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A B S T R A C T

In this paper, the separation of phosphorus from metallurgical-grade silicon was investigated based on an Mg
alloying and HCl leaching approach. Experimental results show that P concentration was reduced from initial
15.1 ppmw to 0.2 ppmw with also large extent removal of metallic impurities by two times Mg alloying-leaching
purification. The mechanism of enhanced P separation is clarified owing to the strong affinity between Mg and P,
which is validated by SIMS elemental mapping. A two-parameter analytical model was developed to predict the
P removal degree based on the variables of alloying metal concentration and interaction coefficient between
alloying metal and P. The model is validated with experimental results and the interaction coefficient Mg in Si

P

was obtained as −10.8. This approach can be applied to model the removal of impurity which follows Gulliver-
Scheil solidification from other binary alloying systems. Furthermore, in order to study the effect of applied
alloying-leaching operation times, a model was proposed which establishes the mathematical relationships
among key processing variables like initial and target P concentrations, the amount of the alloying metal, and the
process operation times.

1. Introduction

The rapid growth of the photovoltaic industry worldwide has given
rise to large demands of solar grade silicon (SoG-Si, purity 99.9999%)
feedstock production. The metallurgical route for SoG-Si production
has, therefore, become an emerging technology due to its large pro-
duction capacity, low-cost, and environment-friendly features [1,2].
However, the main challenge of the metallurgical route for SoG-Si
production is the removal of large concentration of impurities from the
raw material metallurgical grade silicon (MG-Si, 99% Si), especially the
removal B and P, which are the major important impurities for the solar
cells. In the commercialized Elkem Solar metallurgical process operated
by REC Solar Norway, MG-Si is purified through the combination of
slag refining, acid leaching, and directional solidification [2]. As one of
the crucial steps, the task of acid leaching is aiming at removing large
extent metallic impurities, and, more importantly, to reduce the P
concentration down to 0.1–0.3 ppmw to meet the restricted high-purity
requirement of SoG-Si.

The research of silicon purification by acid leaching has been car-
ried out over decades in respect of determining optimum leaching
conditions [3–7], precipitated phase reactivity [8–10], and leaching

kinetics [11,12]. However, it is generally accepted that only parts of P
and metallic impurities can be removed due to the weak segregation
and low chemical reactivity of the Fe-bearing precipitates. In order to
further improve the impurity removal efficiency, new method has
emerged to purify Si by means of introducing new alloying element to
modify the impurity segregation behavior during solidification. One
typical example is the widely known solvent refining [13,14], which
mainly relies on a large amount of alloying metal addition like Al
[15–24], Sn [24–28], Cu [29–31], and Fe [32] and so on. In this way,
low operation temperature can be achieved for lower process energy
consumption, but the large amount of the alloying metal addition
causes high cost of the process. Unlike solvent refining, the addition of
only small amount of more reactive alloying elements into Si melt
brings more economic benefits and also reaches high impurity removal
degree. Schei et al. [33] investigated the effect of Ca addition on im-
purities removal and found that the impurities embedded inside a
leachable CaSi2 phase. Shimpo et al. [34] investigated the thermo-
dynamic interaction between Ca and P, and confirmed Ca has a strong
affinity to P in molten Si. Other researchers also reported high P re-
moval degree after Ca alloying [35–39], but the difficulty of separating
viscous byproduct siloxene still remains challenging [1]. Alternative
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alloying elements such as Ti [35], Hf [40], Zr [41], have been also
studied for different purposes and with their own features, but they are
not feasible to be used in practice due to the high prices of these metals
and the difficulties in their further removal for solar silicon production.

In this work, a comprehensive study of novel Mg alloyed MG-Si acid
leaching was conducted according to the attractive features exhibited
by the Mg alloying in our recent research works [42–44]. Various
parameters such as acid concentration, leaching time, and Mg addition
amount are studied to validate the applicability of Mg alloying on im-
purities removal. Moreover, two theoretical models were proposed to
better understand the P removal via the Si alloying-leaching process.

2. Materials and methods

2.1. Materials

A commercial MG-Si was selected as the starting material, the de-
tailed composition can be seen in Table 1. High purity (99.8%, Alfa
Aesar) Mg rod with low P concentration was cut into pieces used for
MG-Si alloying. Analytical grade reagents hydrochloric acid (HCl) was
supplied by VWR International. The concentrated HCl aqueous solution
was diluted by deionized water to obtain different concentration for
leaching trials.

2.2. Silicon alloying by Mg and leaching

The alloying and leaching process of MG-Si purification can be seen
in Fig. 1. MG-Si lumps were first carefully put into a graphite crucible
with ultra-high purity. The crucible was then placed in an induction
furnace. Before heating, the furnace chamber was evacuated to high
vacuum and then re-filled by pure Argon gas to 1 atm followed by
continuous Ar flow. MG-Si lumps were subsequently heated up to
1500 °C as molten state. Specific amount of Mg piece was then added
into the melt for targeting alloy composition. After Mg addition, the
molten alloy was slowly cooled down and solidified under the same
condition inside the furnace chamber. It is worth noting that even
though P has a high vapor pressure, but the P loss caused by eva-
poration can be ignored due to the ultra-low activity and short melting

time.[45,46] The obtained Si-Mg alloy was then crushed and sieved to
specific particle size (0.2–1 mm) for the following acid leaching. The
chemical compositions of MG-Si and Mg-doped samples were measured
by high-resolution Inductively Coupled Plasma-Mass Spectroscopy
(ICP-MS, Thermo Scientific Element 2, US) are listed in Table 1.

A number of leaching trials were designed for different research
purposes as shown in Table 2. Herein, the leaching trials and conditions
are determined based on our preliminary work [42–44]. For the mag-
netic-stirrer leaching (M), 100 g fine particle sample was placed in a
500 mL Pyrex beaker with 250 mL 10% HCl preheated at 60 °C on
hotplate. A total leaching period up to 3 h was performed using a
magnetic stirring condition with 200 rpm. For the ultrasonic leaching
trials (U), 2 g sample with 10 mL 10%HCl was mixed in perfluoroalkoxy
alkane (PFA) bottle and then put into ultrasonic bath with the same
temperature as the magnetic-stirrer leaching. After leaching, the re-
maining particles were washed by distilled water and dried. Ultra-fine
particles were sieved by a 100 µm sieve before analysis in order to
reduce the interference of undissolved metallic impurities.

2.3. Characterization

The MG-Si material and produced Si-Mg alloys were analyzed by a
Secondary Electron Microscope (SEM, Hitachi SU6600, Japan) with
Energy Dispersive X-ray Spectrometry (EDS) detector to study the mi-
crostructure variation. The chemical composition of all the samples
after leaching was measured by the high-resolution ICP-MS. A magnetic
sector Secondary Ion Mass Spectrometry (SIMS) instrument (CAMECA
IMS 7f) was employed to analyze the P distribution in Mg alloyed
samples. The SIMS measurements were performed in the imaging mode
using 15 keV Cs+ ions as a primary beam rastered over the area of
500 × 500 µm2. The beam current was kept at 1nA during the mea-
surements.

Table 1
Composition of starting materials before acid leaching (in ppmw).

S1
MG-Si

S2
Si-2.2 wt%
Mg

S3
Si-5.5 wt%
Mg

S4
Si-1.8 wt%
Mg

S5
Si-3.8w%Mg

Re-alloyed
S3
4 wt%Mg

B 46.2 44.9 44.3 19.5 18.9 44.0
P 15.8 12.2 15.1 4.4 3.9 3.4
Mg 9.6 19424.9 54804.5 17908.9 37774.8 41251.5
Ca 266.7 252.2 267.0 73.3 97.9 26.8
Al 2548.0 259.8 1717.8 610.2 618.8 207.4
Fe 3167.5 1619.3 2154.0 948.1 966.4 1014.8
Ti 299.8 138.4 190.4 67.8 66.4 74.0
Mn 70.4 34.6 49.8 16.8 17.8 18.2
Zr 10.7 5.5 7.2 2.7 2.7 4.1
Si Balance Balance Balance Balance Balance Balance

Fig. 1. Schematic of the Mg alloying and acid leaching process.

Table 2
Detailed conditions of performed leaching trials.

ID Si source HCl Concentration Leaching
Time (h)

Leaching
Temperature
(°C)

Leaching
method

L1 S1 10% 3 60 M
L2 S2 5% 5 60 M
L3 10% 5 60 M
L4 15% 5 60 M
L5 20% 5 60 M

L6 S3 10% 0.5 60 M
L7 1 60 M
L8 2 60 M
L9 3 60 M

L10 Re-
alloyed
S3

10% 0.5 60 M
L11 1 60 M
L12 2 60 M
L13 3 60 M
L14 S2 10% 3 60 U
L15 S3 10% 3 60 U
L16 S4 10% 3 60 U
L17 S5 10% 3 60 U
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3. Results

3.1. Microstructure

Before acid leaching, the microstructure of sample S1, S2, S3, and
Re-alloyed S3 was analyzed by SEM and shown in Fig. 2. A number of
precipitated phases are observed, and the chemical composition was
further analyzed by EDS.

In Fig. 2(a and b) of the raw MG-Si sample Si, the identified pre-
cipitates are mainly as Fe-bearing silicide, respectively, CaAl6Fe4Si8,
Al3FeSi2, TiFeSi2, and FeSi2.4.

The effect of Mg alloying on the microstructure of MG-Si can be

observed in Fig. 2(c–f). A large amount of eutectic Mg2Si phase can be
distinctly observed in both of the Mg-alloyed samples. In sample S3,
there is also some eutectic silicon phase observed in Mg2Si, while in the
sample S2 much less eutectic silicon was found. In addition, the Fe-
bearing silicide phases were found embedded inside the Mg2Si phase.
Meanwhile, the TiFeSi2 phase was also found in the Mg2Si phase rather
than in the CaAl6Fe4Si8 phase as in MG-Si. The CaAl2Si2 phase was
found in the Mg-alloyed samples as well.

For the leached and re-alloyed S3 sample, it can be seen from
Fig. 2(g–h) that the eutectic Mg2Si is still the main precipitate, but the
content of the other impurities is much lower than that in sample S3. It
can be also seen that Ca-bearing phase barely exists, and only a very

Fig. 2. Microstructure of precipitated phases in samples: (a–b) S1 (MG-Si); (c–d) S2 (Si-2.2 wt%Mg); (e–f) S3 (Si-5.5 wt%Mg), and (g–h) leached and re-alloyed S3.
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small amount of Al-bearing was found. The main impurity phases em-
bedded inside Mg2Si were determined as TiFeSi2 and FeSi2.4.

3.2. Phosphorus distribution

In order to detect the P distribution in Si-Mg alloy system, SIMS
mapping analysis was performed as normal EDS analysis results for very
low concentrations at ppm level are not reliable. The mapping images
in Fig. 3 show a distinct enrichment of P signal in the Mg-alloyed Si
sample S2. Moreover, the P signal is found partially overlapped with the
signal of “Mg + Si” and close to the Mg2Si/Si interface, which confirms
the attraction of Mg to P and the enhanced P segregation in the Mg-
alloyed Si subsequently.

3.3. Phase sensitivity to acid

A metallographic sample of S2 was leached three times in 10% HCl
solution at 60 °C within total time period 0.2 h, 0.5 h, and 1 h to study
the precipitated phase sensitivity to the acid solution. The micro-
structure evolution at each leaching trial was captured by SEM and the
results are shown in Fig. 4.

It can be seen in Fig. 4 that the removal of the precipitated phase
increases visibly with increasing leaching time. After 0.2 h leaching,
most of the CaAl2Si2 phase was leached away and some of the
CaAl6Fe4Si8 phase was also removed in the short period. In addition,
most of the Mg2Si phase was dissolved into to aqueous acid solution and
a distinct cracking effect was observed as well. After 0.5 h leaching,
more of the Al3FeSi2 and FeSi2.4 phases were dissolved. After 1 h
leaching, a majority of precipitated phases were significantly removed
except the insoluble TiFeSi2 phase. A reactivity sequence of precipitates
in Mg-alloyed MG-Si is subsequently obtained according to the me-
tallographic sample leaching results:

CaAl2Si2, CaAl6Fe4Si8 > Mg2Si ≫ Al3FeSi2, FeSi2.4 > TiFeSi2

3.4. Variation of acid concentration

The impurity removal efficiency is expected to depend on the acid
leaching conditions. As shown in Fig. 5, by plotting the leaching results
as a function of acid concentration, a well-defined maximum can be
observed at around 10% HCl that neither higher concentration nor
lower HCl concentration improves the impurity removal degree. Here
the removal degree of the impurities is calculated as:

= ×Impurity removal degree
C C

C
100%Initial Purified

Initial (1)

where CInitial and CPurified are the overall impurity concentration of
samples before and after leaching in weight percent, respectively.

Since all the leaching trials were performed within the same time
period, the different results thus indicate the difference of reaction ki-
netics with respect to different acid concentrations. More details are
discussed in Section 4.1.

3.5. Re-alloying and re-leaching

Two sets of acid leaching trials (L6-L9 and L10-L13) were performed
under constant conditions (60 °C, 10%HCl, magnetic stirring) to com-
pare the effect of alloying-leaching times on impurities removal. The
sample of the first leaching set is Mg-alloyed MG-Si sample S3. In the
second leaching set, the sample is from the former 3 h leached S3
sample and re-alloyed by 4 wt% Mg once again. Samples used for ICP-
MS measurement were subsequently taken at different leaching time of
0.5 h, 1 h, 2 h, and 3 h, respectively. Results can be seen in Fig. 6.

In the first leaching set (L6-L9), it is obvious that the concentration
of the metallic impurities (Mg, Ca, Al, Fe, Ti, Mn, Zr) are decreases with
increasing leaching time, especially in the first 1 h of acid leaching. P
amount is also effectively reduced from 15.1 ppmw to 5.4 ppmw within
1 h leaching and further reduced to 5.1 ppmw after the first 3 h acid
leaching for the sample S3. The exception is the removal of B, which has
a high segregation coefficient ( =k 0.8B [47]) in Si, and is generally
considered to be not removed by the leaching method.

In the second leaching set of the Mg re-alloyed sample (L10-L13), a
similar trend was observed again that most impurities were removed as
the leaching process continues. More importantly, the concentration of
impurities significantly reduced compares to the first leaching set.
Furthermore, it was detected that P concentration after leaching suc-
cessfully reduced to 0.2 ppmw, which meets the restricted requirements
of the SoG-Si standard (P < 0.3 ppmw). Hence, the Mg alloying and re-
alloying method exhibits a promising potential for the practical appli-
cations of MG-Si purification.

In order to further compare the leaching performance of the dif-
ferent alloying-leaching methods, the purification degree is calculated
as below:

= ×Purification degree
C C

C
100%MG Si Purified

MG Si (2)

where the CMG Si and CPurified are impurity concentration of raw material
MG-Si and after purification in weight percent.

The purification degree of studied three samples can be seen in
Fig. 7. It can be observed that the purification efficiency follows the
trend: direct MG-Si leaching < 1-time Mg alloying-leaching < 2-time
Mg alloying. For sample S1, direct leaching of MG-Si, only limited P

Fig. 3. SIMS mapping of (a) P distribution signal and (b) Mg + Si signal of sample S2 (Si-2.2 wt%Mg).
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purification is achieved. The P purification degree is significantly im-
proved from 31.1% to 69.5% after Mg alloying, and especially for the
leached and re-alloyed S3 sample, nearly complete P removal is
achieved. Moreover, for the purification of metallic impurities such as
Ca, Al, Fe, Ti, Mn, and Zr, distinguished improvement can be observed
as well by the re-alloying method.

4. Discussion

4.1. Mechanism of impurities removal

Based on the microscopic examinations and the leaching behavior of
the phases, the mechanism of impurity removal for both MG-Si and Mg-

doped Si samples by acid leaching can be explained as schematically
illustrated in Fig. 8.

In MG-Si, it is known that the precipitates are mainly Fe-bearing
silicide phases with poor leaching ability. In addition, these Fe-bearing
silicides dispersed unevenly and usually with fine microstructure at the
grain boundaries. When the leaching process starts, only a portion of
these particles can be exposed to acid, and only small parts of them can
be dissolved due to the limited reactivity, which is depending on pro-
cess characteristics. Consequently, impurity removal efficiency is lim-
ited.

In the MG-Si with Mg alloying sample, the dominant precipitate
becomes Mg2Si, and it is widely spread at the grain boundaries, or in
other words, as a secondary phase between the primary silicon grains.
Meanwhile, many other insoluble phases, e.g., Fe-bearing silicide, are
found embedded inside the Mg2Si precipitate matrix. Subsequently,
when the acid leaching process starts, the highly reactive Mg2Si phase is
dissolved into the acid solution. At the same time, the poorly leachable
silicide, which is embedded in Mg2Si precipitates, could also be carried
away physically. In addition, the observed cracking effect due to the
intensive exothermic reaction between Mg2Si and aqueous HCl solution
is also favorable to promote the kinetics of further impurity removal.
Consequently, after sufficient leaching time, impurities can be effec-
tively removed.

4.2. Effect of acid concentration

Although the entire acid leaching process of Mg-alloyed Si is a
heterogeneous solid-state reaction, the governed reaction is expected to
be the decomposition of Mg2Si due to its principal amount. However,
since a distinct maximum of impurity removal degree was observed, it

Fig. 4. Microstructure of sample S2 before leaching (a), and after acid leaching at 60 °C at (b) 0.2 h; (c) 0.5 h; (d) 1 h times by 10% HCl.

Fig. 5. Relationship between HCl concentration and the overall impurity re-
moval degree from leaching trials L2-L5.
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implies that different factors govern the leaching process.
From the viewpoint of reaction kinetic factors, high concentration

HCl solution is usually with high surface tension, which may suppress
the chemical reaction located at micro pores. Consequently, with very

high HCl concentration, the impurity removal degree in a given time
decreased. On the other hand, from the viewpoint of the chemical re-
action itself, the Mg2Si decomposition in aqueous HCl is controlled by
more complicated steps rather than HCl in the anhydrous condition
which can be simply considered as [48]

+ + gMg Si(s) HCl(aq.) MgCl (aq.) SiH ( )2 2 4 (3)

The detailed reaction mechanism of Mg2Si decomposition in aqu-
eous HCl has been comprehensively investigated by Schwarz et al. [49].
It was found that the total reaction can be separated into several steps.
Firstly, a primary hydrolysis reaction takes place and leads to the for-
mation of an intermediate hydrolysis product dihydrox-
ymagenesiosilane ((HOMg)2 SiH2),

(4)

This intermediate is then further acidic hydrolyzed by breaking the
two Mg-Si bonds and form silane gas:

(5)

And also may result in the formation of some hydrogen gas:

Fig. 6. Remained impurities concentration in leaching samples as a function of leaching time. Symbols show the measured concentrations of the leached samples S3
(L6-L9) and S3-leached sample that was re-alloyed by Mg and re-leached (L10-L13).

Fig. 7. Acid leaching purification efficiency comparison of sample S1 (MG-Si),
S3 (Si-5.5 wt% Mg), and Re-alloyed S3.
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(6)

It can be seen that the total reaction of Mg2Si decomposition is
governed by both hydrolysis and reactive HCl acid interaction. On one
hand, the primary hydrolysis reaction rate is determined by the amount
of available H2O in solution, which decreases with increasing HCl
concentration. The total leaching efficiency is therefore limited under
concentrated HCl condition. On the other hand, if the concentration of
reactive HCl molecules becomes too low, the subsequent reactions will
be suppressed as well and result in a lower leaching efficiency ac-
cordingly. While at the concentration of HCl around 10%, the optimum
condition of the process is achieved, the acid leaching results thus ex-
hibit a well-defined maximum observed in Fig. 5.

4.3. Enhancement of phosphorus segregation

In Section 3.2, it was confirmed by the SIMS mapping that the P
segregation is evidently enhanced in the Si-Mg alloy system. Hence, the
possible reasons for Mg alloying effects on P segregation enhancement
are discussed below, respectively, from the liquidus variation based
physical perspective and elements interactionbased chemical perspec-
tive.

• Physical perspective

P segregation coefficient in Si is defined as the ratio of P con-
centration in the solid phase and in the liquid phase during solidifica-
tion, which is equivalent to the ratio of solidus line and liquidus line
and can be calculated as:

=k
X
XP

Si Solidus,Si P

Liquidus,Si P (7)

where XSolidus,Si P and XLiquidus,Si P represent the molar concentrations of
P in solid state and in liquid state of Si, respectively. The P segregation
coefficient kP

Si is well-known to be =k 0.35P
Si [47] for low P-containing

Si-P alloys.
If one assumes there is no significant variation on the solidus line of

P in Si after Mg addition (the interaction between Mg and P is ignored

in solidified primary silicon due to the low concentration), and the very
low concentration of P in Si-Mg alloys has no effect on the liquidus
curve, the segregation coefficient of P in Si-Mg system then only relies
on the change of liquidus line from Si-P system to Si-Mg system.
Therefore, Eq. (7) can be written for the dilute solutions of P in Si-Mg-P
system as:

= = =k
X

X
X
X

X
X

k
X

XP
Si Mg Solidus,Si P

Liquidus,Si Mg

Solidus,Si P

Liquidus,Si P

Liquidus,Si P

Liquidus,Si Mg
P
Si Liquidus,Si P

Liquidus,Si Mg

(8)

where XLiquidus,Si Mg represents the liquidus composition of Si-Mg
system, and the term X

X
Liquidus,Si P

Liquidus,Si Mg
is regarded as the correction factor of

kP
Si. If < 1X

X
Liquidus,Si P

Liquidus,Si Mg
, then the actual segregation coefficient of P is

subsequently reduced from the theoretical 0.35 in Eq. (7).
The liquidus of binary Si-P and Si-Mg systems are plotted and

compared at the Si-rich portion shown in Fig. 9. The Si-Mg liquidus line
is obtained from the former work of Safarian et al.[50], and the Si-P
liquidus is calculated by the same method based on the data in the Si-
rich portion [51,52].

It can be seen from Fig. 9 that for a given temperature, the Si-Mg
liquidus appears in the right side of Si-P liquidus. In other word,
XLiquidus,Si P is smaller than XLiquidus,Si Mg at a given temperature, so we
have < 1X

X
Liquidus,Si P

Liquidus,Si Mg
. Therefore, the segregation coefficient of P is as-

sumed to be reduced accordingly with the Mg alloying. However, it has
to be noted that the liquidus variation assumption only works when Mg
concentration is low because only in such case the interaction between
Mg and P in Si melt can be ignored.

• Chemical perspective

From the chemical perspective, the segregation coefficient of P in
Mg-alloyed Si can be obtained from the chemical potential equilibrium
between the solid and liquid as the following equation:

=µ µs lP in Si( ) P in Si Mg( ) (9)

where µ sP in Si( ) and µ lP in Si Mg( ) are the chemical potential of P in
primary solid Si front and in the liquid front.

Fig. 8. Sketch of the impurity removal mechanism of MG-Si and Mg alloyed Si during acid leaching.

M. Zhu, et al. Separation and Purification Technology 240 (2020) 116614

7



Therefore,

=RT a RT aln lns lP in Si( ) P in Si Mg( ) (10)

where a sP in Si( ) and a lP in Si Mg( ) are the activity of P in primary solid
Si front and in the liquid front.

Based on the above equilibrium condition, it then gives

=X Xs s l lP in Si( ) P in Si( )
0

P in Si Mg( ) P in Si Mg( ) (11)

The segregation coefficient is then can be calculated as:

= = =

=

k
X

X

k

s

l

l

s

l

s

l

l

l

l

P
Si Mg P in Si( )

P in Si Mg( )

P in Si Mg( )

P in Si( )
0

P in Si( )
0

P in Si( )
0

P in Si Mg( )

P in Si( )
0

P
Si P in Si Mg( )

P in Si( )
0

(12)

where sP in Si( )
0 and lP in Si( )

0 represent the activity coefficient of P in
solid and liquid Si, lP in Si Mg( ) represents the activity coefficient of P
in Si-Mg melt. The above equation is obtained based on the fact that the
two solid and liquid phases are at equilibrium and necessarily the
chemical potential, or the chemical activity, of P in the two phases are
equal. In principle, the activity coefficient of P in Si-Mg-P melt can be
expressed as:

= + +X Xln lnl l l lP in Si Mg( ) P in Si( )
0

P in Si
P

P in Si( ) Mgin Si
P

Mg in Si( )

(13)
where Mg in Si

P represents the interaction coefficient of Mg and P in Si
melt on each other. Parameter P in Si

P is the self-interaction coefficient
of P, and the term X lP in Si

P
P in Si( ) can be ignored due to the ultra-low

P concentration at ppmw level in the melt. Therefore, we have:

= Xln l

l
l

P in Si Mg( )

P in Si( )
0 Mg in Si

P
Mg in Si( )

(14)

Combining the above Eqs. (12) and (14), kP
Si Mg can be rewritten as:

=k k Xexp( )lP
Si Mg

P
Si

Mg in Si
P

Mg in Si( ) (15)

Since X lMg in Si( ) is always larger than 0 in Si-Mg alloy system, and
the sign of term Mg in Si

P is negative due to the widely known strong
attraction of alkaline-earth element to P to form stable phosphide
[53–55], it is expected that the segregation coefficient of P continuously
decreases with increasing Mg addition into Si. The value of Mg in Si

P is
later estimated to be as negative as −10.8 in present work in Section
4.4 and it confirms this explanation. Indeed, the enhancement of P
segregation is thought due to the interaction and formation of some

stable P-bearing clusters in the melt, suggested by the following two
paths:

+ +2P 1.5Mg Si Mg P 1.5Si2 3 2 (16)

+ +2SiP Mg Si MgSiP Si2 2 (17)

Although P is known favorable to segregate at several specific sites
in pure Si [56], it is expected that Mg addition attracts more P into the
Mg2Si precipitates, which are further easily removed in acid leaching
and yielding higher P removal degree. The chemical interaction be-
tween Mg and P is considered the main reason for the successful P re-
moval. Moreover, this interaction governs the P segregation enhance-
ment during the whole solidification temperature-composition range.

4.4. Phosphorus removal modeling for Mg-doped silicon

The modeling method applied here refers to the methodology em-
ployed by Shimpo et al.[34]. The assumptions are made here as follows:

A1. The behavior of solute element during growth of primary silicon
grains from the Mg-alloyed Si melts follows the Gulliver-Scheil
equation, the diffusion of solute in solid Si can be ignored and the
remaining liquid alloy is homogeneous.
A2. The secondary precipitates (eutectic phases) are completely
removed in acid leaching step. Thus, the value of P content that is
measured by ICP-MS after leaching is equivalent to the P in primary
Si (solid solution) before the eutectic reaction starts.
A3. Thermodynamic properties of ultra-low P concentration at
ppmw level are independent of temperature. Thus, the interaction
parameter Mg in Si

P remains constant during the whole solidification
range.

As illustrated in Fig. 10, the above assumptions yield P redistribu-
tion during solidification in solidified primary silicon grains and in the
remained melt. It is seen that for a given initial P concentration
X l

initial
P in Si( ) , the segregation starts from the beginning of primary Si

grains formation and ends up to the beginning of the eutectic reaction.
In addition, the concentration of P in solidified Si grains increases as the
solid fraction increases. The trend becomes more rapidly at the final
stage that is close to the eutectic point. The dotted lines plotted in the
eutectic region are theoretically and experimentally approved con-
centration profile trend assuming no eutectic reaction (low P-con-
taining Si-P melt solidification).

The theoretical P removal degree for the ternary system is defined
here as Eq. (18):

Fig. 9. Liquidus of Si-P and Si-Mg systems in the Si-rich portion and the cor-
rection factor changes.

Fig. 10. Sketch of concentration profile of P in solidified primary silicon and
the corresponding average P concentration in the remained melt and solidified
eutectic portion.
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= ×
X X

X

¯
100%l

initial

l
initial

P in Si( ) P in Si(s)

P in Si( ) (18)

where X l
initial
P in Si( ) is the initial P concentration before the acid leaching,

and X̄P in Si(s) is the average concentration of P segregated inside pri-
mary Si grain, and from mathematical point of view it is the shaded
grey area under the X s

initial
P in Si( ) curve in Fig. 10. The following mass

balance is further applied to determine the value of X̄ sP in Si( ) ,

=X f X df¯ s s
Eu f

s sP in Si( ) 0 P in Si( )
s
Eu

(19)

where fs is the solid fraction of primary Si, fs
Eu is the primary Si solid

fraction at the starting point of eutectic reaction, and X sP in Si( ) is the
concentration of P at solid front which can be calculated as:

=X k X f(1 )s P l
initial

s
k

P in Si( )
Si Mg

P in Si( )
1P

Si Mg
(20)

By rearranging and integrating Eq. (20), the following relationship
can be derived:

=X
X

f
f¯ (1 (1 ) )l

initial

s
Eu s

Eu k
P in Si(s)

P in Si( )
P
Si Mg

(21)

Hence, combing Eqs. (18) and (21), we obtain:

= ×
f

f
1

1 (1 )
100%

X

X s
Eu

s
Eu

l
Eu

l
initial
P in Si( )

P in Si( )

(22)

The term
X

X
l

Eu

l
initial
P in Si( )

P in Si( )
can be further obtained from Gulliver-Scheil

equation that:

=f dX X X df(1 ) ( )s l l sP( ) P in Si( ) P in Si( ) s (23)

Considering the relationship =X k Xs lP in Si( ) P
Si Mg

P in Si( ) , it yields:

=
dX
X

k
f

df1
(1 )

l

l s

P( )

P( )

P
Si Mg

s (24)

Integrating Eq. (24) from solidification start point to the eutectic
solidification starting point gives:

=
X
X

k
f

dfln 1
1

l
Eu

l
initial

f

s

P in Si( )

P in Si( ) 0
P
Si Mg

s
s
Eu

(25)

Since the relationship between segregation coefficient and fs has
been derived by Eq. (20), and the segregation coefficient of Mg in Si is
very low, so that we can approximate k 0Mg

Si , for the liquid con-
centration X lMg in Si( ) , it can be calculated as:

=X
X

f(1 )l
l

initial

s
Mg in Si( )

Mg in Si( )

(26)

Combining Eqs. (15) and (26) we obtain:

=k k
X

f
exp

(1 )
l

initial

s
P
Si Mg

P
Si Mg in Si

P
Mg in Si( )

(27)

And therefore, we can re-write Eq. (25) as:

=
X

X

k

f
dfln

1 exp

1
l

Eu

l
initial

f

X

f

s

P( )

P in Si( ) 0

P
Si

(1 )

s
s
Eu

l
initial

s

Mg in Si
P

Mg in Si( )

(28)

Thus, integrating Eq. (28) over the whole primary Si solidification
range gives the result:

=
X

X

k E E X

f

exp ( )

1
l

Eu

l
initial

i
X l

initial

fs
Eu i l

initial

s

P( )

P in Si( )

P
Si Mg in Si

P
Mg in Si( )

(1 ) Mg in Si
P

Mg in Si( )

(29)

where the E x( )i function is defined as the integral =E x( )i
x e dt

t
t
.

Hence, a formula of the theoretical P removal degree from a P-con-
taining Si-Mg melt is obtained as:

= ×
f

1
1

100%

k E

k E X

s
Eu

exp

exp( ( ))

i
X l

initial

fs
Eu

i l
initial

P
Si Mg in Si

P
Mg in Si( )

1

P
Si

Mg in Si
P

Mg in Si( )

(30)

Considering the solid fraction at eutectic temperature can be written
as:

=f
X

1
0.4629s

Eu l
initial
Mg in Si( )

(31)

where 0.4629 is the mole composition of Mg at Si-Mg eutectic point
[57].

Combing Eqs. (30) and (31), a final P removal degree model for the
dilute P solutions of Si-Mg-P alloys can be obtained:

= ×
X

X

0.4629

0.4629
100%

E

E X l
initial

l
initial

exp(0.35 (0.4629 ))

exp(0.35 ( )) Mg in Si( )

Mg in Si( )

i

i l
initial

Mg in Si
P

Mg in Si( ) Mg in Si
P

(32)

The obtained model here reveals clearly that there are only two
independent variables that control the final P removal degree: the in-
itial Mg content X l

initial
Mg in Si( ) , and the interaction coefficient Mg in Si

P .
Thus, for this two-parameter dependent relationship, if one variable is
known, the other can be determined based on experimental results. In
the present work, the Mg-P interaction coefficient Mg in Si

P is de-
termined by fitting the experimental results from the leaching set (L14-
L17) where the ultrasonic condition applied. This is because the
acoustic cavitation effects [58] and more dispersed fine particles [59]
make the ultrasonic leaching generally more efficient than magnetic
stirring leaching. Thus, a near complete removal of the eutectic sec-
ondary precipitates can be achieved to better meet the assumption A2.

The plotted against the amount of added Mg in Fig. 11 shows that
the proposed P removal model tends to give predictions, which are in
good agreement with existing results. Furthermore, Mg in Si

P is fitted to
be −10.8. This negative value also confirms the strong chemical at-
traction of Mg to P in Si melt as discussed before in Section 4.3.
Moreover, by employing Eq. (15), the relationship between Mg addition
and P segregation coefficient variation can be further determined as Eq.
(33) and it is shown in Fig. 12. Seeing that the segregation coefficient of
P continuously decreases with Mg addition, the Mg addition is therefore
expected to enhance the P removal in the applied process.

=k X0.35exp( 10.8 )P l
Si Mg

Mg in Si( ) (33)

It is worth to note that the obtained P removal model here can be
extended to more general scenarios for the leaching of other alloying
systems in which silicon is doped by metal Me to obtain Si-Me alloy
system in the Si-rich port. Hence, a more general model concentrates on
the theoretical analysis of P removal degree by acid leaching of an ar-
bitrary binary Si-Me eutectic alloy system can be written as:

= ×X X X
X X

( , ) 100%
eu initial initial

eu initial
Me in Si
P

(34)

where X initial and X eu are the alloying metal concentrations at initial
and at the eutectic point. It is worth noting that for a specific alloy
system, the X eu is a constant. Me in Si

P indicates the Me-P interaction
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coefficient, and the X( , )initial
Me in Si
P is further defined as:

=X E X
E X

( , ) exp(0.35 ( ))
exp(0.35 ( ))

initial i
eu

i
initialMe in Si

P Me in Si
P

Me in Si
P (35)

The above model also shows that P segregation in Si-Me binary
system follows a two-parameter dependent relationship, further to say,
the purification process is mainly controlled by interaction coefficient
and the alloying concentration. Based on the present theoretical and
experimental work, if one wants to achieve high P removal by the al-
loying method, the following strategies can be applied: (1) increase the
alloying element amount, (2) adopt the alloying element with more
negative interaction parameter value to P or bigger solid fraction at
eutectic point, and (3) repeat the alloying-leaching process multiple
times.

4.5. Effect of process operation times

In Section 3.5, it was observed that after a two-time Mg alloying-
leaching process, P concentration could be further removed and meet
the purity requirement of SoG-Si. For an arbitrary Si-Me system, if the
averaged P segregation coefficient k̄P

Si Me during solidification is
known, the relationship between P concentration before and after the
first time alloying-leaching purification process can be directly obtained
by rearranging Eq. (21) as:

=
X
X

f
f

¯ (1 (1 ) )

l
initial

S
Eu k

S
Eu

P in Si(s)

P in Si( )

¯P
Si Me

(36)

Considering the relation =f f1S
Eu

L
Eu, it yields:

=
X
X

f
f

¯ 1
1l

initial
L
Eu

L
Eu

P in Si(s)

P in Si( )

k̄P
Si Me

(37)

So that,

= × = ×
X X

X
f f

f
¯

100%
1

100%l
initial

l
initial

L
Eu

L
Eu

L
Eu

P in Si( ) P in Si(s)

P in Si( )

k̄P
Si Me

(38)

Thus, by considering the effect of multiple operation times into Eq.
(38), the final P concentration after conducting the alloying-leaching
process for n times can be written as:

=
X
X

f
f

¯ 1
1

n

l
initial

L
Eu

L
Eu

n

P in Si(s)

P in Si( )

k̄P
Si Me

(39)

where X̄ n
P in Si(s) is the final P concentration in Si after n times alloying-

leaching process.
The above model offers another method to calculate the P removal

degree and to calculate required process operation times based on the
averaged P segregation coefficient k̄P

Si Me and liquid fraction at eutectic
point fL

Eu. Here, the k̄P
Si Me can be calculated as Eq. (40), by integrating

the kP
Si Me from the initial alloying metal concentration to the eutectic

temperature and divided by the composition range.

=k
k X dX

X X
¯

exp( )

( )
X

X
l l

l
Eu

l
initialP

Si Me P
Si

Me in Si
P

Me in Si( ) Me in Si( )

Me in Si( ) Me in Si( )

l
initial

l
Eu

Me in Si( )

Me in Si( )

(40)

After solving Eq. (40), we have:

=k
k X

X X
¯ exp( )

( )
l

l
Eu

l
initialP

Si Me P
Si

Me in Si
P

Me in Si( )

Me in Si
P

Me in Si( ) Me in Si( ) (41)

In present work, the averaged P segregation coefficient is calculated
as:

=k
k X

X X
¯ exp( 10.8 )

10.8( )
l

l
Eu

l
initialP

Si Me P
Si

Me in Si( )

Me in Si( ) Me in Si( ) (42)

If one assumes X̄ n
P in Si(s) = 0.3, 0.5, and 1.0 ppmw are the target P

purification level, the relationship among Mg alloying concentration,
initial P concentration, and the process operation times can be subse-
quently obtained, as shown in Fig. 13.

It is seen in Fig. 13 that the required purification process times can
be adjusted based on by varying the initial P concentration and Mg
alloying concentration. For the most often scenarios, MG-Si can be
purified to a target purification level by 1-time or 2-time Mg alloying-
leaching process. With more restrict purification reequipments (low-
ering the target P concentration), this process window gets narrower.
Higher process operation time (n > 2) is then required with small Mg
addition and high initial P concentration.

Fig. 11. Interaction parameter fitting results based on experimental results of
leaching trials (L14-L17) and comparison of the estimated P removal degree as
a function of Mg addition.

Fig. 12. Effect of Mg alloying concentration on the segregation coefficient of P
in Si-Mg-P system.
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5. Conclusions

In the present work, MG-Si purification by a combined process of
Mg-alloying followed by HCl acid leaching was comprehensively in-
vestigated. The main conclusions can be summarized as:

(1) After Mg alloying, impurity-bearing phases were observed embedded
inside the Mg2Si eutectic precipitates and further removed to a large
extent after acid leaching. The leaching efficiency of Mg alloyed MG-Si
depends on acid concentration with an optimum as 10% HCl.

(2) A two times Mg alloying-leaching process was found able to effec-
tively reduce P concentration from 15.1 ppmw to 0.2 ppmw, which
meets the requirement of SoG-Si feedstock production.

(3) Enhancement of P segregation after Mg alloying was confirmed by
SIMS mapping and thermodynamic analysis. The interaction coef-
ficient Mg in Si

P was estimated to be −10.8.
(4) A theoretical model was developed for the P segregation of arbi-

trary low P-containing Si-Me-P alloy systems subjected to acid
leaching process. The Si purification degree is dependent on the
alloying metal concentration and the interaction coefficient be-
tween alloying metal Me to P.

(5) A process model was proposed by establishing the mathematical
relationships among initial P concentration, target P concentration
after purification, the amount of the alloying metal addition, and
alloying-leaching operation times.
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