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Phosphorus removal from metallurgical grade silicon by CaO-SiO2-CaCl2 slag
treatment, HCl leaching, and vacuum refining was investigated. The effect of
different compositions of slag was evaluated. The calcium concentration in
slag-treated silicon increased with increasing CaO/SiO2 mass ratio of slag,
decreasing the evaporation efficiency of phosphorus in molten silicon. The
total phosphorus removal efficiency changed from 93.0% to 98.3% when the
slag-treated silicon was treated with HCl before vacuum refining. The final
concentration of phosphorus in silicon was 0.43 ppmw. This is because phos-
phorus was removed from metallurgical-grade silicon as follows: Phosphorus
reacts with slag at the silicon/slag interface and forms Ca3(PO4)2 and Ca3P2,
most of which diffuse from the interface to the slag phase. The remaining
Ca3(PO4)2 and Ca3P2 reduce the phosphorus removal efficiency by altering the
activity coefficient of phosphorus in molten silicon. HCl leaching enhanced the
phosphorus removal efficiency by removing the remaining Ca3(PO4)2 and
Ca3P2. Therefore, the mass transfer of phosphorus from metallurgical-grade
silicon was accelerated.

Key words: Metallurgical-grade silicon, slag treatment, acid leaching,
vacuum refining, phosphorus evaporation

Abbreviations
MG-Si Metallurgical-grade silicon
SoG-Si Solar-grade silicon
Si-S 45 wt.% CaO-45 wt.% SiO2-10 wt.%

CaCl2 slag treated MG-Si sample
Si-S-L HCl-leached Si-S sample
Si-S-L-V Vacuum-refined Si-S-L sample
Si-S-V Vacuum-refined Si-S sample
ppmw Parts per million weight

INTRODUCTION

The demand for clean and renewable resources
has been increasing with recent advances in pho-
tovoltaic technology. Metallurgical-grade silicon
(MG-Si, purity 99 wt.%), the raw material for solar
cells, is extensively used in the photovoltaic indus-
try. Therefore, much attention has been paid to
upgrade MG-Si to solar-grade silicon (SoG-Si, purity
99.9999 wt.%) by metallurgical routes.1,2 Previous
studies have shown that most metallic impurities
such as Fe, Al, Ca, Mn, and Ti can be easily removed
by directional solidification, owing to their small
segregation coefficients.3 Nevertheless, boron and
phosphorus, the major nonmetallic impurities in
MG-Si, cannot be effectively removed by directional
solidification because of their relatively large seg-
regation coefficients.4(Received December 21, 2014; accepted October 10, 2015;
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Because phosphorus has a high saturated vapor
pressure in molten silicon (PP = 59,914.43 Pa at
1873 K),5 vacuum refining6 and electron-beam
methods7,8 are excellent for removing phosphorus
from MG-Si; for example, the concentration of
phosphorus was reduced by 0.08 ppmw and
0.07 ppmw,9 respectively. However, the individual
processes have their own limitations, causing a
much higher total concentration of impurities than
the acceptable concentration. Therefore, it is
essential to combine different processes to produce
SoG-Si from MG-Si. In recent years, studies have
combined different processes to remove impurities
with great efficiency. The studies have shown that
pretreatment before phosphorus evaporation sig-
nificantly affects the position and state of phospho-
rus in MG-Si. Solvent refining is one of the most
widely used methods for MG-Si purification. Wang
et al.10 reported that phosphorus was removed
effectively by solvent refining and acid leaching
because of a decrease in the segregation coefficient
of phosphorus in Sn-Si and Al-Si systems. Min and
Sano11 reported that calcium has a great affinity for
phosphorus, indicating that phosphorus probably
formed impurity phases with calcium. Johnston
et al.12 alloyed calcium with silicon to form a minor
phase in order to attract phosphorus, thus removing
the impurities. Ludwig et al.13 studied the effect of
calcium addition on Si-Al alloy in the presence of
phosphorus at different concentrations; calcium
stabilized the state of phosphorus in Si-Al alloy
thermodynamically. However, separation of the al-
loy phases and the purified silicon phase requires
rigorous equipment and consumes high energy.
Another notable process is slag treatment. As a
practical and economical method for removing
impurities, slag treatment has been combined with
a metallurgical route. Calcium-based slag and so-
dium-based slag are most widely used. Several
studies have reported that the basicity of slag,
fluxes, and active reagents affects the removal effi-
ciency of impurities.14–16 Tagaya et al.17 reported
the thermodynamic behavior of phosphorus in CaO-
CaF2-SiO2 and Na2O-CaO-SiO2 systems. Jung
et al.18 reported that the stability of phosphorus in
slag depends on both the basicity of slag and the
solubility of calcium in silicon. Meteleva-Fischer
et al.19 reported that the phosphorus present in the
grain-boundary phase of silicon was removed after
slag treatment, along with most metallic impurities
by acid leaching.

Previous studies on MG-Si purification mostly
involved the removal of impurities by individual or
combined processes. However, the relationship be-
tween process characteristics, the nature of the
microstructure, elemental distribution, and mass
transfer parameters has been rarely investigated.
Therefore, in this study, the effect of slag treatment
and acid leaching on phosphorus evaporation after
vacuum refining was evaluated to better under-
stand the MG-Si purification mechanism for opti-

mizing the removal efficiency of impurities. The
removal efficiency of phosphorus and other impuri-
ties was determined by inductively coupled plasma
atomic emission spectrometry (ICP-AES). Moreover,
each process was studied by scanning electron
microscope/energy dispersive spectroscopy (SEM–
EDS), and elemental distribution was analyzed
using an electron probe microanalyzer (EPMA).
Furthermore, the mechanism of phosphorus re-
moval using the combined processes was also elu-
cidated.

EXPERIMENTAL

Materials

MG-Si with a purity of 99 wt.% was purchased
from Run Xiang Co., Ltd., China. The slag compo-
sitions used in the experiments are listed in Table I.
The slags consisted of analytical-grade CaO powder,
SiO2 powder, and CaCl2 powder; the powders were
mixed thoroughly by mechanical stirring. Reagent-
grade HCl was used in acid leaching experiments.
The reagents were purchased from Sinopharm
Chemical Reagent Co., Ltd.

Methods

Figure 1 shows the purification process of MG-Si
schematically. In the slag treatment experiment, an
intermediate frequency induction melting furnace
with a high-frequency power supply (10 kV) and
heating elements was used. A high-strength and
high-purity graphite crucible was placed inside the
furnace using a carbon holder. Temperature was
measured using a WRe5-WRe26 thermocouple and
controlled within ±10 K. According to the volume of
the crucible and the densities of the slag composi-
tion, the total mass in each group was maintained at
120 g. In the slag treatment experiment, 60 g MG-
Si and 60 g CaO-SiO2-CaCl2 slag were mixed in the
graphite crucible and melted in an argon atmo-
sphere. After the slag treatment, the melt was
cooled down, and the treated silicon was separated
from the slag by mechanical crushing at room tem-
perature. In the vacuum refining experiment, a
vacuum melting furnace was used. Twenty grams of
the preliminarily purified silicon was melted di-
rectly under vacuum. The concentration of phos-
phorus in MG-Si was usually 10–50 ppmw;
therefore, it was difficult to confirm the mass
transfer of a trace amount of phosphorus in MG-Si.
To determine the distribution of phosphorus after
each procedure, a Si-P melt was prepared. First,
100 g MG-Si and 10 g red phosphorus were mixed
and then melted at 1773 K for 30 min. The final
phosphorus concentration was 7777 ppmw. The Si-
P alloy sample was ground and mixed with 45 wt.%
CaO-45 wt.% SiO2-10 wt.% CaCl2 slag (alloy/slag
mass ratio = 1:1). The slag treatment was carried
out at 1923 K for 30 min using the intermediate
frequency inductive furnace. Twenty grams of the
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preliminarily purified silicon was treated with HCl
in a Teflon beaker at room temperature for 12 h
before the vacuum refining. The H+ concentration
was 5 M, and the solid-to-liquid weight ratio was
fixed at 1:10. After acid leaching, the residues were
filtered and washed with deionized water using an
ultrasonic cleaner before the drying. The detailed
experimental parameters are given in Table II.

Analysis

The concentration of impurities in the MG-Si and
Si-P melt was measured by ICP-AES (Optima
2000DV, PerkinElmer Inc., US). The surface mor-
phology of specimens and the composition of pre-
cipitated phases before and after each procedure
were analyzed by SEM–EDS (Cambridge S360,

Cambridge, U.K.). The elemental distribution in the
Si-P melt after slag treatment was analyzed using
an EPMA (JXA-8100, Japan Electronics Co. Ltd.,
Japan). The surface of specimens was analyzed by
x-ray photoelectron spectroscopy (XPS, PHI Quan-
tum 2000, Physical electronics Co. Ltd., USA). The
surface morphology of the slag-treated MG-Si pow-
der before and after acid leaching, and vacuum
refining was observed using SEM (SU70, Hitachi
Co. Ltd., Japan).

RESULTS

Effect of Slag Treatment on Phosphorus
Removal

The effect of slag treatment on phosphorus evap-
oration from MG-Si was evaluated by varying the

Table I. Compositions of CaO-SiO2-CaCl2 slag equilibrated with MG-Si

Series

Initial composition of slag
(wt.%)

CaO/SiO2 Optical basicity Slag/MG-SiCaO SiO2 CaCl2

1 40 50 10 0.8 0.69 1.0
2 45 45 10 1.0 0.75 1.0
3 50 40 10 1.25 0.80 1.0
4 55 35 10 1.57 0.86 1.0
5 60 30 10 2.0 0.90 1.0

Fig. 1. Schematic purification process of MG-Si. (a) The Si-S-V sample was obtained by 45 wt.% CaO-45 wt.% SiO2-10 wt.% CaCl2 slag
treatment and vacuum refining with MG-Si. (b) The Si-S-L-V sample was obtained by 45 wt.% CaO-45 wt.% SiO2-10 wt.% CaCl2 slag treatment,
HCl leaching, and vacuum refining with MG-Si.

Table II. Melting conditions in slag treatment and vacuum refining

Process Melting parameter Value

Slag treatment Treatment temperature (K) 1923
Treatment time (min) 30

Atmosphere Argon
Vacuum refining Refining temperature (K) 1823

Melting time (min) 180
Chamber pressure (Pa) <0.1
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CaO/SiO2 mass ratio from 0.8 to 2.0. The CaCl2
content was fixed at 10 wt.%. Figure 2 shows that
with the increase in CaO/SiO2 mass ratio, the
phosphorus concentration after the slag treatment
first increased and then decreased, reaching a
maximum phosphorus concentration of 26.81 ppmw
when the CaO/SiO2 mass ratio was 1.25. However,
the phosphorus concentration increased with an
increase in the CaO/SiO2 mass ratio in the subse-
quent vacuum refining.

A Si-P melt was prepared to determine the ele-
mental distribution, and its phosphorus concentra-
tion was 7777 ppmw. Based on the Si-P system in
the Si-rich domain,20 the Si-P melt was regarded as
a pure substance because its phosphorus concen-
tration was in the ppmw range. Figure 3 shows the
microstructure of the Si-P sample before and after
the 45 wt.% CaO-45 wt.% SiO2-10 wt.% CaCl2 slag
treatment (Si-P-S) and vacuum refining (Si-P-S-V).
The chemical compositions of different colored pre-
cipitates are shown in Fig. 3. The darker area is the
silicon phase, and the lighter area is the precipi-
tated impurities phase. The EDS quantitative
analysis data and chemical compositions are shown
in Table III. Si-P-Fe based compounds precipitated
in the impurity phase of Si-P melt as shown in
Fig. 3a. Figure 3b shows that calcium accumulated
in the precipitated phase after the slag treatment.
Figure 3c shows another feature of the remaining
Si-Ca-Fe phase. The phosphorus concentration re-
duced substantially, below the detection limit, after
vacuum refining.

The full XPS spectra of the Si-P and Si-P-S sam-
ples are shown in Fig. 4a to determine if Ca-P-con-
taining compounds existed after slag treatment. As

shown in Fig. 4a, the appearance of the Ca peak in
the Si-P-S sample was different from that in the Si-
P sample. The corresponding P 2p peaks of the Si-P
and Si-P-S sample are shown in Fig. 4b. Before the
slag treatment, the P 2p peak of the Si-P sample
was located at 133.0 eV, whereas the P 2p peak of
the Si-P-S sample could be deconvoluted into two
separate peaks. The most intense peak was located
at 133.0 eV and the second intense peak was cen-
tered at 136.2 eV, thus shifting the peak to a higher
binding energy. This indicates the P-O bonding in
PO43�; therefore, some amount of phosphorus may
have been oxidized to Ca3(PO4)2.

To better investigate the elemental distribution of
the Si-P sample, the EPMA mapping images were
recorded. The distribution of Si, Ca, O, and P in Si-P
melt after the slag treatment is shown in Fig. 5.
Notably, parts of P-rich position overlapped with
the Ca and O-rich positions after slag treatment of
the Si-P melt. This is consistent with the results of
XPS analysis; thus, Ca-P-containing compounds
were formed after treating with 45 wt.% CaO-
45 wt.% SiO2-10 wt.% CaCl2 slag.

Effect of Acid Leaching on Phosphorus
Removal in Slag-Treated MG-Si

In this study, an additional MG-Si acid leaching
experiment was conducted for slag-treated MG-Si
before vacuum refining. Shimpo and Morita
et al.21,22 reported that the addition of calcium im-
proved the removal efficiency of phosphorus in sili-
con via acid leaching. Unlike Shimpo’s work, in this
study, the calcium was derived from Ca-based slag
treatment instead of adding to MG-Si directly. The

Fig. 2. Relationship between CaO/SiO2 mass ratio and phosphorus concentration after CaO-SiO2-CaCl2 slag treatment and subsequent vacuum
refining.
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effect of acid leaching on the impurity removal
efficiency RE and the total impurity removal effi-
ciency RT was investigated, and the results are
shown in Fig. 6. Here, the impurity removal effi-
ciency RE and the total impurity removal efficiency
RT are defined as Eqs. 1 and 2, respectively.

RE ¼ 1� remaining element concentration in purified Si

element concentration in raw MG�Si

� �

�100%

ð1Þ

Fig. 3. Microstructure of the precipitated phase in (a) Si-P, (b) Si-P-S and (c) Si-P-S-V, and the corresponding EDS analysis.

Table III. EDS quantitative analysis and chemical composition of the impurity phase

Samples

Major element/atomic percent

Composition of phaseSi P Ca Fe Mn Ni

Si-P 42.28 30 – 6.02 0.61 0.33 Si-P-Fe
Si-P-S 69.61 8.87 0.25 8.26 1.05 0.44 Si-P-Fe-Mn
Si-P-S-V 71.39 – 21.82 5.27 0.21 0.15 Si-Ca-Fe

– indicates a concentration below the detection limit.
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RT ¼ 1� remaining total impurities concentration in purified Si

total impurities concentration in raw MG�Si

� �

�100%

ð2Þ

Figure 6 shows the effect of acid leaching on the
total removal efficiency of each impurity. The cal-
cium introduced by calcium-based slag was effec-
tively removed after the acid leaching and the Rca

value increased from 74.9% to 99.2%. Moreover, the
phosphorus concentration decreased from
0.86 ppmw to 0.43 ppmw, whereas the RP value
increased from 93.0% to 98.3%. It was beneficial for
removing all other impurities, particularly Fe, Al,
and Ti. Table IV shows the major impurity concen-
trations after each procedure.

Morphology and Elemental Distribution
of MG-Si for Each Process

Figure 7 shows the morphologies of the milled
powder and polished surface of MG-Si after the slag
treatment, acid leaching, and vacuum refining.
Figure 7a shows some residues on the surface of
slag-treated Si powders, and the residue consists of
Si, Ca, O, and Cl, the same as in the CaO-SiO2-
CaCl2 slag composition. Thus, it can be concluded
that the residue originated from the slag. Moreover,
numerous scrapes and grooves were observed on the
surface of MG-Si after the slag treatment. This
change can be attributed to the rapid temperature
change, resulting in large stresses. This caused
many cracks and defects along the grain boundaries
and produced some scrapes. Therefore, the impuri-
ties were exposed on the surface of silicon, which
was beneficial for removing them using acid leach-

Fig. 4. (a) Full XPS spectra and (b) P 2p (124–144 eV) regions of
Si-P and Si-P-S samples.

Fig. 5. Distribution of Si, Ca, P, and O in the impurity phase from 45 wt.% CaO-45 wt.% SiO2-10 wt.% CaCl2 slag-treated Si-P melt.
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ing. The EDS quantitative analysis of the polished
surface showed that the main precipitated phase
was the Si-Ca-Fe-Mn phase. After the acid leaching,
the surface of MG-Si particles was cleaner than the
slag-refined silicon, as shown in Fig. 7b. The
amount of metallic impurities, namely, Ca, Ti, Mn,
Fe, and Ni, was less than that of the slag-treated
silicon. This indicates that the acid leaching was
effective for removing the metallic impurities ex-
posed on the grain surface. The acid-leached MG-Si
powders were remelted under vacuum. As shown in

Fig. 7c, vacuum refining was effective for removing
calcium, which has a larger saturated pressure than
silicon. Furthermore, the Si-Fe phase was the main
precipitated phase.

DISCUSSION

Mass Transfer of Phosphorus During Slag
Treatment

The removal of phosphorus from silicon by slag
treatment is a complex process, and the main

Fig. 6. Effect of HCl leaching on the total removal efficiency of each impurity elements in MG-Si. The leaching experiments were carried out on
the<149 lm fraction of MG-Si after slag treatment with 5 M HCl at room temperature for 12 h.

Table IV. Leaching results for each procedure

MG-Si Slag treatment Acid leaching Vacuum refining

P concentration (ppmw) 25.27 23.94 20.73 0.43
Total impurities concentration (ppmw) 2240.54 4617.81 1665.9 613.74
P removal efficiency (%) – 5.26 17.97 98.30
Total removal efficiency (%) – – 25.65 72.61
Purity (%) 99.7759 99.5382 99.8334 99.9386

Table V. Possible reactions of phosphorus during CaO-based slag treatment

Reactions DG (J/mol) Temp. (K) References Equation no.

(SiO2) = (Si) + O2(g) 947,434 � 201T 1723–1823 23 3
(CaO) + 0.5[Si] = 0.5(SiO2) + [Ca] 156,000 � 20T 1823/1873 24 4
0.5P2(g) = [P] �139,000 + 43T 1723–1848 25 5
Oxidation

2[P] + 2.5O2(g) = (P2O5) �1,499,597 + 571T 1823–1923 26 6
2[P] + (SiO2) = (P2O5) + (Si) 915,720 � 88.3T 1773–1873 27 7
0.5P2(g) + 1.25O2(g) + 1.5CaO = 0.5(Ca3(PO4)2) �1,084,106 + 278T 1773 28 8

Reduction
2P2(g) + (CaO) = (Ca3P2) + 3O2(g) 608,261 � 43T 1723–1823 23 9

[], (), and (g) represent the metal, slag, and gas phases, respectively.
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mechanism involved is oxidation reaction, which
has not yet been clarified. In this study, the removal
mechanism was elucidated. We assume that phos-
phorus was first oxidized or reduced at the silicon/
slag interface and then transferred into the slag
phase during slag treatment. The possible reactions

reported by several studies are shown in Table V,
and the corresponding mechanisms are as follows:

The possibility of phosphorus removal by oxidation
was evaluated. Slag treatment usually removes impu-
rities by oxidation. In general, the phosphorus present
in the molten silicon is first oxidized in the slag phase as

Fig. 7. SEM images of the milled particles and polished surface of the three varieties of refined MG-Si: (a) Si-S; (b) Si-S-L; and (c) Si-S-L-V.
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P2O5 and then reacts with CaO to form Ca3(PO4)2, as
expressed by Eqs. 3–9. Notably, the affinity between
Ca and O2 is stronger than that between Mg, Al, Si, Mn,
P, and Fe, according to the Ellingham diagram for
oxide.29 Therefore, it is more likely that phosphorus
oxidation occurred along with silicon oxidation. This
indicates that oxidation may not be the only method to
remove phosphorus impurity, consistent with that re-
ported by Jung et al.27 Dephosphorization rarely occurs
because the Gibbs energy of forming P2O5 is strongly
positive.

The possibility of phosphorus removal by reduc-
tion was also evaluated. The partial pressure of
oxygen corresponding to the Si/SiO2 equilibrium
between the slag and silicon at the interface was
determined by the silicothermic reduction reaction
(4). Because calcium has a small activity in liquid
silicon and SiO2 is more stable than CaO, reaction
(4) is possible through the contact of silicon and the
slag. The general reaction between phosphorus (in
the form of P2(g)) and other impurity elements can
be expressed as Eq. 10 (M = Ca, Fe, Al, etc.).

2x=y M½ � þ P2 gð Þ ¼ 2=y MxPy

� �
: ð10Þ

The Gibbs free energy changes for the possible
reaction of P2 in molten silicon in the range of 1273–
2273 K are shown in Fig. 8. The calculations were
carried out using the HSC Chemistry version 7.0 soft-
ware (Outokumpu Research Oy, Pori, Finland). Among

the seven possible reactions shown in Fig. 7, there were
two reactions that had a high negative DG at 1923 K:

Ca½ � þ P2 gð Þ ! Ca3P2 ð11Þ

Mg½ � þ P2 gð Þ ! Mg3P2: ð12Þ

Thus, it can be concluded that Ca and Mg have
great potential for forming phosphide during the slag
treatment. However, MG-Si has a low concentration
of Mg; therefore, reaction (12) can be ignored.

Mass Transfer of Phosphorus During Acid
Leaching Process

Jung et al.18 reported that the calcium concentration
in silicon increased with increasing CaO activity, and
Ca-P compounds can be removed by acid leaching.
Fang et al.30 reported that HCl showed a good phos-
phorus removal efficiency for slag-treated MG-Si. In
this study, acid leaching was carried out using HCl at
room temperature for slag-treated MG-Si before the
vacuum refining. The removal efficiencies of calcium
and phosphorus were found to be 67.0% and 13.4%,
respectively. Although the phosphorus concentration
was low, it was confirmed that an amount of Ca-P-
containing compound was removed by acid leaching.
Most of the calcium reacts with Si to form CaSi2, which
is acid soluble. This can be explained by the leaching
mechanism as follows:

The removal of impurities from MG-Si by treating
with HCl can be expressed by Eqs. 13–15.

Fig. 7. continued.
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Ca3 PO4ð Þ2 sð Þ þ 6HCl aq:ð Þ ¼ 3CaCl2 lð Þ þ 2H3PO4 lð Þ;
ð13Þ

Ca3P2 sð Þ þ 12HCl aq:ð Þ ¼ 3CaCl2 lð Þ þ 2PCl3 lð Þ
þ 6H2 gð Þ;

ð14Þ

2CaSi2 xFe; yAlð Þ sð Þ þ 4xþ 6yþ 20ð ÞHCl aq:ð Þ
¼ 2CaCl2 lð Þ þ 4SiCl4 lð Þ þ 2xFeCl2 lð Þ
þ 2yAlCl3 lð Þ þ 2xþ 3yþ 10ð ÞH2 gð Þ:

ð15Þ

Moreover, based on the cracking shrinking mod-
el,31 HCl has a cracking effect on MG-Si. The pre-
liminary refined silicon was beneficial for vacuum
refining in the powdered form, thus facilitating
phosphorus evaporation. Therefore, acid leaching
may be effective for removing phosphorus.

Mass Transfer of Phosphorus During Vacuum
Refining

During vacuum refining, the phosphorus present
in the silicon melt was transferred from the melt to
the gas phase. First, the phosphorus was trans-
ferred from the melt to the melt surface. Then, the
phosphorus was evaporated from the melt in the
liquid/gas interface. Finally, the phosphorus was
removed from the interface in the gas phase and
extracted by the vacuum system.

Phosphorus Transportation from the Melt to the
Boundary Layer

Considering that the silicon melt or droplet was
subjected to electromagnetic stirring, Machlin’s ri-
gid flow theory32 can be applied to describe the mass

transfer of phosphorus in molten silicon. The mass
transfer coefficient of phosphorus under convection
condition can be expressed as follows:

KD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8DVm

pr

r
; ð16Þ

where D is the diffusion coefficient of phosphorus in
the molten silicon (D = 2 9 10�7 exp(�17,700/
RT) m2/s33), Vm is the average surface velocity of the
melt (Vm = 0.182 m/s34), R is the universal gas
constant (R = 8.134 J/mol K), and r is the melt ra-
dius (r = 0.095 m35). KD was taken as a constant
when the temperature reached 1823 K and calcu-
lated as KD = 1.01 9 10�3 m/s.

Phosphorus Evaporation from the Melt into the Gas
Phase

The dephosphorization reaction follows first-order
kinetics. The evaporation mass transfer coefficient
KE can be expressed using Eq. 17.36

KE ¼
100PacP in Si exp � DG0

RT

� �
qSi

ffiffiffiffiffiffiffiffiffiffiffiffiffi
MP

2pRT

r
; ð17Þ

where Pa is the atmospheric pressure (Pa =
101,325 Pa), DG0 is the Gibbs energy change of
phosphorus from the melt into the gas phase (DG0 =
387,000–103T J/mol), T is the temperature (T =
1823 K), qSi is the density of Si (qSi = 2500 kg/m3),
MP is the molar mass of phosphorus (MP = 3.097 9
10�2 kg/mol) and cP in Si is the activity coefficient of
phosphorus in the molten silicon as expressed using
Eq. 18, taken as 1 in theoretical simulation, KE was
taken as a function of cP in Si when the temperature
reached 1823 K, and was calculated as KE =
4.516 9 10�6 cP in Si m/s.

ln cP in Si ¼ ln c0
P in Si þ eP

P in SixP in Si þ eCa
P in SixP in Si;

ð18Þ

where c0
P in Si is the activity coefficient of silicon in

the molten calcium at infinite dilution relative to
pure liquid silicon, eP

P in Si is the self-interaction
parameter of phosphorus in molten silicon, and
eCa
P in Si is the interaction parameter between calcium

and phosphorus in molten silicon.
Thus, the overall mass transfer coefficient of

phosphorus, KP (m/s), can be calculated using
Eq. 19. Because the KP is proportional to KE, KP

increased with the increase in cP in Si.

1

KP
¼ 1

KD
þ 1

KE
: ð19Þ

The evaporation of phosphorus follows first-order
kinetics. The impurity concentration in the liquid
phase can be expressed as a function of the melting
time t(s) as follows:

Fig. 8. Standard Gibbs free energy changes in phosphide for the
impurities in MG-Si at a temperature of 1273–2273 K.
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dWp

dt
¼ �A

V
KPWP; ð20Þ

where V (m3) is the volume, A (m2) is the melt
surface, WP is the mass percentage of phosphorus in
the molten silicon at t = 0 s and t = t s. Rearranging
Eq. 20, the following expression can be obtained.
Therefore, the concentration of phosphorus is time-
variant when A, V and KP were taken as constants.

WPt

WP0
¼ exp �A

V
KPðt� t0Þ

	 

: ð21Þ

Comparison of the Experimental and Simulation
Results of Phosphorus Removal

To validate the effects of slag treatment and acid
leaching on the phosphorus evaporation in MG-Si,
comparison experiments were carried out by melt-
ing the MG-Si sample, 45 wt.% CaO-45 wt.% SiO2-
10 wt.% CaCl2 slag-treated MG-Si sample (Si-S) and
HCl-treated Si-S sample (Si-S-L) under vacuum
with varying time.

As shown in Fig. 9, the experimental results show
a similar trend as the simulation curve. The evap-
oration potential of phosphorus in MG-Si was found
to be greater than Si-S-L and Si-S when the refining
time was fixed at 180 min, and the concentrations of
phosphorus in MG-Si, Si-S-L, and Si-S were
0.21 ppmw, 0.43 ppmw, and 0.92 ppmw, respec-
tively. According to the above analysis and discus-
sion, a large amount of calcium was recovered from
the CaO in the silicon melt after the slag treatment.
Miki et al. reported that calcium affected the
activity of phosphorus in MG-Si.25 Equation 18
shows that cP in Si first decreased with the increase
in calcium concentration in molten silicon and then

affected the evaporation of phosphorus from molten
silicon. The phosphorus evaporation efficiency de-
creased with the increase in CaO/SiO2 mass ratio,
as shown in Fig. 2. This indicates that an increase
in the calcium concentration in MG-Si will decrease
the phosphorus evaporation potential. Therefore,
MG-Si has an optimum phosphorus evaporation
potential, whereas the evaporation potential of Si-S
was the worst. The experimental data for MG-Si
agreed well with the simulation curve. The experi-
mental data of Si-S-L lay between that of MG-Si and
Si-S. This is because Ca-P-containing compounds
were removed by acid leaching, thus facilitating
phosphorus evaporation. The experimental data fit
well with the theoretical prediction.

CONCLUSIONS

A purification process for MG-Si was developed by
combining CaO-SiO2-CaCl2 slag treatment, HCl
leaching, and vacuum refining. The results show
that the evaporation efficiency of phosphorus de-
creased with an increase in the CaO/SiO2 mass ra-
tio. Some amount of phosphorus was found to
concentrate in the Ca-rich area, indicating that the
phosphorus in MG-Si existed in the form of
Ca3(PO4)2 and Ca3P2 after the slag treatment. Be-
cause the calcium present in the molten silicon de-
creased the evaporation ability of phosphorus by
decreasing the activity coefficient of phosphorus,
Ca3(PO4)2 and Ca3P2 were removed by treating with
acid before the vacuum refining. The total calcium
removal efficiency increased from 74.9% to 99.2%,
and the phosphorus concentration decreased from
25.27 ppmw to 0.43 ppmw. The total phosphorus
removal efficiency increased from 93.0% to 98.3%.
Moreover, acid leaching was beneficial for evapo-
rating phosphorus from MG-Si in powdered form.
The evaporation potential of phosphorus in MG-Si,
Si-S, and Si-S-L samples was evaluated under vac-
uum. The experimental results show a similar trend
as the theoretical simulation curve, and the evapo-
ration efficiency of MG-Si was higher than those of
Si-S-L and Si-S samples.
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