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Abstract: The stable separation of P from metallurgical-grade silicon (MG-Si) was achieved by introducing a micro
negative-pressure (MNP) environment with oxidative ladle refining. The average relative removal efficiency of P was
increased from —1.9428% to 21.7638% with the introduction of MNP environment. During MNP oxidative ladle
refining (MNPOLR), P was not enriched in slag and instead was separated via gas phase transfer. Despite the low
boiling point of P and its highly saturated vapor pressure, the volatilization of P was controlled by gas diffusion during
conventional oxidative ladle refining. The continuous separation of fume via MNPOLR weakened the diffusion
resistance of P in the gas phase, efficiently separating P from MG-Si. Therefore, MNPOLR is an effective P separation

technique that can be widely applied.
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1 Introduction

Metallurgical-grade silicon (MG-Si) is the
main basic material in the silicon industry chain.
Phosphorus (P), a nonmetallic impurity, exerts a
significant toxic effect on the production of solar-
grade silicon [1] and organosilicon monomer [2].
P removal is necessary before MG-Si enters
downstream operations. The only purification
process that MG-Si has thus far undergone before
entering downstream operations is referred to as
oxidative ladle refining (OLR), which occurs during
the production of MG-Si.

An electric furnace is widely regarded as the
equipment primarily used for the production of

MG-Si. By adding the carbonic reducing agents and
silica into the furnace, crude MG-Si melt (C-MG-Si)
with high impurity content can be produced. The
C-MG-Si in the furnace is then put into a ladle
outside the furnace for OLR, which is purified by
blowing a mixture of oxygen (O) and air from the
bottom of the ladle. A small amount of slagging
agent is then occasionally added during the process.
Therefore, OLR combines the characteristics of
both blowing and slag refining technologies:
Blowing refining is the basis of OLR. O in the
mixed refining medium reacts preferentially with
Ca, Al, and Si in the C-MG-Si melt to form oxides
(Ca0O, AlLOs, and Si0O;), which accomplishes
the preliminary separation of Ca and Al [3.4].
Meanwhile, the obtained oxidation products (CaO,
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AlOs, and SiO,, etc.) and slagging agents form
multiple slag phases (e.g., the Si0,—CaO—Al,Os
slag phase). Differences in viscosity and special
interfacial tension occurred between the slag and
the Si melt. With the balanced distribution of
impurities in the two phases, Ca, Al, and other
impurities were ultimately separated from C-MG-
Si [5—7]. However, OLR is only effective for easily
oxidized elements in C-MG-Si (Ca, Al, Mg, etc.)
and almost ineffective for elements that are difficult
to oxidize, such as P, which cannot be separated by
OLR and then eventually deposited in MG-Si
products [8]. This phenomenon is evidently not
conducive to downstream material production, and
the OLR process in MG-Si production needs to be
optimized.

Currently, published research results on basic
purification technologies mainly include blowing

refining [9], slagging refining [10], vacuum
refining [11], alloy refining [12], directional
solidification [13], and acid leaching [14].

Simultaneously, the combination of two or more
basic techniques is an important direction for
refining technology optimization. Compared with
individual methods, the combined technique
provides more general adaptability to impurities
and has received extensive research interest.
Combined techniques, such as blowing refining +
slagging refining [15,16] and alloy refining +
(blowing refining [17], slagging refining [18], acid
leaching [19], directional solidification [20]) have
achieved higher impurity efficiency.
Among the basic purification techniques, vacuum
refining can enhance the separation of P without
additives and auxiliary treatment. The advantages
of vacuum refining are necessary for the
optimization of OLR. To reduce the cost of

removal
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obtaining vacuum conditions and adapt to the
industrial production of enterprises, a new
combination technology with a broad application
prospect is proposed in this study. This approach
introduces micro negative pressure into OLR to
realize the separation of P from MG-Si.

2 Experimental

2.1 Experimental materials and processes

The OLR process is illustrated in Fig. 1(a).
Crude-metallurgical grade silicon (C-MG-Si)
generated in the electric furnace was placed into the
ladle, and a mixture of air and oxygen (O,) was
blown in from the bottom of the ladle. MG-Si
products and refining slag were obtained after
refining. Figures 1(b) and 1(c) present the
schematics of conventional OLR (COLR) and
micro  negative-pressure  OLR  (MNPOLR),
respectively. With the MNPOLR method, fume is
generated, moves toward the hood, and is collected
by the cyclone dust collector. This process not only
produces a cleaner production environment but also
an MNP environment with pressure close to but less
than the atmospheric pressure above the melt.

The concentration of P in MG-Si is a key index
of product quality; thus, the separation behavior of
P under with COLR and MNPOLR methods was
systematically analyzed. As shown in Fig. 2, five
consecutive batches of C-MG-Si, MG-Si, and
refining slag from COLR and MNPOLR are
obtained during the normal production of MG-Si.
The mass of the samples is similar from batch to
batch, remaining between 1.00 and 1.15 kg. During
sampling, no slagging agent was used, and the
blowing volume and time were controlled within
a stable range of values. To ensure the uniformity

Cyclone dust
collection

Petticoat pipe
P 2<P 1 S}:)atm

Si melt
slag
O,+air

Fig. 1 Schematic of oxidative ladle refining process: (a) Flowchart of oxidative ladle refining; (b) Conventional

oxidative ladle refining; (c) Micro negative-pressure oxidative ladle refining
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Fig. 2 Graph of sampling results

of sampling, C-MG-Si and MG-Si in liquid were
directly obtained in the initial and final stages of
refining by using a sampling spoon because of the
nonuniformity attributed to component segregation
in solid Si material.

2.2 Sample characterization and analysis

The experimental raw materials were
precrushed, and the samples were ground with a
ball mill. The P concentrations in C-MG-Si, MG-Si,
and refining slag were quantitatively analyzed by
X-ray fluorescence (XRF, ZKS100E, Japan). The P
concentrations in different types (=1, 2, 3, 4, 5) of
C-MG-Si (CF), MG-Si (C), and slag (C)) were
determined from the characterization results.

First, the average P concentration indices in
C-MG-Si (C*) and MG-Si (C*®) were calculated by
comparing the characteristics of P in five types of
COLR and MNPOLR materials:

o 18 CE+CS +CS +C5 +CE
Cc__ZCjczl 2 3 4 5 (1)
55 5
O Cr+Cr+Cl+C}+CE
CdRzng;{: 1 2 53 4 5 (2)
j=1

Second, the relative removal efficiency (E))
indices of P in different types of materials during
COLR and MNPOLR were calculated. Meanwhile,
the average relative removal efficiency (£*) indices
of P under the two processes were determined:

C R

E; =——Lx100% 3)
Cj

> E +E,+E,+E, +E;

E, =
K ;

Finally, the distribution coefficient (D) of P
between slag and MG-Si is an important basis for
evaluating the mechanism of impurity separation,
given that MG-Si and slag were obtained after
refining C-MG-Si. The distribution coefficient (D))
of P in different batches of COLR and MNPOLR
materials was calculated, and the average
distribution coefficient (D*) of P under the two
processes was also determined:

E* =

1
3 4)

C R

DJZC//C./ 5)
5

Da:%ZD./=D1+D2+D53+D4+D5 6)

j=1
3 Results and discussion

3.1 Effect of micro negative-pressure oxidative

ladle refining on separation of P

First, the concentrations of P in C-MG-Si and
MG-Si processed using COLR and MNPOLR were
statistically analyzed. As shown in Fig. 3(a), the
concentration of P in MG-Si was generally
increased relative to that in C-MG-Si after COLR.
To obtain reliable comparison results, the average
concentrations of P in C-MG-Si and MG-Si during
COLR were calculated based on the experiment.
The results revealed that the average concentration
of P in C-MG-Si before COLR was 0.0077 wt.%,
and that in MG-Si after COLR was 0.0078 wt.%.
This small difference implies that COLR generally
does not affect P concentration in MG-Si. Similarly,
Fig. 3(b) shows the variation in the concentration of
P during MNPOLR; in general, the concentration
of P in MG-Si was decreased relative to that in
C-MG-Si. Meanwhile, the calculated average
concentration of P in C-MG-Si before MNPOLR
was 0.0218 wt.%, and that in MG-Si after
MNPOLR was reduced to 0.0155 wt.%. In contrast
to COLR, MNPOLR significantly reduced the
concentration of P in MG-Si.

To intuitively observe the difference in P
separation between two technologies, the relative
removal efficiency of P in each batch of materials
was determined; the calculation results are shown in
Fig. 4. With COLR, the relative removal efficiency
of P ranged from —9.2814% to 8.7087%; that in
Batches 1-3 was less than 0%, whereas that in
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Batches 4 and 5 exceeded 0% but was less than
10%, indicating that P was deposited in MG-Si in
general. The average relative removal efficiency of
P was —1.9428%, indicating that P was difficult to
separate from C-MG-Si during COLR and P was
slightly enriched in MG-Si after COLR. After the
introduction of an MNP, the relative removal
efficiency of P was distributed between —31.6901%
and 54.6980%. A negative removal efficiency
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Fig. 3 Effect of oxidative ladle refining on impurity
concentration in MG-Si: (a) Conventional oxidative ladle
refining; (b) Micro negative-pressure oxidative ladle
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Fig. 4 Effect of micro negative pressure on removal
efficiency of P during oxidation ladle refining

(—31.6901%) was exhibited only in Batch 3; the
relative removal efficiency of P in the other four
batches exceeded 20%. In general, the average
relative removal efficiency of P reached 21.7638%,
which was 23.7066% higher than that under COLR,
realizing the breakthrough of P from impossible to
effective separation.

3.2 Distribution characteristics of P between slag

and MG-Si

In Section 3.1, relative separation efficiency
indices of P with COLR and MNPOLR are
determined by comparing C-MG-Si with MG-Si.
However, in addition to MG-Si, the refining slag is
also a major product derived from C-MG-Si after
OLR. The distribution coefficient of P between Slag
and MG-Si is an important basis for determining
the mechanism of P separation. Before the
distribution coefficient analysis, the properties of
slags produced with the two processes had to be
statistically analyzed. LI et al [21] evaluated the
effects of different compositions and basicity on the
distribution coefficient of P. The result in Eq. (7)
shows that an increase in basicity (B) could
increase the capacities of P (C, or) in slag, but
the separation of P from Si melt was difficult to
achieve.

InC

N
PO}

=79.9B+10.9 (7)

In the current study, the XRF characterization
results revealed that the average concentrations of
Al and Ca in the slags produced by COLR and
MNPOLR were determined from the experiment.
As shown in Table 1, the average concentrations of
Al and Ca with COLR and MNPOLR are 5.3800
and 23.9716 wt.%, respectively, and 6.7918 and
21.7164 wt.%, respectively. Owing to a small
amount of impurities and inclusion Si retained
in slag, the total amount is usually lower than
15 wt.% [22]. Thus, the basicity of the slag (B)
produced with the two methods is calculated using
Eq. (8), where w is the mass of the corresponding
oxide, and ¢ is the total amount of the Si inclusion
and other impurities and its value ranges from 0 to
15 wt.%. The calculation results show (Table 1) that
the basicity of the slag produced by COLR ranged
from 0.5963 to 0.8130 and that by MNPOLR
ranged from 0.5355 to 0.7279. Moreover, the
introduction of micro negative pressure reduced the
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basicity of the slag phase.

B = Ycao _ Weao (8)
Wsio, 100—=We,0 =Wy 0, —€

Table 1 Average concentrations of Al and Ca and

basicity of slag
Sample Concentration Concentration Basicity
of Al/wt.% of Ca/wt.%
COLR 5.3800 23.9716  0.5963-0.8130
MNPOLR 6.7918 21.7164  0.5355-0.7279

The calculation results of the distribution
coefficients of P between Slag and MG-Si are
shown in Fig.5. The distribution coefficients
of P in all MNPOLR samples were smaller than
those in COLR samples. The average distribution
coefficients of P in the COLR and MNPOLR
samples were 0.9529 and 0.0962, respectively.
These results indicate that the dissolution of P
in the slag was reduced after MNPOLR, and the
concentration of P that remained in the MG-Si melt
was higher than that in the slag at the equilibrium P
concentration between the slag and MG-Si. The
distribution behavior of P matched the composition
characteristics of the slag. The MNP environment
reduced the basicity of slag, leading to a decrease in
the dissolved amount of P in the slag, which was
consistent with the conclusion of LI et al [21].
However, this outcome did not match the removal
efficiency of P, particularly the enhanced separation
of P in the MNPOLR sample; the residual amount
of P in MG-Si decreased, and the enrichment ratio
of P in the slag should be increased theoretically.
The distribution coefficient of P in the MNPOLR
sample was expected to exceed 1, considering that
the slag yield during the production of MG-Si was
less than 10% of the MG-Si yield but instead
was only 0.0962. Errors in the system were
systematically resolved; the only error source
identified in the experiment was the fume that could
not be collected completely and independently.
Therefore, the enhanced removal of P in the MNP
environment was mainly attributed to P, together
with the fume via the gas phase, with the following
considered: the removal efficiency of P in the
MNPOLR samples, the composition characteristics
of the slag phase, and the distribution results of P
between the slag and MG-Si.

3
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Fig. 5 Effect of oxidative ladle refining on P distribution
in slag/MG-Si phase

3.3 Enhanced separation mechanism of P

On the basis of the results and discussion in
Sections 3.1 and 3.2, the introduction of an MNP
environment promoted the separation of P from
MG-Si, and the distribution characteristics of P
indicated that P was mainly separated via gas
phase transport rather than being enriched in slag.
To further determine the enhanced separation
mechanism of P in the MNP, the dominant
thermodynamic characteristics of P and the kinetic
behavior of P separation under OLR conditions
were fully discussed. The temperature of oxidative
refining typically ranges from 1773 to 2273 K, and
the composition of C-MG-Si could be simplified to
the Si—Ca—Al-Fe—P five-element system under the
assumption that O, is sufficient in the system. As
shown in Fig. 6, the Gibbs free energy of formation
of all types of oxidative products that may be
generated by P in the Si—Ca—Al—Fe—P system was
calculated by the reaction module in FactSage,
under the standard condition of 1 mol P. The Gibbs
free energy of all oxidative products of P is less
than —100 kJ/mol, indicating that all oxidative
products of P can be generated under refining
conditions, with CasP»Si,016 being the most stable
and most likely to be generated.

Owing to a large amount of Si in the refining
system, excess Si is always present in the reaction.
The calculation standard Gibbs free energy change
under the same oxygen standard, which is usually
fundamental and ignores the formation of other
oxides and the interactions between components in
complex systems. As shown in Fig. 7 the stable
equilibrium composition of the 90Si—4Ca—3Al—
2Fe—1P+200; system at temperatures ranging from



Xiao-cong DENG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 1296—1304

(a)

b, S —'

~s00 A

3 X :—ﬂ\—AlPOl
S 13AIP.O,
|—b— 1/2P,SiO,
—A— 1/4P,Si,0,
—®»—1/2CaP,0,
—@— 1/4CaP,0,,
—+—1/2Ca,P,0,

—><¢—1/6Ca,P,O,,

2
256
3
7

=1000 f

—¥—1/2Ca,P,0,
1/2Ca,P,0,
—+—1/6Ca,P,O,,
—&— 1/2Ca,P,SiO,,
—&— 1/2Ca,P,Si,0,,
—&— 1/2FeP,0,
—F— 1/2F¢,P,0,
—&—1/6Fe,P,0,,
—&— 1/2Fe,P,0,
—— 12Fe,P,0,,
—O— 1/6Fe PO,
—A— 1/6Fe PO,
—O— 1/6Fe, PO,
—o— 1/2Fe, P,0,,
——48i0,

2400

-1500

\

AG®/(kJ-mol™)

AG®/(kJ+mol™)

—2000

2500 +

1/2Ca,P,Si,0,
=3000 e

2200 2600

Temperature/K

1800 2000

1301

-100

=200

=300

=400

=500

-600

=700

=800

A
2300

2000 2100 2200

Temperature/K

1800 1900

Fig. 6 Gibbs free energy changes of oxidation product of P with oxidative ladle refining

80

e —< < — 0.3
40 i L (a) Il Il il L |

—8—Fe—@— Al—&— Ca—y— O—@—P—¢—Si
o 4r =
E —>—Ca0—8—AlO—k—AL0 | = 027
8 3 —8—ALO——Si0——Si0, | 8
& Bin
=} (]
g 20 g 01}
3 =)
=} =]
£ g
< 1f <

r == = -1,/

W ————% A\ . . .
1800 1900 2000 2100 2200 2300 1800 1900 2000 2100 2200 2300
Temperature/K Temperature/K

Fig. 7 Equilibrium product composition of oxidation product of P with oxidative ladle refining

1773 to 2273 K was calculated using the
equilibrium module in FactSage. When the
temperature exceeds 1973 K, Si and Al are mainly
oxidized, and SiO,, SiO, ALO, and AlO are
generated. Ca is mainly oxidized to CaO in the
temperature region below 1973 K. During the
process, P is not oxidized and exists in the form of
elemental P in the system. This result is primarily
attributed to the reducing action produced by
excessive Si and the formation of other oxides is
preferentially related to P.

During OLR of C-MG-Si, P exists stably as
elemental atoms, establishing the basis of the
mechanism underlying P volatilization separation.

In general, the volatilization separation of P from
the melt mainly consists of three steps [23,24]:

(1) P diffuses from the melt to the gas/liquid
interface;

(2) P evaporates from the gas/liquid interface
into the gas phase;

(3) Diffusion of P in the gas phase.

Blowing refining is the basis of OLR; thus,
continuous blowing of gas from the bottom of the
lift to the C-MG-Si melt forms turbulent kinetic
energy in the melt in the main direction toward the
melt surface, inducing strong agitation for the
melt [25]. Therefore, as the melt moves toward the
surface, the diffusion behavior of P from the melt to
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the gas/liquid interface is not restricted; that is, the
diffusion of P from the melt to the gas/liquid
interface does not become the rate control step of P
volatilization separation. After P diffuses to the
gas/liquid interface, the gasification reaction of P
occurs. The specific reaction is affected by
conditions such as P activity and temperature. The
gasification reaction of P and the Gibbs free energy
generated by different gasification products are
expressed in Egs. (9)—(12) [26]. Meanwhile, P
has the largest saturated vapor pressure and the
lowest boiling point in the C-MG-Si system [27].
Therefore, the thermodynamic conditions for P
gasification are sufficient, and P gasification is
hardly the main step for controlling the rate of P
volatilization separation:

1 1

P =P(g), EPz(g), ZP4(g) )
AGy =387000(+2000)—103(+10)T (10)
AGyp =139000(+2000)—43.4(+10.1)T (11)
AGy =81625—4.8T —0.00087" (12)

After partial gasification, while the gas/liquid
equilibrium of P is formed at the gas/liquid
interface, P separated from the gas/liquid interface
is rapidly oxidized because of the absence of the
reduction effect of Si. During gas phase diffusion
above the melt, both the elemental P and P oxide
are subjected to upward flotage and downward

Mechanism Normal pressure
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resistance, which are mainly caused by a molecular
collision in the gas phase. Supposing that P (with
quantity of N) evaporates at the gas/liquid interface,
when they enter the gas phase and diffuse the d/
distance, they are affected by the gas phase
resistance and collide with molecules in the gas
phase, reducing dN P. The mean free path (1) of
the vaporized P can be determined using Eq. (13).
The lower the gas phase resistance, the smaller the
value of dN, and more P is separated by gas-phase
diffusion. On the basis of the aforementioned
discussion, the transformation from COLR to
MNPOLR results in the enhanced separation of P.
The mechanism is shown in Fig. 8.

/1:N-dl
—dN

During COLR, P is transferred to the
gas/liquid interface by melt agitation, and part of
the oxidized P is captured by the slag. However,
owing to the presence of a large number of Si
systems, the oxides of P are eventually reduced to
the form of elemental atoms and then returned to
the Si melt; a small number remains in the slag
phase. Simultaneously, the other part of P at the
gas/liquid interface is vaporized; however, owing to
the retention of a large amount of fume above the
melt, P collides with the fume molecules during gas
phase diffusion. This part of P is subjected to large
diffusion resistance; only a small amount of P can
escape successfully, and the part that returns to the

(13)

Negative micro-pressure

R3: P—O+Si—[P]+Si—0

Fig. 8 Mechanism of enhanced P separation by micro negative pressure
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melt, is captured by the slag, and eventually returns
to MG-Si. Therefore, with the COLR method, P is
difficult to oxidize, and its gas phase volatilization
efficiency is extremely low, ultimately impeding the
effective separation of P. With the MNPOLR
approach, MNP separates the fume from the top of
the melt, lowers the resistance of the gas phase, and
provides enhanced buoyancy, thus promoting P
transport in the gas phase and strengthening the
evaporation separation of P. During the process, the
basicity of the slag phase decreases, and the
capacity of P in the slag phase is reduced, thereby
enhancing P entry to the gas phase.

4 Conclusions

(1) Comparison of the removal efficiency of P
with the COLR and MNPOLR methods showed
that the introduction of an MNP environment
increased the average relative removal efficiency of
P from —1.9428% to 21.7638%, realizing efficient
separation of P during OLR.

(2) After MNP was introduced, the basicity of
the slag produced by OLR decreased, and the
distribution coefficient of P between the slag and
MG-Si decreased from 0.9529 to 0.0962. P in the
refining slag strengthened by MNPOLR separation
was not enriched but entered the fume phase.

(3) The calculation of the reaction module and
the equilibrium module by using FactSage showed
that P in the Si—Ca—Al—-Fe—P system could not exist
stably in an oxide form but always remained in
elemental P form at refining temperatures ranging
from 1773 to 2273 K. Despite the low boiling
point and high saturated vapor pressure of P, the
volatilization of P was controlled by diffusion in the
gas phase because of the high resistance of the
retained fume under the COLR technique. The
introduction of MNP reduced the gas phase
resistance above the melting point, facilitated the
gas phase diffusion of P, and realized the enhanced
separation of P in gas-phase transport.
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