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ABSTRACT: The increasing amount of silicon waste generated from the rapid developing photovoltaic industry calls for an
economical silicon recycling process. The present work proposes a facile process with which silicon waste and ironmaking slag
containing TiO, were used as raw materials to produce titanium silicides, a promising high added value material. The process was
experimentally investigated in lab scale. The result shows that a high CaO/SiO, ratio in slag promotes the reaction. TiSi, and
TisSi; could be synthesized as principal products within 0.5 and 3 h with CaO/SiO, = 1.31 in mass, respectively. CaO-SiO, slag
was produced as byproducts. Kinetic analysis indicates that silicon diffusion in slag is the rate-determining step of the reaction
process. The reaction rate constant is around 1.0 X 10™*s, and the effective diffusion film thickness in slag side is around 10> cm
at the silicon—slag interface. Slag basicity is suggested to increase to 1.31 for a faster silicon diffusion and further promotion of

the reaction rate.
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Bl INTRODUCTION

The rapid growth of the photovoltaic (PV) cell industry in recent
years has resulted in large amount of silicon cutting kerfloss," off-
spec silicon,” and end-of-life PV cells.”* If a good solution for
recycling is developed, a huge accumulation of these silicon
wastes can be avoided. However, a recent report in the industrial
PV module recycling” shows the cost of Si wafers produced from
recycled waste Si to be about 0.215 euro per wafer, and the cost
for the collection of the waste Si is not included yet. Compared
with the continuous price decline of the Si wafers used in the PV
industry,’ the recycled Si wafers do not show obvious advantages.
A recycling method that is out of the loop of silicon reuse within
the PV cell industry and able to assign some high added value to
the products, such as titanium silicide, is in need as a promising
supplement to the traditional silicon recycling processes.
Another continuously increasing solid waste is from the
ironmaking industry. Ilmenite is one of the principal titanium
minerals (95%) in the world but with limited utilization.” As a
part of an important ironmaking process in China, titanium is
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concentrated from ilmenite to titanium-bearing slag. For
instance, Pangang Group Steel Co. produces more than 3
million tonnes/year of titanium-bearing blast furnace slag, which
contains 22 to 25 wt % TiO,* Several technologies were
invented to reutilize this resource.”” "> The core task is recovery
of titanium compounds from slag. However, the slag cannot be
efficiently utilized, and the titanium is difficult to recover.'>"*
The process introduced in the present work shows a great
potential in recycling these two important solid wastes generated
from the PV cell industry and ironmaking industry. The products
with this recycling process, titanium silicides, are generally
referred to TisSi; and TiSi,, which have high added value. They
are outstanding high-temperature materials'>~'” and can serve as
a promising component of complementary metal-oxide semi-
conductors (CMOS)"® and anodes for batteries.'” ™" Usually,
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Table 1. Compositions and Weights of Slags Used in Experiments”

Slag Composition/wt %

Temp./K No. CaO SiO, TiO, Basicity Liquidus Temperature/K Density of Slag/g cm™? Viscosity of Slag/mPa s Optical Basicity
1773 1 23 37 40 0.62 1693.15 2898 379 0.72
2 26 34 40 0.76 1653.15 2910 238 0.74
3 29 31 40 0.94 1657.15 2923 165 0.75
4 32 28 40 1.14 1701.15 2934 125 0.77
S 34 26 40 1.31 1762.15 2941 108 0.78

“Experiments at different reaction times are in progress.

TisSia

Figure 1. Optical microscope pictures of sample $ after reaction for (a) 0.5 hand (b) 3 hat 1773 K.

they are prepared bzr solid state reaction from pure titanium and
silicon powders.”"** High raw material costs of this method leads
to a pricy product and limits its application. Recently, we
reported an economical process to produce TisSi; from silicon
and slag,””** which has gained attention of other researchers.
Zhang and Wang™ successfully prepared TisSi; from actual blast
furnace slag with 28 mass% TiO, for the first time. Although the
previous reports only focused on slag recovery, we also proposed
this method as a promising silicon recycling process to produce
advanced materials. In the present work, the mechanism of this
novel production method of TisSi; and TiSi, from titanium-
bearing slag was studied. The experiments were designed to
optimize the reaction kinetics for this feasible production
process.

B MATERIALS AND METHODS

Methods. The industrial design of the process was a three-layered
reaction process. Molten silicon floats on the surface of slag, and the
heavy titanium silicide droplets precipitate through slag, deposit on the
bottom of the reactor, and form a layer of titanium silicide. Reaction
occurs at the interfaces of silicon—slag and falling droplets—slag.
Although the three-layered reaction process could accelerate reaction
rate and refine the product, accurate measurement of the reaction
interface area becomes a problem in kinetic analysis. In this study, the
initial position of slag and silicon was exchanged, i.e., slag maintains on
the molten silicon, to obtain a stable reaction interface and hence
simplify the kinetic analysis.

Materials. As a basic system of titanium-bearing blast furnace slag,
TiO,—CaO—SiO, ternary (S g) with different compositions was
premelted at 1773 K from reagent-grade TiO,, SiO,, and CaO and
reacted with 1 g of pure semiconductor grade silicon melt. CaO was
calcined from CaCOj at 1273 K for 10 h in air. Raw materials which were
placed in a high-purity graphite crucible (8 mm inner diameter) reacted
at 1773 K inside an vertical tube furnace. The reaction time ranged from
0.2 to 20 h. Argon was introduced into the furnace during the reduction.
The reaction condition is listed in Table 1. Basicity in Table 1 is defined
as the weight ratio of CaO to SiO, in accordance with industrial practice.
While optical basicity is one of the most important parameters of slag/
glass for correlating trends of slag properties, in order to confirm the
basicity trends of slag with TiO,, optical basicity was calculated based on
the recommended values in the report of ref 26 as a function of the
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polarizability of oxygen and cations. Specifically, the optical basicity of
TiO, is the average value from refractive index and energy gap or glass
refractivity and oxide refractive index. The optical basicity of slag
increases from 0.72 to 0.78 with the increasing number of sla_g samples in
Table 1. The density of slag is estimated using Mills’ model”” combining
with the calculation results of the liquidus temperature of the slag via
FactSage 7.0. Slag was put above the molten silicon in the experiments.
Considering the density difference between slag and silicon, one could
find that the density of slag is larger than that of liquid silicon (2.56 g
em™3%), 1t is the relatively high viscosity of melts that kept a relatively
stable position of the two phases.

Characterization. After the reaction, the sample was withdrawn
from the furnace, quenched in argon gas, and subjected to character-
ization. The X-ray diffraction (XRD, Rigaku Rint-2100) analysis, optical
microscopy, and scanning electron microscopy (JSM-6510LA, JEOL
Ltd.) equipped with energy-dispersive spectroscopy (SEM/EDS)
observations were conducted on the reaction products. Moreover, in
order to quantitatively study the kinetics, inductively coupled plasma
atomic emission spectroscopy (ICP-AES, SPS 7700, SII Nano
Technology, Japan) was employed to analyze the composition of the
quenched slag. For ICP-AES analysis, 0.5 g of Na,CO; and 0.5 g of
Na,B,0-, were used for digestion of 0.1 g of crushed slag in a Pt crucible
at 1273.1S K for 20 min. Then, the alkaline-fused sample was dissolved
in 1:3 HCI:H,O acid solution. The accuracy of this method has been
approved by detection of the original slag before reaction. Calcium
concentration in titanium silicides was detected by an electron probe
microanalyzer (EPMA, JXA-8900R SuperProbe).

B RESULTS

Reaction Products. During the reaction, products, mainly
containing Si, TiSi,, and Ti;Si;, were concentrated in the alloy
part under slag. The reacted samples after reaction were
investigated with an optical microscope. The pictures of sample
5 are shown in Figure 1. It shows that within 0.5 h well-developed
dendritic TiSi, fills in the silicon matrix. Since the density of TiSi,
is larger than that of molten silicon, a silicon layer exists between
TiSi, bulk and slag. Prolonging the reaction time, TiSi, and
molten Si transformed into TisSi;. During the process, silicon
was transformed into a Ti solution with low Ti content, and then,
the TiSi, phase formed. TiSi; was the final product if there was
enough titanium in the reactor. Therefore, in the titanium
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silicides synthesis, three reactions were employed: reduction of
TiO, to silicon dissolved titanium, synthetic reaction of the TiSi,
phase, and precipitation of Ti;Si;. Because CaO was contained in
the reaction system, Ca could dissolve into the silicides. Teixeira
et al.”” reported that the concentration of Ca in molten silicon is
1.3 mass% in equilibrium with slag (CaO/SiO2 = 1.21). Due to
the very limited Ca concentration in molten silicon and titanium
silicides, we cannot observe Ca peaks in the EDS spectrum of the
alloy samples. Moreover, the EMPA analysis results show that
the Ca concentration in TiSi, is from 0.23—0.30 mass%, and the
Ca concentration in TisSi; is 0.01 mass%.

The composition change of the alloy part in the reaction was
studied by XRD (Figures 2 and 3). Figure 2 shows the XRD

Sample % e Si  (27-1402)
7.5h x TiSi, (35-785)
0 Ti,Si,(29-1362)
Sample 4
16 h X N X
X
X °
X X N
. Sample 3¢
z 16 h X
X X
= % N
gL x
c .
- Sample 2
16h .
A .
Sample 1®
20h
L]
h .
Y \
i " 1 il " 1 1 1 PR T
20 30 40 50 60
24°

Figure 2. XRD spectrum of final products in all the quenched samples
after reaction at 1773 K (unmarked peaks come from crystallized slag).

spectrum of the final products in the experiments. Samples 1 and
2 mainly contained silicon. The principal compositions are TiSi,
and Si in samples 1 and 2. A porous intermetallic bulk of TisSi,
had been synthesized in sample S. The unmarked peaks are
attributed to trapped slag particles in Ti;Si;. Based on the results,
one could conclude that titanium content in the silicon-based
phases increases with the increasing slag basicity.

The XRD spectra of the alloy part of the samples quenched at
different times are shown in Figure 3. As shown in Figure 3, the
amount of TiSi, increased with reaction time. One could notice
that titanium silicides are hard to observe by XRD in some
reacted samples as shown in both Figures 2 and 3. Therefore,
SEM/EDS were employed to observe the cross section of the
alloy part in the samples (Figure 4). TiSi, crystals were detected
at the grain boundary of the solidified silicon crystals in samples 1
and 2. The area fraction of TiSi, precipitates increased with slag
basicity. When the slag basicity increased to 1.31, TisSi; formed
within 3 h.

All the obtained experimental results implied that although the
prolonged reaction time could promote the formation of
titanium silicide, slag basicity is the key point to accelerate the

7080

° o Si (27-1402)
N x TiSi, (35-785)
16 h X X

°
X [ ]

Intensity/a. u.

3h .

0h

-

20 30

26°
Figure 3. XRD spectrum of final products in quenched sample 3 after

different reaction times at 1773 K (unmarked peaks come from
crystallized slag).

reaction process. As an additional illustration, Figure S shows
that the main product formed in sample 5 was TiSi, after reaction
for 0.5 h. The area fraction of TiSi, in it is even higher than that in
sample 1 after reaction for 6.5 h. Therefore, optimization of this
synthesis process needs an investigation of the effect of slag
basicity and the mechanism of the effect.

Kinetic Mechanism. Thermodynamic studies verified
that during the reduction of TiO, to TisSis, TiSi, forms as the
reaction intermediate. If the silicon floats on slag as usual, the
reaction occurs at the silicon—slag interface and in the slag, which
is as follows:

23,30,31

(TiO,) + [Si] = [Ti] + (SiO,)

at the interface of silicon—slag 6))

[Ti] + 2[Si] = TiSi, in the falling droplets ()
8TiSi, + 7(TiO,) = 3TisSi; + 7(SiO,) at the interface of

falling droplets—slag (3)

7[Ti] + 3TiSi, = 2Ti;Si, in the falling particles (4)

Apparently, the reaction rate is relatively fast because abundant
droplets in slag expand the reaction interface. Nevertheless, the
number and sizes of the falling droplets vary with time and are
hard to probe. Hence, estimation of the reaction interface area
becomes a difficult statistical issue. As a result, the kinetic analysis
is very difficult.

Therefore, an experimental strategy was applied in this work to
prevent formation of droplets in slag. In this study, slag is
stationed on the top of molten silicon (Figure 6). Although the
density of slag is more than silicon, it still kept the same location
after reaction in all the experiments because of the relatively high
viscosity of melts. Due to this design, once the intermediate,
TiSiy, forms at the interface of the slag and silicon, it will fall to the
bottom of the silicon, far away from the interface due to the
density difference. The further reduction of titanium proceeds
within silicon naturally. Figure 1(a) also supports this description
of the reaction approach. Therefore, the reaction steps could be
described as follows:

DOI: 10.1021/acssuschemeng.8b00919
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Figure 4. SEM and EDS results of products after reaction for 3 h at 1773 K: Microscopic photos of samples (a) No. 1, (b) No. 2, (c) No. 3, (d) No. 4, and

“«, »

(e) No. S. (f) Elements’ content of the three “+” points.

WD11mm x2,000 10gm

0544 -

10 m
® 0544

WD10mm,  SS60 x2.000 .

07" Jul 2018

Figure S. SEM photo of cross section: (a) Sample 1 after reaction for 6.5 h and (b) sample S after reaction for 0.5 h at 1773 K.

" silicon
TisSis

Figure 6. Illustration of the reaction in the experiments.

(TiO,) + [Si] = [Ti] + (SiO,)

at the interface of silicon—slag (s)
[Ti] + 2[Si] = TiSi, insilicon (6)
7[Ti] + 3TiSi, = 2TiSi; in silicon (7)

The reaction equilibrium constant of eq S is 2.88 at 1773 K,
which indicates the ratio of reaction rate constants in the
direction of forward and backward is small. Therefore, this

7081

chemical reaction could be regarded as a reversible reaction. TiSi,
and TisSi; disperse in the silicon as liquid drops and solid
particles, respectively. Therefore, the reaction interfaces of eqs 6
and 7 could be several times larger than the slag—silicon interface.
It indicates that the chemical reaction rate of eqs 6 and 7 are too
fast to be reaction rate-determining steps. Apparently, the
reaction rate-determining step should be related to eq 5, which
could be one of the following steps:

(1) Diffusion of (TiO,) through the slag phase to the slag—
silicon interface

(2) Diffusion of [Si] from silicon bulk to the slag—silicon
interface

(3) Chemical reaction producing [Ti] and (SiO,) at the
interface

(4) Diffusion of [Ti] from the interface to silicon bulk phase

(5) Diffusion of (SiO,) from the interface to the slag bulk
phase

If step 3 is an irreversible reaction, then steps 4 and S would
not be the rate-determining steps. Equation 5, however, is a
reversible reaction because of the relatively low Gibbs ener:
change of this reaction, i.e.,, low reaction equilibrium constant. 3
It implies that all the five steps could be the rate-determining step
of the reaction process. It is well known that the diffusion in the
molten silicon or metallic bulk phase is much quicker than the

DOI: 10.1021/acssuschemeng.8b00919
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diffusion in the slag bulk phase. Kubi¢ek and Pepfica®” suggested
that diffusion of an element through liquid metal is
approximately an order of magnitude faster than that of the
same element through liquid slag. Therefore, only steps 1, 3, and
S are possible to be the rate-determining steps.

Kinetic Model. The rate-determining step could be assumed
to be the following:

1. Transport of (TiO,) in Slag Diffusion Layer.

dnTiOZ
dt (8)

where nr;o_ is the amount of TiO,; t is reaction time; A is the area

= AkTiOZ(‘x”IFiOZ - xTiOZ)

of reaction interface, which is assumed to be constant (0.005 m?*)
in the reaction; ko, is the diffusion constant of TiO, from slag to

the reaction interface; #'r0, and xryo, are the mole fractions of

TiO, at the interface and in the bulk phase of slag, respectively.
It should be noted that the chemical equilibrium constant of eq
5 is the following:
X(5i0.)%Ti
Kqy = 00T
X(Ti0,)Xsi

©)
where K(;y is the equilibrium constant of eq 5; x(50,), is the mole

fraction of SiO, at the interface; xr; and xg; are the mole fractions
of Ti and Si in molten silicon bulk phase, respectively, which
satisfies

xry + xg =1

(10)
Because the reaction rate of eq 6 was fast enough compared to eq
S, the reactants, [Ti] and [Si], are in equilibrium with TiSi,. In

other words, 2 is constant, «, which could be obtained from the
Xsi
equilibrium constant of eq 6

1

Ky =
@ xTi(xSi)z

(11)

where K,) is the equilibrium constant of eq 6 and is equal to 2.81
X 10° at 1773 K. Therefore,

(1 + u)3 - MK(Z) =0 (12)

The value of u was estimated to be 5.3 X 10* at 1773 K using the
Newton—Raphson method. Here, x(c,0,), is a constant which is

equal to xc,o, thus

1= %c0 — X(Tio,),

Kpy=u
@ X(Ti0,),

(13)

where xc,0 is the mole fraction of CaO in the bulk phase of slag.
Based on eq 13, one could obtain

Hmioy), = 11+ Ifca?u
) (14)
With eq 14, eq 8 turns out to be
o, = Ak (ﬂ — *Tio ]
dt A1+ Kpy/u g (15)
n1i0, = *Ti0,Mslag (16)

where ng,, is the amount of slag, which keeps constant during the
reaction; @r;o, is the mass ratio of TiO, in the slag.

Combining eqs 15 and 16

7082

deioz _ A k 1- XCa0 x
. = —Krol T, ~ *rmio
dt nslag 2 1 + K(l)/u 2 (17)
in the term of integration
XTi0, — 4 A
W TR A
X(Tio,), — % Mlag (18)
where
I =xc0
@G = —

2. Transport of (SiO,) in Slag Diffusion Layer. Similar to the
transport of TiO, in the slag diffusion layer, one could get

A
_kSiOZ(x(SiOZ), - xSiOZ)
slag

deiOZ
dt

(20)
where kg0, is the diffusion constant of SiO, from slag to the
reaction interface; &g, is the mole fraction of SiO, in the bulk

phase of slag, which meets the relationship of
Xsi0, = 1 = Xca0 = X0, (21)
Considering that x(c,0,), in eq 20 is a constant which is equal to

Xc,0) Dased on eq 14, one obtains

K(l)(1 — %c,0)

X/ =
(8i0,);
’ u+ K (22)
Likewise, the reaction kinetics in the term of integration
XTio, — 4
S S
x(TiOZ)O — a4 nslag (23)
where
(1 = xc,0)K()
a4y = ————
u+ K(l) (24)

3. Interfacial Reaction. The interface reaction was assumed to
be a first-order reversible chemical reaction, and it should be
noticed that the concentration at the interface is equal to the
concentration within bulk phase

deioZ

A
it = —(k+xTioZ - k—xSiOZ)

nslag

(28)

where k, and k_ represent the rate constant for the chemical
reaction in eq S in the direction of forward and backward,
respectively

K(l) = k+/k_ (26)

Therefore, eq 25 turns out to be

d'xTiO,_ _ A Ky + lk 1 (1 = xeg) —
-, = o — Xca0) ~ *Ti0
dt nslag I<(1) K(l) + 1 2
(27)
in the term of integration
Xrio, — @ (1 + KA
In 110 - _ ) k.t
%(tio,), ~ %3 K1ynag (28)
where
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Figure 7. Relationship of slag composition in the reaction of titanium-bearing slag with molten silicon at 1773 K in Ar atmosphere: (a) No. 1, (b) No. 2,
(c) No. 3, (d) No. 4, and (e) No. S (fit curves are the fitting results of eq 30).
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Figure 8. Kinetic parameters in eq 30 to describe the reaction of titanium-bearing slag with molten silicon at 1773 K in Ar atmosphere: (a) Final
concentration (mol %Ti0,), and (b) reaction rate constant k.
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It could be noticed that kinetic models of eqs 18, 23, and 28 are
similar. At high temperature, diffusion is always the rate-
determining step. A kinetic analysis based on experimental data
could be used to investigate the reaction mechanism.

DOI: 10.1021/acssuschemeng.8b00919
ACS Sustainable Chem. Eng. 2018, 6, 7078—7085


http://dx.doi.org/10.1021/acssuschemeng.8b00919

ACS Sustainable Chemistry & Engineering

Research Article

Reaction Kinetics. The isothermal kinetic model of egs 18,
23, and 28 could be presented as follows:

R (mol%TiO,) — (mol%TiO,), _
(mol%Ti0,), — (mol%Ti0,),

(30)

where (mol %TiO,) is the molar percentage of TiO, in slag;
subscripts 0 and e represent the initial and final state of the
reaction, respectively; k represents the apparent reaction rate
constant; t represents the reaction time. This kinetic model could
be used to describe the reaction with a rate-determining step as
one of the before mentioned three steps. The only difference
among the mechanisms is that the parameters a,, a,, and a; which
could be calculated from theory were replaced to be an empirical
value which was obtained from the experiments.

Equation 30 was used to fit the ICP results of the slag
composition after the reaction. As shown in Figure 7, the
extraction rate of TiO, from slag was the fastest at the beginning,
and it decreased with reaction time. The TiO, concentration in
slag could achieve the lowest point within 15 h when the slag
basicity is higher than 0.62. Moreover, TiO, content in the stable
state decreased with increasing slag basicity. When the basicity
rose to 1.31, almost all TiO, in the slag could be extracted out.
The fitted kinetic parameters in Figure 8 could also show these
trends. Figure 8 shows that the reaction rate constant is around
10~* s7*. It is known that

A D

‘/slag 6

(31)

where V. is the volume of slag; D is the diffusion coefficient of
silicon in slag; o represents effective film thickness. Nagata and
Goto™” suggested that the diffusion constant of silicon in a CaO—
Si0,—AL O slag at 1773 K was 2.3 X 1077 cm* s based on the
report of Towers and Chipman.®* Based on the reported data, it
could be estimated that the effective film thickness is around 10~
cm. This result corresponds well with the EDS result of the cross
section of the quenched sample in Figure 9.

Moreover, Figure 8 suggests that silica was produced as a
byproduct when synthesizing titanium silicide. Silica dissolved
into slag, forming a CaO—SiO, binary. Titanium-free blast
furnace slag has been extensively used for road making and in the
cement industry. Specifically, the air-cooled slag has been fully

Intensity/a. u.

Distance/um

Figure 9. EDS result: Silicon intensity at the slag—silicon interface in the
quenched sample 1 after reaction for 3 h.
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utilized globally.”> Therefore, all the wastes can be effectively
transformed into commercial products in an optimized
condition.

B DISCUSSION

If the rate-determining step of the reaction is the mass transfer of
(TiO,) from the slag bulk phase to the slag—silicon interface, the
reaction rate could be represented by the diffusion rate of (TiO,)
as shown by eq 8. The initial reaction rate (dxy;o,/dt), will be

( (32)

where A is the area of reaction interface which is equal to the
inner area of graphite crucible; ko, is the rate constant of

dei02
dt

A 0
= _n_kTiOsziOz = cons.
0 Slag

diffusion step; x;0, represents the initial concentration of TiO,

in the bulk phase. The initial TiO, content in the slag was fixed in
all experiments. According to eq 32, the initial reaction rate
should be same in this experimental work. However, Figure 7
shows that the initial reaction rate, the slope of the TiO,
concentration profiles at the beginning, varies with slag
composition. It indicates that the reaction rate is not determined
by the diffusion of titanium in slag.

If one assume that the interfacial chemical reaction was the
rate-determining step, the value of the initial reaction rate should
match eq 27

( deio2 ]
0

dt
K + Ky + 1

(1 = x0,0) — 2% | = cons
Ca0 Tio, :
nslag

(33)

Correspondingly, with the same TiO, concentration in slag and
the same pure silicon as reactants, the initial reaction rates of
every experiment should be the same. Therefore, only step S,
diffusion of SiO, from the interface to the slag bulk phase, could
be the rate-determining step in this reaction. The experimental
study of Dolan and Johnston™ indicated that the diffusion
coeficient of silicon increased with increasing optical basicity. It
confirms that the accelerated reaction rate with the high basicity
slag corresponds to the improved diffusion rate of SiO,.

B CONCLUSIONS

Titanium silicides were produced in the reduction process of
molten silicon at 1773 K with TiO,—CaO-SiO, slag as
reductant. TiSi, was obtained with slag basicity higher than
0.62. TisSiz could be produced within 3 h with slag basicity of
1.31. CaO-SiO, slag was produced as byproducts for road
making or cement manufacture. The result shows this process is
promising in silicon waste and steelmaking slag recovery.

Reaction mechanism of this process is discussed and based on
the three-step reaction mechanism: TiO, — TiSi, = TisSis.
Experiments are designed to quantitatively study kinetics of the
reaction. The kinetic model of

N (mol%TiO,) — (mol%TiO,), _
(mol%Ti0,), — (mol%Ti0,),

is summarized from different conditions and employed to the
kinetic analysis. As a result, diffusion of silicon from the silicon—
slag interface to the slag bulk is recommended as the rate-
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determining step. The effective diffusion film thickness in slag
side is estimated to be around 107 cm. The reaction rate
constant is around 1.0 X 10™*s and increases with increasing slag
basicity. Therefore, elevating slag basicity can promote recovery
efficiency of silicon and titanium in this process.
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