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Kinetics of Electrically Enhanced Boron Removal
From Silicon Using CaO-SiO2 and CaO-SiO2-Al2O3

Slag

A.D.P. PUTERA, M.S. ISLAM, K.L. AVARMAA, H.T.B.M. PETRUS, G.A. BROOKS,
and M.A. RHAMDHANI

An approach in analyzing the kinetics of reacting metallurgical system enhanced by applied
electrical potential difference has been proposed. The approach accounted the electrochemical
mechanism by combining Fick’s first law and Nernst–Planck equation, building upon the
approach by Kim et al. and extending it to simultaneously solve the key kinetics parameters of
boron diffusivity in slag (D(B)) and potential difference (D/s) across the slag phase. The
approach was utilized to examine the kinetics of enhanced boron removal from silicon with
CaO-SiO2 and CaO-SiO2-Al2O3 slags, in the context of silicon recycling and refining. The model
was used to describe the mobility of boron in the molten silicon and slag phases, i.e., boron mass
transfer coefficient in liquid silicon (km), in the slag (ks), and the diffusivity of boron in slag
phase (D(B)). The results demonstrated that the new kinetics model fit well with the experimental
data with an average coefficient of determination (R2 value) of 0.91. The ks and D(B) were
calculated to be in the range of 0.9 to 1.3 9 10–6 and 1.1 to 29.2 9 10–9 m2 s�1, respectively. The
application of external voltage was observed to reduce B final concentration in the silicon phase
by 18 pct from approximately 120 to 100 ppmw in all samples. The addition of Al2O3 in the slag
phase consistently reduced the mobility of boron in the slag phase by approximately 50 pct.
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I. INTRODUCTION

As early as 1839, Edmond Becquerel discovered that
electricity can be produced from a chemical battery
exposed to the sun,[1] which is the basis of photovoltaic
effect. Photovoltaic (PV) cells are thin devices that convert

solar energy into electricity, which are utilized in many
technological applications such as electronics, calculators,
telecommunication devices, rooftop panels, and many
others. The development and uptake of PV cells have been
rising exponentially in recent years. It was reported that in
2020, solar-PV-generated electricity reached 821 TWh
globally,[2] which corresponds to the second-largest growth
within the renewable energy sources. From the electricity
generation standpoint, solar PV generates 3.1 pct of the
global electricity,[2] of which majority (~ 90 pct) comes
from a polycrystalline silicon-based PV cell. In addition,
solar PV is now becoming one of the inexpensive options
for electricity generation in many countries, making it
more preferable in the coming years.[2] Modern sili-
con-based solar PV cell consists of several materials such
as glass, aluminum, encapsulating material, cables, silicon
wafer, silver (Ag), and trace heavymetals such as lead (Pb)
and cadmium (Cd).[3] In 2030, worldwide solar PV waste
production is predicted to reach between 4 and 14 pct of
total generationof all electronicwaste. This is forecasted to
be accompanied by further growth in end-of-life PV cells
with an estimated global generation of 78 million tons in
2050.[4] With these in mind, sustainable recycling and
refining methods for silicon to support the growth of the
uptake and the management of the associated end-of-life
PV cell generated will be vital.

A. D. P. PUTERA is with the Fluid and Process Dynamics (FPD)
Group, Department of Mechanical and Product Design Engineering,
Swinburne University of Technology, Melbourne, VIC 3122, Australia
and also with the Department of Chemical Engineering (Sustainable
Mineral Processing Research Group), Faculty of Engineering,
Universitas Gadjah Mada, Jl. Grafika No. 2, Yogyakarta 55281,
Indonesia. Contact e-mail: aputera@swin.edu.a M. S. ISLAM is with
the Department of Nanomaterials and Ceramic Engineering,
Bangladesh University of Engineering and Technology, Dhaka 1000,
Bangladesh. K. L. AVARMAA, G. A. BROOKS and M. A.
RHAMDHANI are with the Fluid and Process Dynamics (FPD)
Group, Department of Mechanical and Product Design Engineering,
Swinburne University of Technology, Melbourne, VIC, 3122. Contact
e-mail: arhamdhani@swin.edu.au H. T. B. M. PETRUS is with the
Department of Chemical Engineering (Sustainable Mineral Processing
Research Group), Faculty of Engineering, Universitas Gadjah Mada,
Jl. Grafika No. 2, Yogyakarta 55281.

Manuscript submitted September 30, 2022; accepted February 24,
2023.

Article published online March 17, 2023.

1228—VOLUME 54B, JUNE 2023 METALLURGICAL AND MATERIALS TRANSACTIONS B

http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-023-02756-x&amp;domain=pdf


There are several metallurgical techniques to recycle
and refine primary and secondary silicon resources
(including those from end-of-life PV cell), which have
been summarized in the previous work.[4] In terms of
pyrometallurgical route, the major processes include
solvent refining (including slag treatment), directional
solidification, vaporization, and electrorefining.[5,6] Of
the many impurities contained in silicon resources,
boron (B) and phosphorus (P) are detrimental and
difficult to remove. Yuge et al. utilized electrons beam to
remove phosphorus from Si melt and plasma to remove
boron in the next step.[7] Other investigators used
directional solidification process (1273 to 1473 K) to
refine silicon from boron impurity which successfully
reduced boron concentration from 10 to 0.1 ppm.[7] A
three-layer electrorefining technique has been studied
and used to refine MG-grade silicon into pure silicon,
down to the 6N purity range using a high-melting-point
fluoride electrolyte.[8] Nevertheless, this technique was
reported to be not sufficient to achieve solar grad purity
for certain elements, boron being one of them. Islam and
Rhamdhani[9] studied the kinetics of boron removal
from silicon using CaO-SiO2 and CaO-SiO2-Al2O3 slags
at 1773 to 1873 K (1500 to 1600 �C) and reported that
the removal rate generally stabilized after 120 min and
boron was reduced from 300 to around 100 ppm.
Another work to enhance the removal of boron and
also phosphorus from silicon in the slag treatment was
carried out by Thomas et al.[10] through silicon alloying.
It was reported in this study that alloying can affect the
activity of boron and phosphorus and their removal
rate.

A. Electrically Enhanced Metal–Slag Reactions

It has been widely known that high-temperature
reactions between molten metal and slag are naturally
electrochemical,[11] which means that they involve the
transfer of both matters and electrons. There have been
many studies demonstrating the electrochemical aspect
of these reactions, which has been summarized in the
work of Judge et al.[12] In this work, Judge et al. studied
and measured the electrochemical properties of molten
pure iron/slag reaction at 1873 to 1973 K (1600 to
1700 �C).[12] The ramification of the electrochemical
nature of slag–metal reactions is that the reactions
themselves can be manipulated (enhanced or retarded)
by applying external current to the system.

Although there have been many studies demonstrat-
ing the electrochemical nature of metal–slag reactions,
there are only limited studies that investigated the
mechanisms and kinetics of electrically enhanced refin-
ing in metal–slag systems. Judge et al.[13] investigated the
electrochemical reaction of steel decarburization.
Although the reaction mechanism was explained thor-
oughly, the kinetic was not discussed in detail. By
utilizing the overall mass transfer coefficient, the study
did not distinguish the mass transfer coefficient between
slag and metal phase. Lee and Min[14] studied the
desulfurization of Cu metal using electric enhanced slag
treatment and found that the sulfur partitioning ratio
can be enhanced using the external potential. However,

the study mentioned that the sulfur partitioning ratio
was difficult to explain using ideal Nernst equation
because there was decrease in the effective potential
applied to the electrochemical double layer (IR drop).
Using a different approach, Kim and Kang[15] attempted
to correlate electrochemical desulfurization of iron using
CaO-Al2O3-MgOsaturated slag at equilibrium. The study
successfully correlates the equilibrium sulfur partition-
ing ratio using Nernst equation by defining the resis-
tance of the electrochemical system. In addition, they
found that slag with lower CaO/Al2O3 (C/A) ratio is
desirable for the desulfurization. Islam et al.[9,11,16]

studied boron removal from silicon to slag and demon-
strated that application of voltage difference during the
reaction provides an increase in the overall kinetics; as
well as the extent of B removal (boron equilibrium
distribution). Islam et al.[11] proposed that boron distri-
bution coefficient in the slag and silicon at equilibrium

(L0
B) can be shifted to a new equilibrium value (LB) when

external potential difference across the system is applied
and proposed a theoretical correlation (based on Nernst
equation) following Eq. [1]:[11]

DE ffi RT

3F
ln

LB

L0
B

� �
; ½1�

LB ¼ wt pctBð Þ
wt pctB½ � ; ½2�

where DE, R, T, and F are the potential difference (V),
the ideal gas constant (8.314 J mol�1 K�1), tempera-
ture (K), and the Faraday’s constant (96,485 C mol�1).

LB and L0
B are the boron distribution coefficient at

applied and zero external potential, while (wt pct B)
and [wt pct B] are the concentration of boron in the
slag and silicon phase, respectively. Based on Eq. [1],
Islam et al.[11] calculated that the application of exter-
nal voltage up to 300 mV in the Si-B melt and CaO-
SiO2-Al2O3 slag system increased the boron distribu-
tion coefficient (LB) by a factor of 1.2. This increase of
LB was underpredicted as the actual voltage across the
slag was much smaller due to resistance in the system
(slag, silicon, and circuit), which was demonstrated
from the experimental results. In this study, Islam
et al.[11] also carried out limited kinetic analysis utiliz-
ing a general mass transfer controlled model and
showed that the mass transfer coefficient was increased
by a factor of 1.4 with increasing external potential
from 0 to 3 V. In a separate study, Islam et al.[16]

extended the study by increasing the applied potential
to 3.5 V and reported that apparent rate and the
boron partition ratio were both increased by a factor
of 1.6.
Wang et al.[17] further investigated the boron removal

from silicon alloy using 40CaO-40SiO2-20Al2O3 (wt pct)
slag at 1773 K (1500 �C) in argon atmosphere for 1 h.
They proposed a mechanism in which the reduction of
SiO2 into Si was through a transfer of oxygen in the slag
phase to the silicon alloy phase. This is similar to the
mechanism proposed by Judge et al.,[13] where oxygen
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was supplied by the reduction of silica. In addition, a
solid Si deposit was reported to form on the electrode
submerged in the slag phase. They proposed that oxygen
molecules diffuse towards the silicon phase under an
electric field and then react with the boron molecules at
the interface of silicon and slag, creating boron oxide
ions (BO3)

3� that is transferred back into the slag
phase.[17] No explicit correlations between the applied
voltage with the rate of reactions were presented in both
Islam et al. and Wang et al. kinetic studies.

In a different system, Kim et al.[18,19] investigated the
electrochemical desulfurization of molten steel by
molten slag and proposed a kinetic model using a
combination of Fick’s first law of diffusion and
Nernst–Planck Equation[19] and explicitly expressed
the applied voltage in the kinetic equation. The study
showed that the calculated electric potential at the
interface in the system increased linearly with increasing
external current applied to the system. The study also
demonstrated that the rate of the desulfurization was
enhanced and final S concentration in steel was lowered
with the application of external electric current, but was
more efficient at lower temperature.[19] However, the
study assumed that the diffusivity of sulfur in the slag
phase did not change at various external potential. The
initial sulfur concentration for the external potential
treatment was also different from the system with no
treatment.

Although there have been a number of studies
demonstrating the application of external voltage/cur-
rent enhanced the removal of impurities in pyrometal-
lurgical refining,[11,18,20,21] no adequate kinetic models
were presented. This means that the addition of electric
voltage is not explicitly expressed in the kinetic model, in
particular, for the case of boron removal from silicon
during enhanced refining by slag. The current work
presents a larger kinetic data set of enhanced boron
removal from silicon by a CaO-SiO2/CaO-SiO2-Al2O3

slag system; and also analyses on the kinetics of the
reaction by extending the model developed by Kim
et al.[18,19] to investigate how the applied voltage affects
the mass transfer coefficient and the overall process.

II. EXPERIMENTAL METHODOLOGY

A. Materials

Master slags used in the current study were made in a
laboratory using high-purity oxides powder of CaCO3

(99.95 wt pct), SiO2 (99.5 wt pct), and Al2O3 (99 wt pct),
obtained from Alfa Aesar. CaCO3 was dried at 773 K
(500 �C) for 5 h, followed by heating for 2 h at 1523 K
(1250 �C) to transform the carbonate to CaO. For each
composition of the slag (as presented in Table I), as
much as 20 g of powder mixture was weighed and mixed
in a ball mill for 48 h. Using a 13-kW Ambrell EkoHeat
induction furnace, the master slags were prepared by

melting batches of mixed oxides of appropriate compo-
sitions in graphite crucibles. The master slags were
melted twice at temperature of 1763 ± 15 K
(1490 ± 15 �C) to allow homogenization.
Master silicon alloys were made using high-purity

silicon (99.9999 wt pct) and boron (99.9 wt pct) powder,
obtained from Alfa Aesar. Silicon and boron powders of
appropriate compositions were mixed in a ball mill and
melted using a graphite crucible in a 10.3 kW-RHTV
120-300/18 Nabertherm vertical tube furnace in
ultra-high-purity argon atmosphere. Ultra-high-purity
Ar gas (99.999 pct) was used to ensure an inert
atmosphere during the experiment. To ensure homoge-
nous mixing, the melt was stirred with alumina rod. An
initial boron concentration of 375 ppm was selected for
the study. ICP-AES analyses were carried out on the
master slags and master alloys to confirm their
compositions.

B. Details of Experimental Apparatus and Parameters

A schematic of the RHTV 120-300/18 Nabertherm
vertical tube furnace setup used in the current study is
presented in Figure 1. A DC power supply was con-
nected to apply the external potential difference to the
liquid slag–metal system. A computer-based data acqui-
sition card (National Instrument DAQ Card 9250) was
used to record the voltage (to maintain the voltage
supplied in the system) during the experiments. The DC
power supply was connected to the graphite electrodes,
veiled by alumina tube to protect from mixed cell
contact during immersion.[22] At first, an alumina
crucible filled with mixture of slag and Si alloy was
placed on top of an alumina pedestal in the cold zone at
room temperature. The furnace was then sealed, and the
chamber was evacuated using a rotary pump before
backfilled with Ar, and the target temperature of 1823 K
(1550 �C) was set. A flow rate of 250 ml min�1 was used
and controlled using Aalborg Command Module (a
microprocessor-driven digital command modules for
mass flow controller) during the experiments. After the
furnace reached 1823 K (1550 �C), the crucible was
positioned into the hot zone by lifting the pedestal. The
starting point of the reaction (t = 0) was considered as
the moment when the crucible was set to this position.
The Si-B and slag in the crucible were let to react for
different reaction times. When the time of the reaction
was reached, the crucible was withdrawn into the cold
zone by lowering the pedestal and quenched by flushing
Argon gas. The hotzone was 300 mm from the bottom
flange and the length of the hotzone was 100 mm.[22]

The crucible system was then collected to retrieve the
silicon alloy and slag samples for further characteriza-
tions and analyses.
The experimental conditions and parameters investi-

gated in the current work are presented in Table I. The
calcium oxide-to-silicon dioxide mass ratio in the slag
was maintained at approximately 35:65, and alumina
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concentration was varied at 0, 9 and 16 wt pct. The
slag-to-silicon mass ratio was initially set at 1.8 and only
one temperature was studied, i.e., 1823 K (1550 �C).
The reaction times selected were 10, 15, 30, 45, 60, 90,
120, and 180 min and the applied external voltage was in
the range from 0 to 5 V.

C. Details of Characterization Techniques

The boron concentration in the collected samples was
analyzed using a Varian 730ES inductively coupled
plasma atomic emission spectroscopy (ICP-AES). Sam-
ples were prepared by physically separating solid slag

and silicon phases after cooling. Slag and silicon samples
were crushed and grounded separately to powder
samples for analysis. For silicon, the samples were fused
with sodium peroxide (Na2O2) solution and dissolved in
acid solution. ICP-AES was able to analyze the boron
concentration and other elements such as calcium,
aluminum, and phosphorus in the silicon and slag
samples. The analyses were conducted at Spectrometer
Services Pty Ltd, Coburg, Melbourne.

III. RESULTS AND DISCUSSION

A. Kinetics Analysis Approach

The kinetic model from Kim et al.[16] was utilized and
further extended in the current study. Let us consider a
liquid silicon and molten slag two-phase system as
illustrated in Figure 2. In the silicon phase, the mass flux
of boron, B, can be expressed based on the Fick’s first
law of diffusion as[19,23]

J B½ � ¼ �
dC B½ �
dt

¼ D B½ �
@C B½ �
@x

; ½3�

�D B½ �
@C B½ �
@x

� km C B½ � � Ci
B½ �

� �
; ½4�

where J[B], D[B], C[B], km, and C[B]
i are the flux of B

(mol m�2 s�1), the diffusivity of B in liquid silicon (m2

s�1), the molar concentration of B in the bulk silicon
(mol m�3), the mass transfer coefficient of B in the

Table I. Summary of the Parameters and Conditions Investigated in the Current Study

Type of Slag (wt pct) T, K Time, Seconds DC Voltage, V Slag-to-Silicon Mass Ratio mSil, kg

35CaO-65SiO2 1823 0, 600, 900, 1800, 2700,
3600, 5400, 7200, 10,800

0, 2, 3 1.8 0.002
32CaO-59SiO2-9Al2O3 0, 2, 3, 5
30CaO-55SiO2-16Al2O3 0, 2.5, 3.5, 5

Fig. 1—A schematic of a vertical tube furnace setup for the kinetics
experiments. Legend: 1-Silicone O-ring, 2- MoSi2 heating Element,
3-Crucible, 4-Silicon, 5-Slag, 6-Alumina Pedestal, 7-Alumina Tube,
8-Water cooled flanges, 9-Copper coil, 10-Kanthal wire, 11-Graphite
electrode, 12-Electrode cover. Reprinted with permission from—Ref.
[16].

Fig. 2—Schematic diagram of boron concentration in liquid silicon
and molten slag.
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liquid silicon (m s�1), and the molar concentration of
B at the interface (mol m�3), respectively. In the slag
phase, by considering the Fick’s first law Eq. [4], the
Nernst–Planck equation,[24] and with the application
of potential difference across the slag, one can derive
the following correlation:

Ci
B½ � ¼

C B½ �dkm þ C Bð ÞD Bð Þ 1� Fz
RT

d
LD/s

� �
dkm þ L0

BD Bð Þexp
Fz
RTD/s

� � ; ½5�

where d, C Bð Þ;D Bð Þ, F, z, R, T, D/sandL
0
B, represent

the interface layer thickness (m), the concentration of
boron in slag (mol m�3), diffusivity of boron in the
slag phase (m2 s�1), Faraday’s constant (C mol�1),
electric charge of boron (3),[11] ideal gas constant
(8.314 J mol�1 K�1), the prevailing temperature (K),
internal electric potential difference across the slag
phase (V), and the distribution coefficient of boron with-
out applied electric potential, respectively. The data
input is provided in Table VII in the Appendix section.
A more detailed derivation of this equation can be
found in Appendix I. It should be noted that in the slag

phase, boron existed in the form of (BO3�
3 Þ ion and the

corresponding parameters represent this species. From
the mass conservation of boron in the system, the con-
centration of boron in the slag can be expressed as

C Bð Þ ¼ ðC0
½B� � C B½ �Þ

VSi

VS
; ½6�

where VSi and VS are the volume of silicon phase and
slag phase (m�3), respectively. The volume of the slag
was calculated by considering the initial mass of the slag
and the density of the slag obtained from the work of
Muhmood and Seetharaman.[25] Substituting Eqs. [5]
and [6] into Eq. [4], we get

dC B½ �
dt

¼�km
A

V

D Bð Þ C B½ � Lo
Bexp

Fz
RTD/s

� �
þVSi

VS
1� Fz

RT
d
LD/s

� �n o
�C0

½B�
VSi

VS
1� Fz

RT
d
LD/s

� �� �
dkmþLo

BD Bð Þexp
F:z
RTD/s

� � :

½7�
An integration of the above equation was then carried

out by assuming a constant D/s with time. The actual
value of D/s may change with time. However, it was
expected that the change was not significant[15] like in
the case of the current study. The assumption of the D/s

to be constant was also an approach taken in the
previous study.[19] Therefore, in the context of the
current study, the D/s, D(B) and ks will vary with
different system’s initial conditions, but they are
assumed to be not changing with time during the course
of the reaction. Thus, the correlation between C[B] and
time (second) can be written as

C B½ �¼

C0
B½ � Lo

Bexp
Fz
RTD/s

� �� 	
exp �km:

A
V

Lo
Bexp Fz

RTD/sð ÞþVSi
VS

1�Fz
RT

d
LD/sð Þ

n o
D Bð Þt

dkmþLo
BD Bð Þexp Fz

RT
D/sð Þf g

0
@

1
AþC0

B½ �
VSi

VS
1� Fz

RT
d
LD/s

� �

Lo
Bexp

Fz
RTD/s

� �
þVSi

VS
1� Fz

RT
d
LD/s

� �n o :

½8�
The mathematical calculation framework used in this

study is shown in Figure 3. Initially, Eq. [8] was fitted
with the experimental data for D/s = 0 V for the
iteration and solving of km and D(B) values simultane-
ously, see Figure 3(a). The obtained km was then
assumed to be constant for the rest of the data fitting
process as the experiments were carried out at isother-
mal conditions. Utilizing this value of km, the values of
D(B) and D/s were then solved simultaneously for the
case of system with applied external potential consider-
ing the experimental data, see Figure 3(b). This is the
key difference of the approach utilized in the current
study compared to that of from Kim et al.[19] In the
study, they assumed the value of D(S) to be constant
with various applied potential. This assumption also led
to a constant mass transfer coefficient in the slag phase
(ks), as the model was also assuming a constant interface
thickness of 10–4 m (note that the model was based on a
boundary layer/two films diffusion model). In a system
with applied external potential, it can be expected that
the presence of the potential field in the slag would affect

the diffusion of ionic species (such as BO3�
3 in the

current Si slag system studied) hence also affect the mass
transfer coefficient of B in the slag. In the current study,
we assumed D/s, D(B), and kS to vary for different initial
conditions of the system (temperature, slag composition,
initial B concentration, and external applied voltage D/)
but not with time during one set of kinetic experiments.
These variables then were solved simultaneously using
the kinetic model. In actual transient system, these
variables may very likely be changing with time.
However, it was assumed that the change was small
especially for the system with constant applied external
voltage; and rather we were calculating their ‘‘average’’
values over the course of the reaction period using the
model.
It should be noted from Eq. [8] that the value of D(B)

is determined for the initial reaction rate of the system;
meanwhile D/s is determined at the end of the reaction
when system has reached equilibrium. From the exper-
imental data, it was observed that the initial decrease of
the B concentration occurred within approximately
30 min (1800s) of the reaction, hence only data within
this time range were used for the data fitting process to
yield D(B). While for D/s, the data of the whole time
range were used, i.e., until the B concentration reached a
plateau, which indicated that the system was at or very
close to equilibrium (~ 3 h = 10,800 s). For the calcu-
lation, the interface thickness layer d was assumed to be
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Fig. 3—The mathematical framework of the model data fitting (A) for the initial sample with 0 V applied, and (B) for samples with applied
external potential.
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constant and taken to be 10–4 m (100 lm), similar value
taken by Kim et al.[19] The exact interface thickness was
not practical nor easy to be measured, and it may
change with reaction time. This, however, would be very
small compared to the whole system. The full list of the
parameters and their values used in the calculations is
presented in Appendix II.

Table II presents the boron concentrations calculated
from the experimental data generated in the doctoral
thesis by Islam at Swinburne University of Technol-
ogy.[22] The reported boron concentration in silicon
phase in ppmw was converted to mol m�3 with the
following equations:

C B½ � ¼
percentB½ �qSi
1000MB

; ½9�

qSi ¼ 2:54� 2:19� 10�5T� 1:21� 10�8T2; ½10�

where percentB½ �;MB, and qSi are the concentration of
boron in ppmw, atomic mass of boron
(10.81 g mol�1), and the density of silicon in kg m�3,
respectively. The density of liquid silicon, as a function
of temperature[26] is expressed in Eq. [10] and the

resulting C[B] versus time for every studied parameter
are presented in Table II. It should be noted that only
the selected few data (marked by asterisk *) presented
in Table II have been published before by Islam et al.
[16].
The resulted D(B) and D/s from the data fitting using

the kinetic model are summarized in Table III. The
comparisons of the model with the experimental data of
B concentration are shown in Figures 4, 5, and 6, for
different slag compositions and applied potential. It can
be seen from the Figures that the kinetic model fits well
with the experimental data with an average R2 of 0.91.
The mass transfer coefficient of boron in the liquid
silicon phase (km) was calculated to be
6.17 9 10–6 m s�1, which is comparable to the previous
studies.[9,16] Islam et al. calculated and compared the
mass transfer coefficient in both silicon and slag phases
at 1823 K. Although it was concluded in the study that
the controlling step was the mass transfer in the slag
phase, the mass transfer coefficients in the silicon phase
(km) were found to be in the range of 1.38 to
2.59 9 10–6 m s�1.[9] In the case of steel–slag system,
Kim et al. reported the mass transfer coefficient of sulfur
in steel (km) varies between 2.25 and 2.80 9 10–6 m s�1

based on their experimental results.[19]

Table II. Summary of experimental data, the concentration of boron in the Si phase at different times of reaction, with various

slag types and external voltages—Ref. 22

Time, Seconds

C[B], mol m�3

Slag: 35CaO-65SiO2 32CaO-59SiO2-9Al2O3 30CaO-55SiO2-16Al2O3

0 V 2 V 3 V 0 V 2 V 3 V 5 V 0 V 2.5 V 3.5 V 5 V

0 85.7 85.7 85.7 85.7 85.7 85.7 85.7 85.7* 85.7 85.7* 85.7
600 58.4 57.9 57.4 55.6 52.1 52.1 44.0 55.6 52.1 49.8 46.3
900 47.5 44.0 44.0 49.2 41.7 41.2 39.4 49.2* 45.2* 41.7* 38.2
1800 40.5 38.2 35.9 42.2 39.4 35.9 34.7 42.2 39.4 37.1 -
2700 39.4 34.3 30.1 39.4 34.3 30.1 27.8 39.4 35.9 31.3 27.8
3600 37.1 31.3 28.9 35.9 32.4 27.8 25.5 35.9* 30.8* 30.1* 25.5
5400 34.7 29.6 27.8 33.6 30.1 26.6 23.2 33.6 27.8 25.5 -
7200 32.4 28.9 25.5 30.1 28.9 25.5 20.8 30.1 25.5 20.9 18.5
10,800 32.4 28.9 25.5 26.6 26.2 25.5 18.5 26.6* 22.0* 19.7* 17.4

*Selected data have been published in Islam et al.[16]

Fig. 4—Variation of boron (B) concentration in silicon phase with time for Si-B alloy and CaO-SiO2 slag reaction system at 1823 K when (a)
0 V, (b) 2 V, and (c) 3 V external potential were applied.
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The calculated diffusivity of boron in the slag phase
D(B) was found to be in the range of 1.12 9 10–9 to
2.92 9 10–8 m2 s�1. These values are also within the
range of boron diffusivity reported in the previous
studies.[18,27,28] Chen et al. reported the value of D(B) of
5.24 9 10–9 m2 s�1 in 37CaO-63SiO2 slag (wt pct) and
8.46 9 10–9 m2 s�1 in 20CaO-17SiO2-63CaCl2 slag
(weight percent), both at temperature of 1723 K.[27]

For a different element, Kim et al. obtained the
diffusivity of sulfur in CaO-MgO-SiO2-Al2O3 slag being
between 3.95 and 4.69 9 10–10 m2 s�1.[19]

The results from this study also show that the
addition Al2O3 in the slag appeared to generally
decrease the overall mobility of boron in the slag phase
(see the averaged boron diffusivity in Table III). This
phenomenon was most likely to be contributed by the
effect of Al2O3 on the slag viscosity and on the structure
of the slag. Although the CaO/SiO2 ratio in the slag was

aimed to kept constant at approximately 0.54, the
addition of alumina could result in the increase of the
viscosity of the slag.[29] The viscosity of the slag with 0,
9, and 16 wt pct of alumina were 1.699, 2.118, and 2.475
P[22] at 1823 K, respectively (calculated using FactSage
software with FToxid solution database). The current
study shows that adding 9 pct Al2O3 into the slag
appeared to decrease the diffusivity of boron in the slag
by around 50 pct, and this was also observed for those
cases when external potential was applied. Furthermore,
the boron diffusivity was observed to further decline by
50 pct in the case of 16 pct Al2O3 in the slag. This finding
is in line with the previous observation by Islam et al.,[9]

which argued that the addition of Al2O3 increased the
viscosity of the slag hindering the molecule mobilities in
the slag phase. Other studies on desulfurization also
showed similar results and reported that slag with lower
Al2O3 with low viscosity would be beneficial from

Fig. 5—Variation of boron (B) concentration in silicon phase with time for Si-B alloy and CaO-SiO2-9 pct Al2O3 slag reaction system at 1823 K
when (a) 0 V, (b) 2 V, (c) 3 V, and (d) 5 V external potential were applied.
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operational perspective, and would be a better refining
agent.[30,31] The addition of Al2O3 into the basic slag was
reported to form [AlO4]-tetrahedra which behave as a
network former, making the microstructure of the slag
more viscous and rigid,[32] hence may reduce the
diffusivity of boron.

On the other hand, there was a clear trend showing
that as the applied potential between the silicon and slag
system increased, the final boron concentration in the
silicon phase is decreased and the reaction rate was
faster. This result is in line with the Le Chatelier’s
principle, which concludes that a change in one of the
variables that describe a system at equilibrium, produces
a new shift in the position of the equilibrium that
counteracts the effect of this change. As illustrated in
Figure 1 before, there are two electrodes immersed in
the two molten phases: (1) the slag phase and (2) the
silicon phase. The liquid silicon acts as an anode and the
liquid slag acts as the cathode. The chemical reactions
for the boron removal are[11]

Bþ 3

2
O2� þ 3

4
SiO2 ¼ BO3�

3

� �
þ Si: ½11�

In the cathode, the reaction is

3

4
SiO2 þ 3e� ¼ 3

4
Siþ 3

2
O2� ½12�

In the anode, the reaction is

Bþ 3O2� ¼ BO3�
3

� �
þ 3e�: ½13�

Referring to Figure 2, the DC power supply was set to
transfer electrons to the liquid slag phase and taking
away electrons from the liquid silicon phase. Based on
reaction 12, the electron supply would increase the
amount of silica reacted and thus, producing more
oxygen. The oxygen molecules are then transferred to
the silicon phase to react with the boron,[17] as shown in
reaction 13. Conversely, shifting the direction of the DC
power supply will result in less boron consumed.
Although this shifting was not carried out in this

Fig. 6—Variation of boron (B) concentration in silicon phase with time for Si-B alloy and CaO-SiO2-16 Al2O3 slag reaction system at 1823 K
when (a) 0 V, (b) 2.5 V, (c) 3.5 V, and (d) 5 V external potential were applied.
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research, the phenomenon was demonstrated by Kim
et al.[19] In addition, by enhancing the equilibrium
condition, greater driving force in the kinetic reaction
existed in the reaction (mathematically explained by LB

variable in Eq. [8]). Therefore, the reaction rate was also
enhanced.

Table III also shows that the instantaneous boron
diffusivity consistently increased with increasing applied
potential. This result demonstrated that applying exter-
nal potential both enhanced the reaction rate and
reduced the equilibrium boron concentration in silicon.

The electrical potential difference (D/s) across the slag
phase that resulted from the applied external potential
(D/) to the system has been calculated using Eq. [8], and
the results are plotted in Figure 7. As mentioned by Lee
and Min,[14] there will be differences between the applied
potential and the actual potential in the system. The
figure indicates that the correlation between the

calculated D/s and the applied external potential
appeared to vary quite linearly (except the data point
at 9 pct Al2O3 for 5 V). It can be seen from Figure 7 that
the effect of alumina on the D/s is quite complex. The
D/s was decreasing with the increase in Al2O3 concen-
tration up to 9 wt pct, but then increased again with
further increase of Al2O3 to 16 wt pct. It is not clear at
the moment (with the limited data available) the reason
for this trend. This may be related to the amphoteric
effect of the Al2O3 on the conductivity of the slag.
Further study correlating the structure of the slags with
their conductivity will be needed to clearly explain the
effect of Al2O3 addition. In general, it has been reported
that the presence of Al2O3 generally decreases the
electrical conductivity of slag.[33] Zhang et al. reported
that for CaO-SiO2Al2O3 slag at 1823 K and CO/
CO2 = 0.2 atmosphere, increasing the ratio of CaO/
Al2O3 has two effects: (1) decreasing the total electricity
conductivity insignificantly at C/A ratio between 0.5 and
1.25 and (2) increasing the total electricity conductivity
at C/A ratio beyond 1.25.[34]

Table III. Parameter Results (km, D(B), and D/s) from Data Fitting to Kinetic Model

Slag Type (Weight Percent) Viscosity, P Applied Voltage, V

Parameter Results

km, m s�1 D(B), m
2 s�1 D/s, V

35CaO-65SiO2 1.699* 0 6.17 9 10–6 1.23 9 10–8

1.85 9 10–8

2.92 9 10–8

2.00 9 10–8

(average)
0

0.0107
0.0205

2
3

32CaO-59SiO2-9Al2O3 2.118* 0 8.19 9 10–9

1.18 9 10–8

1.48 9 10–8

1.70 9 10–8

1.29 9 10–8

(average)
0

0.0047
0.0067
0.0291

2
3
5

30CaO-54SiO2-16Al2O3 2.475* 0 1.12 9 10–9

2.42 9 10–9

4.38 9 10–9

6.87 9 10–9

3.70 9 10–9

(average)
0

0.0174
0.0250
0.0334

2.5
3.5
5

*Calculated using FactSage utilizing FToxid solution database.

Fig. 7—Calculated potential difference across the slag phase (D/s) as
a function of the applied potential (D/) to the system for different
types of CaO-SiO2-Al2O3 slags at 1823 K.

Table IV. Obtained Mass Transfer Coefficient (kos ) with
Different Applied Potentials (D/) for Different Types of

CaO-SiO2-Al2O3 Slags at 1823 K

Sample (Weight Percent) D/, V *ks, m s�1

35CaO-65SiO2 0 2.59 9 10–6

2 3.59 9 10–6

3 4.25 9 10–6

32CaO-59SiO2-9Al2O3 0 1.86 9 10–6

2 2.36 9 10–6

3 2.76 9 10–6

5 3.29 9 10–6

30CaO-54SiO2-16Al2O3 0 1.38 9 10–6

2.5 1.62 9 10–6

3.5 1.86 9 10–6

5 2.53 9 10–6

*Islam et al.[9,16,22]

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 54B, JUNE 2023—1237



B. Correlation Between ks and D/s

In the previous studies, Islam et al.[9,16,22] carried out a
kinetic analysis of the system and reported that the
reaction was controlled by mass transfer of boron in the
slag phase. In these studies, they utilized a slag mass
transfer-controlled kinetic model as shown in Eq. [14]:

VSi

A
:

Ce
B½ �

C0
B½ � þ C0

Bð Þ
:ln

C B½ � � Ce
B½ �

C0
B½ � � Ce

B½ �

 !
¼ �ks:t; ½14�

where ks is the mass transfer coefficient of B in the
slag. Using Eq. [14], ks was calculated from the data
for the different conditions, and the results are pre-
sented in Table IV and Figure 8(a).

One can develop a plot to evaluate how ks varies with
the D/s (calculated potential difference across the slag
phase; calculated in Section III—A). The variation of

the calculated potential (D/s) across the slag phase and
slag-phase mass transfer coefficient (ks) is presented in
Figure 8(b). Similar to Figure 8(a), the plot shows that
the mass transfer coefficient in slag, which determines
the overall reaction rate, increased with increasing
potential difference across the slag. In addition, the
increase of Al2O3 in the slag phase appeared to also
decrease the ks, which is consistent to the trend observed
in Table III.
The slag mass transfer-controlled kinetic model uti-

lized by Islam et al.[9] did not provide a correlation
between the potential difference and ks (nor the boron
concentration in silicon). In the current study, we
attempt to correlate ks with D/s. Let us begin with
Eq. (7) which explains the transfer rate of boron
concentration in silicon phase and the conventional
mass transfer rate from the previous research[9,35]:

dC B½ �
dt

¼ Aks
VSi

C B½ �0
C B½ �e

ðC B½ � � C B½ �e

� � !
: ½15�

As the above two equations have to be equal, we can
input Eq. [16] into Eq. [7], and solve ks with a final
expression as the following (see Appendix III for
detailed derivation):

ks ¼
kmC B½ �eD Bð Þ Lo

Bexp
Fz
RTD/s

� �� �
C B½ �0 � C B½ �e

� �
dkm þ Lo

BD Bð Þexp
Fz
RTD/s

� �� 	 : ½16�

Equations [7] and [8] can be combined and rearranged
into an integrated logarithmic kinetic equation form as
shown in Eq. [17].

Fig. 8—Variation of the slag-phase mass transfer coefficient (ks) calculated using slag mass transfer controlled kinetic model with (a) applied
external potential difference (D/) from Islam et al., and (b) calculated potential difference across the slag (D/s); for the different types of
CaO-SiO2-Al2O3 slags.

Table V. Predicted Mass Transfer Coefficient (ks) with
Different Potential Across the Slag (D/s) and Boron

Diffusivity in the Slag (D(B))

Sample (Weight Percent) D(B), m
2 s�1 D/s, V ks, m s�1

35CaO-65SiO2 1.23 9 10–8 0 1.25 9 10–6

1.85 9 10–8 0.0107 1.28 9 10–6

2.92 9 10–8 0.0205 1.30 9 10–6

32CaO-59SiO2-9Al2O3 8.19 9 10–9 0 1.24 9 10–6

1.18 9 10–8 0.0047 1.27 9 10–6

1.48 9 10–8 0.0067 1.28 9 10–6

1.70 9 10–8 0.0291 1.29 9 10–6

30CaO-54SiO2-16Al2O3 1.12 9 10–9 0 0.91 9 10–6

2.42 9 10–9 0.0174 1.15 9 10–6

4.38 9 10–9 0.0250 1.23 9 10–6

6.87 9 10–9 0.0334 1.27 9 10–6
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YlnZ ¼ �kst; ½17�

where

Y ¼
C B½ �e Lo

Bexp
F:z
RTD/s

� �� �
VSi

Lo
Bexp

Fz
RTD/s

� �
þ VSi

VS
1� Fz

RT
d
LD/s

� �n o
C B½ �0 � C B½ �e

� �
A

½18�

Z ¼
C B½ � Lo

Bexp
Fz
RTD/s

� �
þ VSi

VS
1� Fz

RT
d
LD/s

� �n o
� C0

B½ �
VSi

VS
1� Fz

RT
d
LD/s

� �
C0

B½ � Lo
Bexp

Fzs
RTD/s

� �� 	 :

½19�
Equation [15] can now be used to predict the ks from

the obtained D(B) and D/s presented in Table III and the
results are shown in Table V.

As shown in Table V, the calculated mass transfer
coefficients in the slag (between 1 and 1.3 9 10–6 m s�1)
appeared to be lower compared to those determined
using the general mass transfer kinetic model (Eq. [11]
and Table IV). Nevertheless, they were in the same order
and the trend was quite similar.

Equations [8], [16], and [17] were also applied to other
data published by Wang et al.[17] which studied the
refining of Si-B alloy (300 ppm) with 40CaO-40-
SiO2-20Al2O3 (weight percent) slag at 1773 K and 1

atmosphere using 3 V external potential. In this study,
they utilized a mass ratio of slag to silicon of 5 and
carried out the experiment in an argon atmosphere.
Their data were fitted using the two approaches: (1) the
conventional method of Eq. [11], and (2) the newly
developed models, i.e., Equations [8], [16], and [17]. The
results are presented in Table VI and Fig. 9.
It can be seen from Table VI that the conventional

mass transfer kinetics model (Eq. 14) resulted in the
value of ks of 5.58 9 10–6 m s�1. While the current
model (Eqs. 8, 16, and 17) resulted in the value of ks of
5.16 9 10–6, which provided a slightly lower value but in
the same level of order.
There could be a number of reasons for the discrep-

ancies of the ks calculated using the current model with
that of using the conventional mass transfer model:

(1) An error from the assumption of constant interface
thickness (d) during the reaction. d can change as the
reaction proceed, depending on the flow conditions in
each of the liquid silicon and slag phase. Disturbance
at the interface, leading to interfacial instability and
emulsification of one phase to another, may also oc-
cur. This intense flow around the interface can sig-
nificantly affect the d to the point that the two films
diffusion model is not applicable anymore.

(2) The ks value determined in the previous studies itself
brings its own errors and uncertainty from its
experiments and calculation procedure.

(3) Another sourceof error couldbe fromthevalueofC[B]e

(concentration of B in the silicon at equilibrium) se-
lected for the calculation in kinetics equations. While
this will not affect the fitting of the concentration vs
time, it may affect the value of calculated ks. In the
previous studies by Islam et al. C[B]e was pre-assumed
from equilibrium calculations using FactSage soft-
ware, i.e.,C[B]e = 65 ppm to15.1 mol m�3 for one of
the case.However, the experimental data show that the
boron concentration arrived at a plateau (leveled) at
around 100 ppm after 2700 s, which was higher than
that calculated using FactSage. Appendix IV shows a

Table VI. Results of Wang’s et al.17 Kinetics Data

Processing Using the Two Approaches

Kinetics Model Equation Parameter Value Unit

Conventional
Mass Trans-
fer Kinetics
Model

11 ks 5.58 9 10–6 m s�1

Current Model 8 D(B) 9.53 9 10–9 m2 s�1

8 D/s 0.0678 V
15, 16 ks 5.16 9 10–6 m s�1

Fig. 9—(a) Kinetics data fitting of B concentration in Si with time, with 3 V applied at 1773 K, using Eq. [8], and (b) in an integrated form
using Eq. [15]. Original data were from Wang et al.[17]
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result on calculation that show that different C[B]e

values can affect the calculated ks. Further checking of
Eq. [16] for self-consistency (dimension/unit analysis
and extremity test) is presented in Appendix V.

Overall, as can be seen from Eq. [7], there are many
parameters affecting ks. Slight changes in any of the
parameter in the equation can provide variation to the
results. Nevertheless, there are two major consistent
trends observed from the results: (1) the addition ofAl2O3

to the slag reduced the overall kinetics and (2) at higher
voltage, the mass transfer coefficient was increasing.

The current model was developed assuming a diffu-
sion-controlled model (with diffusion layer at the inter-
face) which assumed that ks is proportional to D(B). It is
very likely that this approach is insufficient due to the
reasons mentioned in Point (1). An approach based on
other mass transfer models (such as surface renewal
model) could be developed to improve the correlation,
which will be the focus of future work by the authors.

IV. CONCLUSIONS

The analysis of kinetics of boron removal from silicon
into slag through electrically enhanced refining, where
external electrical potential was applied, was investigated
in this study. The kinetics analysis was carried out using a
kinetic model (based on the combination of Fick’s first
law of diffusion and Nernst–Planck equations) and built
upon an approach initially utilized by Kim et al. that
incorporate explicitly the voltage difference at the inter-
face in the kinetic equation. The approach was modified
to simultaneously solve the diffusivity of boron in the slag
phase and the interfacial potential difference between the
slag and the silicon. Overall, the key conclusions obtained
from the current study are as follows:

(1) The kinetic model proposed has been successfully
applied and adequately described the kinetics of
boron removal from silicon enhanced by external
electrical potential for two sets of data, i.e., from the
current study (Islam et al.) and from Wang et al.

(2) The addition of external potential difference had a
positive impactonboth, the rateofboronremoval from
silicon and the final boron concentration in silicon.

(3) The addition of Al2O3 in the slag reduced the dif-
fusivity of boron in the slag phase, as well as reduced
the electrical conductivity of the slag.

(4) The calculated potential difference across the slag
phase (D/s) was generally proportional to the ap-
plied external voltage in the system (D/) and on the
slag phase mass transfer coefficient (ks).

(5) The relationship between slag-phase mass transfer
coefficient (ks) and boron diffusivity in the slag
phase (D(B)) and potential difference across the slag
(D/s) was developed.

(6) The slag phase mass transfer coefficient (ks) calcu-
lated using the developed model was found to be
slightly smaller compared to the value calculated

using a conventional mass transfer kinetics model. It
appears that an approach based on other mass
transfer models (such as surface renewal model)
could be developed to improve the correlation.
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APPENDIX

EQUATION DERIVATION: FICK’S FIRST
DIFFUSION LAW

Main equation:

�
dC B½ �
dt

¼ �km
A

VSi
C B½ � � Ci

B½ �

� �
: ½A1�

Considering the driving force on the right-hand side
of the equation:

C B½ � � Ci
B½ �

� �
½A2�

Ci
B½ �

� �
¼

C B½ �dkm þ C Bð ÞD Bð Þ 1� Fz
RT

d
LD/s

� �
dkm þ Lo

BD Bð Þexp
Fz
RTD/s

� � ½A3�

C B½ � � Ci
B½ �

� �
¼ C B½ � �

C B½ �dkm þ C Bð ÞD Bð Þ 1� Fz
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d
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BD Bð Þexp
Fz
RTD/s
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 !
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From the boron mass balance:
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Substitution to main equation:
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Upon integration:
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LIST OF PARAMETERS AND VALUES USED
IN THE EQUATIONS

See Table VII.
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EQUATION DERIVATION: SLAG-CONTROLLED
MASS TRANSFER KINETICS AND FICK’S FIRST

LAW OF DIFFUSION
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Because the mass transfer coefficient is not affected by

time, any point in the sampling data can be used. At
t = 0, C B½ � ¼ C B½ �0.
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EFFECT OF C[B]E ON THE CALCULATED KS

Using error minimization technique, one can back
calculate the value of C[B]e that results in ks with
minimized difference compared to that reported by
Islam et al. as shown in Table VIII. It was found that the
resulting C[B]e was 21.28 mol m�3 with 22 pct error
average. This result shows that different values of C[B]e

can result in better ks fitting.

Table VIII. Recalculated ks with C[B]e = 21.28 mol m
23

Sample (Weight Percent) ks, m s�1 (From Current Model) ks, m s�1 (Reported by Islam et al.*) Errors/Differences (Percent)

35CaO-65SiO2 2.05 9 10–6 *2.59 9 10–6 26
2.11 9 10–6 *3.59 9 10–6 41
2.15 9 10–6 *4.25 9 10–6 50

32CaO-59SiO2-9Al2O3 2.03 9 10–6 *1.86 9 10–6 12
2.09 9 10–6 *2.36 9 10–6 15
2.11 9 10–6 *2.76 9 10–6 24
2.14 9 10–6 *3.29 9 10–6 35

30CaO-54SiO2-16Al2O3 1.41 9 10–6 *1.38 9 10–6 0
1.85 9 10–6 *1.62 9 10–6 14
2.01 9 10–6 *1.86 9 10–6 8
2.09 9 10–6 *2.53 9 10–6 17

Average 22

*Islam et al. [9,16,22]

Table VII. List of Parameters and Values Used in the

Equations

Parameter Value Unit Note

MB 10.81 g mol�1 atom mass of boron
LB

0 0.912698413 standard boron
partitioning

A 0.000103415 m2 interface area
F 96,485 C mol�1 Faraday’s constant
qs 2,573.01 kg m�3 35CaO-65SiO2

2,670.73 kg m�3 32CaO-59SiO2-
9Al2O3

2,735.03 kg m�3 30CaO-55SiO2-
16Al2O3

T 1,823 K temperature
qsilicon 2,503.93 kg m�3 density of silicon
msil 0.002 kg silicon mass
Vsi 7.98743 9 10–7 m3 silicon volume
mslag 0.0036 kg slag mass
Vs 1.39914 9 10–6 m3 slag volume
d 0.0001 m interface thickness
L 0.013529367 m Slag’s depth (V/A)
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DIMENSION ANALYSIS AND EXTREMITY TEST
FOR CHECKING OF EQ. [16]

Dimension/unit checking for Eq. [16] was quickly carried
out. The units of ks, km, C[B]e, D(B), F, z,R,T,D/s, and d are
m
s

� 
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� 
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m3

� 
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h i
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In addition, extremity test can be carried out for zero
value of the interface thickness (d). At this point, there
are no gradients of boron concentration at the interface.
This also means that the reaction is no longer controlled
in the slag phase. Mathematically, this is represented by
constant value of ks as shown in Equation below. In this
equation, the values of D(B) and DFint are no longer
affecting the ks, which is in a good agreement with the
previous explanation.

ks ¼
kmC B½ �e

C B½ �0 � C B½ �e

� � ½A29�

TUBE FURNACE TEMPERATURE PROFILE

The temperature profile measurement of the vertical
tube furnace that was used in the experiment is pre-
sented in Figure A1.
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