in the film thickness compensates the increase 
in the increase in the diffusion coefficient, following the 
relation that 

[ / : SiO, CO, C02] 
8/ 

and hence, the mass transfer coefficients, kco. kco2 and 
kSio, do not increase with temperature at Τ = 
2073-2223K. 

At the same time, considering the very high 
temperature (Τ > 2073K), we can assume that, at Τ = 
2073-2223K where the indirect reaction is predominant, 
the gas side mass transfer at the gas-Si02 interface 
controls the SiO formation rate dominantly, although we 
cannot completely avoid the possibility of the interfacial 
chemical reaction being one of the rate controlling 
steps. Then we can expect that the increase in 
temperature does not affect the rate of SiO formation at 
Τ = 2073-2223 Κ because of the insensitivity of the 
mass transfer coefficients to temperature. Thus, the rate 

constant of SiO formation, j ^ l Q , does not change in 
di 

the temperature range of Τ = 2073-2223 Κ (Fig. 12). 
At a higher temperature of Τ = 2073K, (Fig. 

(15)-(b)), a part of the SiC surface contacts with molten 
Si02. At this part, direct reduction of Si02 into SiO 
takes place. 

Here, it should be pointed out that, since the gas 
phase forms as the results of the reaction, the Si02-SiC 
interface can hardly be stable unless the absence of the 
reaction. Previously, Bafghi et al. //13/ investigated the 
role of the direct reaction in the case of the smelting 
reduction of iron oxide in molten slag by graphite. They 
concluded that the direct reaction between molten slag 
and graphite was the major reaction of the FeO 
reduction to Fe and the contribution of the indirect 
reaction which took place through CO bubble was 
negligible compared with that of the direct reaction. 
They further suggested that the direct reaction was 
possible because of the continuous renewal of the 
slag-graphite contact area accompanied by a cycling 
process consisting of the gas phase nucleation, bubble 
growth and detachment which caused slag flow at the 
slag-graphite interface. For the present case of Si02 

reduction into SiO by SiC, we can assume the similar 
situation for the mechanism of the direct reaction with 
that suggested by Bafghi et al. We thus can explain the 
results in Figure 12 as follows. According to eq. (47) 
and the results in Figure 12, 

at 7*= 2073-2223Κ : AUGv> AIJS 

and at Γ =2273 Κ : ALIG * AL/S, AL/Gkffi « 
Ausk'us 

It should be noted that these relations indicate implicitly 
that the transfer of oxygen through the mass transfer of 
CO and C0 2 in the gas phase is much slower than that 
through the direct reaction. 

5. CONCLUSION 

In the present study, the authors have proposed a 
two-stage reduction process for Si production. The 
fundamental possibilities and the qualitative mechanism 
of the reactions of the process have been examined by 
the experiments at 2073-2273K. 

The results are summarized as follows. 
(1) The formation of Si by the two-stage reduction 

process is possible at T> 2223K. 
(2) The Si formation rate increases vigorously with 

increasing temperature. 
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(3) The rate controlling step of the two-stage reduction 
is involved in the 1st step reduction of Si02 into 
SiO gas. 
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