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Abstract

Hf was employed as an impurity getter to enhance the removal of impurities from
metallurgical-grade Si (MG-Si) via the solidification of Si or a Si-33wt% Al solvent. The
leaching behaviors of the impurities (B, Fe, Al, Ca, P, Zr, Ti, V, Mn, Hf, and Ni) within MG-Si,
in the presence of 5wt% Hf, were investigated using various leaching approaches. Compared
with aqua regia and HF, HCI+HF was determined to be the optimal lixiviant for the elimination
of impurities from Hf-containing MG-Si. The use of a combination of HCI+HF and aqua regia
reduced the quantity of impurities from 6126 ppmw to 94 ppmw. Eh-pH diagrams were
calculated to discuss the leaching of HfSi, in aqua regia and HF solutions. The presence of Hf in
the MG-Si enhanced the removal of impurities, especially P, which cannot be efficiently removed
via solidification refining and hydrometallurgical treatments. Hf-containing Si-Al solvent
refining is considered the most efficient approach for the elimination of impurities (except Al).
The removal fractions of B and P were 94.2% and 86.2%, respectively, achieved via the
solidification of the Si-33wt% Al solvent. Moreover, 99.94% and 99.9996% of the Hf, used as an
impurity getter, could be eliminated through the solidification of the Si and Si-33wt% Al solvent,

respectively, decreasing from 50,000 ppmw, to 28 ppmw and 0.2 ppmw, respectively.
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1. Introduction

Solar energy is an important renewable and green energy. Solar energy can be converted
into electrical energy using solar cells, which is known as photovoltaic conversion. Si is the most
common material used for the production of solar cells. However, trace amounts of impurities in
Si can significantly reduce the photovoltaic conversion efficiency and render the solar cell
inefficient. Therefore, the purity of Si used for photovoltaic applications must be increased to
99.9999% (solar-grade silicon or SoG-Si).

The most common approach used for the production of SoG-Si involves the purification of
metallurgical-grade Si ((MG-Si), purity typically below 99.5%). A modified Siemens process can
be used to upgrade MG-Si to SoG-Si; however, this process is still expensive and causes
environmental problems because it consumes large quantities of energy and involves complex
chemical processes. Moreover, owing to their low cost, metallurgical treatments could potentially
be used for the production of SoG-Si via the upgrade of MG-Si. Many approaches have been
developed to improve such metallurgical treatments, to offer environmentally friendly processes
and low energy consumption.

Recently, the addition of one or more additives to MG-Si, known as alloy refining, has
become a research focus. This technique uses simple equipment that is easily operated, and
offers low energy consumption, low refining costs, and generates no waste slag. Alloy refining
can be classified into three different approaches. One approach involves the addition of large
amounts of one or more additives to form a solvent. As the liquidus temperature of the solvent is
normally much lower than the melting point of Si, MG-Si can be purified at low temperature,
reducing energy consumption. This approach is known as solvent refining. Examples of such

solvent systems include Si-Al (Yoshikawa et al., 2005a; Gu et al., 2011; Ban et al., 2015; Li et



al., 2014a; Zou et al., 2015), Si-Cu (Mitrasinovi¢ et al.,2009; Huang et al., 2016), Si-Sn (Ma
et al., 2014; Ma et al.,2012), Si-Fe (Esfahani et al., 2011; Khajavi et al., 2015), Si-Ga (L.i et
al., 2017), Si-Na (Morito et al., 2012; Morito et al., 2013), Si-Al-Zn (L. et al., 2014b), and
Si-Al-Sn (Li et al., 2014c), as well as their combinations (Hu et al., 2013). The second approach
involves the addition of small amounts of additives, which have strong affinity for certain
impurities, to Si. For example, owing to their strong affinity, Ca was added to Si to enhance the
removal of P (Johnston et al., 2013; Shimpo et al., 2004; Lai et al., 2015), and Ti was
employed as a B getter, however, this technique was considered inefficient with regard to the
removal of B (Johnston et al., 2013). In our previous study, we attempted to enhance the
removal of impurities from MG-Si using Zr as an impurity getter (Lei et al., 2017). The third
method involves a combination of the above two approaches; it uses solvent refining to purify
MG-Si at low temperature and, simultaneously, small amounts of one or more additive are added
to enhance the removal of impurities. Small amounts of Ti were employed to enhance the
removal of B using a Si-Al solvent (Yoshikawa et al., 2005b). During our previous studies (Lei
et al., 2016a; Lei et al., 2016b; Lei et al., 2016c; Lei et al., 2016d), we attempted to add small
amounts of transition metals to a Si-Al solvent to enhance the removal of B from B-doped Si. Ca
was employed to enhance the removal of impurities using a Sn-Si solvent (Hu et al., 2013).

Hf can be employed as an impurity getter because its segregation coefficient is extremely
low (4.9x10°® at the melting point of Si )(Lei et al., 2016c). This indicates that the added Hf can
be eliminated along with other impurities, and will not contaminate the Si. Moreover, Hf has an
extremely strong affinity for B according to the Gibbs energy for the formation of its boride. B is
a well-known impurity that, owing to its high segregation coefficient (0.8 at the melting point of

Si, 1687 K) (He et al., 2012) and low vapor pressure (lower than that of Si) (Safarian et al.,



2012), is difficult to remove from Si. According to the results of our previous study, small
amounts of Hf (<6500 ppmw) (Lei et al., 2016c) could enhance the removal of B from B-doped
Si, with a Si-Al solvent. However, if B can be eliminated efficiently via the direct addition of Hf
to MG-Si (without the addition of large amounts of Al to form a Si-Al solvent), the Si
purification process could become more efficient and economical. Furthermore, different
lixiviants must exhibit varying leaching behaviors with regard to the various impurities in
Hf-containing Si, especially Hf-containing impurities; however, this has not been reported yet. In
addition, Hf may have varying levels of affinity for the impurities in MG-Si, indicating that the
addition of Hf may result in varying levels of efficiency with regard to the elimination of the
various impurities in MG-Si; however, there have been no studies performed on this issue yet. In
this study, using various lixiviants, the leaching behaviors of the impurities within Hf-containing
MG-Si will be evaluated to identify the most efficient lixiviant. Subsequently, the leaching
behaviors of the impurities (B, Fe, Al, Ca, P, Zr, Ti, V, Mn, Hf, and Ni) in MG-Si with/without
Hf will be compared. Finally, the extraction of impurities from MG-Si, with/without a Si-Al

solvent, using Hf as an impurity getter, will also be discussed for comparison purposes.

2. Experimental
2.1 Hf as an impurity getter in MG-Si

MG-Si (purity of 99.387%, calculated using the total concentration of B, Fe, Al, Ca, P, Zr, Ti,
V, Mn, Hf, and Ni) was employed as the raw material for purification; the concentrations of the
impurities are shown in Table 1. Prior to the experiments, the MG-Si was ground into powder
(<186 pm) using an agate mortar to homogenize its composition. A Si-Mo electric resistance
furnace was employed to perform the Si solidification refining, as shown in Fig. 1. Subsequently,

20 g of the pulverized MG-Si and shots of Hf (purity 99.5%) were charged into a graphite



crucible (outer diameter: 35 mm, inner diameter: 25 mm, length: 100 mm) of high purity and
density. The composition of the mixture was set to Si-5wt% Hf, which was confirmed using
inductively coupled plasma-optical emission spectroscopy (ICP-OES) following melting and
solidification. To achieve homogenization, the mixture was held at 1773 K for 2 h under an Ar
gas (purity 99.99 %) atmosphere, and then cooled to 773 K at 1.5 K/min to perform solidification
refining.

During solidification refining, owing to their different segregation coefficients, the impurities
of the MG-Si will precipitate along the Si grain boundaries. Therefore, the solidified samples
were cut in half along their cross section for chemical and morphological analyses, respectively.

For chemical analysis, one half of the sample was ground into powder (<75 um) using an
agate mortar, and leached using aqua regia (guaranteed reagent HCI: content 36-38%;
guaranteed reagent HNO3: content 65-68%; HCI:HNO3=3:1 volume ratio), HF (guaranteed
reagent, content 40%), or HCI+HF (1:1 volume ratio) at 348+1 K for 3 h, respectively. For each
leaching process, the liquid—solid weight ratio was 8:1.

Based on the leaching results of our previous study, to achieve improved leaching results, the
pulverized Si was also successively leached using HCI+HF and aqua regia at 348+1 K for 3 h,
respectively (two steps, 6 h in total). The liquid-solid weight ratios were 8:1 and 6:1,
respectively. After each leaching process, the purified, pulverized Si was cleaned using deionized
water several times and dried at 353+1 K. Subsequently, the pulverized Si was dissolved in a
mixture of HF and HNO3; (HF was added dropwise into HNO3) for subsequent chemical analysis
using ICP-OES.

For morphological analysis, the other half of the sample was cut into two pieces and each

piece was leached using either aqua regia or HF, respectively, at 3481 K for 3 h. The



morphologies of the samples and the compositions of the precipitates, before and after acid
leaching, were investigated using a scanning electron microscope (SEM) equipped with energy
dispersive X-ray spectroscopy (EDS).
2.2 Purification of MG-Si without Hf addition

For comparison purposes, the purification of MG-Si, without an addition of Hf, was
investigated. The solidification refining process was identical to that used for the purification of
MG-Si with an addition of Hf (as described in section 2.1). The pulverized Si was leached using
HCI+HF and aqua regia, in succession, at 348+1 K for 3 h (two steps, 6 h in total). The
liquid—solid weight ratios used for this leaching process were 8:1 and 6:1, respectively.
Subsequently, for ICP-OES analysis, the pulverized Si was dissolved using the process described
in section 2.1.
2.3 Hf as an impurity getter in a Si-Al solvent

The segregation coefficients of the impurities will decrease at lower temperatures; therefore, to
purify the Si at low temperature, Al was added to the Si to form a Si-Al solvent. The purification
of MG-Si with a Si-33wt% Al solvent, using 5wt% Hf an impurity getter, was also investigated
for comparison purposes. The solidification refining process used was identical to that described
in section 2.1. The method of leaching and the technique used to dissolve the pulverized Si for
ICP-OES analysis were identical to those described in section 2.2.
2.4 Eh-pH diagrams

HSC Chemistry 6.0 was employed to calculate the Eh-pH diagrams for Hf-Si-N-CI-H,O and
Hf-Si-F-H,O systems in order to discuss leaching of Hf-containing Si by aqua regia and HF,
respectively. The value, which is unavailable in HSC Chemistry 6.0, was adopted from other
source.

3. Results and discussion



3.1 Morphologies of MG-Si with 5wt% Hf

Figure 2 shows a typical precipitate located on the Si grain boundary, following the addition
of 5wt% Hf. The added Hf could be expelled from the solid Si because of its low segregation
coefficient (4.9x10° at the melting point of Si, 1687 K) (Lei et al., 2016c). Metal impurities,
such as Hf, Fe, Al, Ti, Ca, and V, could be detected using EDS mapping analysis. Hf, Fe, and Al
were determined to be the main precipitated impurities because of their dominant concentrations
compared with those of other impurities (as shown in Table 1). P, a non-metallic impurity that
cannot be easily removed because of its high segregation coefficient (0.35 at melting point of Si)
(He et al., 2012), could be faintly detected in the Hf-containing phases. Owing to their strong
affinity, P also coexists with Ca, as shown by the EDS mapping analysis of Ca and P in Fig. 2.
Several researchers have performed studies on the enhancement of the removal of P from MG-Si
via the addition of Ca (Shimpo et al., 2004; Lai et al., 2015), and reported the presence of the
Ca-P phase.

The main precipitated phases are Si-Hf-Fe, Si-Hf-Fe-Al, and Si-Fe-Al, as shown in Fig. 2. The
Si-Fe-Al phase was observed in the vicinities of the Si-Hf-Fe and Si-Hf-Fe-Al phases, owing to
their various liquidus temperatures. Hf-containing phases are considered to possess higher
liquidus temperatures, because the melting point of Hf (2500 K) is much higher than that of other
elements. Most impurities stabilize in the Hf-containing phases (as shown in Fig. 2); therefore,
Hf can act as an impurity getter. This suggests that impurities can be eliminated if these
Hf-containing phases are soluble within a lixiviant. Therefore, the leaching behaviors of
Hf-containing phases in various lixiviants are extremely important with regard to the elimination
of impurities in MG-Si.

3.2 Leaching behaviors of MG-Si with 5wt% Hf



The leaching results, obtained with the use of aqua regia, HCI+HF, and HF as lixiviants, are

listed in Table 1 (columns I ,1I, and TII, respectively). The added Hf can be eliminated by both

HCI+HF and HF, while only a small quantity is soluble in aqua regia. As most impurities coexist
with the Hf-containing phase, a lixiviant that can eliminate Hf would be efficient with regard to
the elimination of impurities. Therefore, HCI+HF and HF are efficient with regard to the removal
of impurities. The total concentration of impurities (B, Fe, Al, Ca, P, Zr, Ti, V, Mn, Hf, and Ni)
can be reduced from 6126 ppmw, to 231 ppmw and 353 ppmw via HCI+HF and HF leaching,
respectively. Other HF-containing lixiviants are also reported to be efficient to eliminate
impurities in MG-Si (Dietl, 1983; Sun et al., 2013; Kim et al., 2015; Lai et al., 2016).
Compared with HF, HCI+HF is slightly more efficient with regard to the elimination of
impurities because it can eliminate Hf more efficiently. This is because the presence of HCI in
HF can increase Hf dissolution rate (James et al., 1963) and lixiviants with high HF
concentrations may form insoluble fluorides (Dietl at al., 1983). Therefore, HCI+HF is
considered the optimal lixiviant with regard to the extraction of impurities from MG-Si in the
presence of Hf. The most efficient lixiviants, in order of efficiency, are HCI+HF >HF >aqua
regia.

SEM was employed to visually observe the leaching behaviors. Figure 3 shows SEM images
of the Hf-containing phases before and after both aqua regia and HF leaching, respectively.
Hf-containing phases are partially soluble in aqua regia, and following aqua regia leaching, most
of them are retained in Si as Si-Hf, Si-Hf-Fe-Al, and Si-Hf-Fe phases, as shown in Figs. 3 (a)
and (b). This suggests that Hf, Fe, and Al were not eliminated efficiently after aqua regia
leaching, as shown in column I of Table 1. However, Hf-containing phases are soluble in HF,
and only a trace amount of Si-Hf was retained in the Si, possibly because of the insufficient
leaching period. This suggests that Hf-containing phases can be efficiently eliminated using
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HCI+HF or HF leaching, although the concentrations of residual Hf are still 115 ppmw and 245

ppmw, respectively (as shown in columns I and IT of Table 1), i.e., 99.77% and 99.51% of

the Hf was eliminated via HCI+HF and HF leaching, respectively.
Although aqua regia cannot efficiently eliminate impurities, it can still reduce the

concentration of most impurities, as shown in column I of Table 1. Therefore, the pulverized

sample was leached using HCI+HF and aqua regia, in succession, at 348+1 K for 3 h (two steps,
6 h in total) to eliminate as many impurities as possible. The results are listed in the first column,

IV, of Table 1 (for Si-5wt% Hf). The majority of the impurities can be efficiently extracted from

Si, especially Hf. The total concentration of impurities was reduced from 6126 ppmw to 94
ppmw following successive HCI+HF and aqua regia leaching. The concentration of the added Hf
could be reduced from 50000 ppmw to 28 ppmw, indicating that 99.94 % of the Hf could be
removed.
3.3 Eh-pH diagrams for Hf-Si-N-Cl-H,0 and Hf-Si-F-H,0 systems

The possible species in the Hf-Si-N-CI-H,O and Hf-Si-F-H,O systems and their
thermodynamic data are listed in Table 2. In this study, the leaching temperature is 348 K, the
concentration of HCI and HNO; in aqua regia are 9 M and 3.7 M, respectively, and the
concentration of HF is 23 M. The concentrations of Hf and Fe were set to 0.005 M and 0.01 M,
respectively. As the Hf-Si phase was determined to be HfSi, by EDX analysis (Hf:Si in mole
ratio is 1:2.07), other species in the Hf-Si system such as Hf,Si, HfsSi3, Hf3Si,, HfsSi, and HfSi
are not considered. The reaction of Hf with HF (neglecting fluoride complexes) is shown in
Eqg.(1) (James et al., 1963).

Hf + 4HF — HfF,+2H, (1)
The Eh-pH diagrams for the Hf-Si-N-Cl-H,O and Hf-Si-F-H,0 systems are shown in Fig.4(a)

and Fig.4(b), respectively. The regions for Hf and Si species are represented with black and red
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lines, respectively. The upper and lower dashed lines in each diagram represent O,/H,O and
H,0/0, stability boundaries, respectively. When the Hf-containing Si was leached by aqua regia,
the Eh-pH diagram is shown in Fig.4(a). The stable species are HfO, and SiO, from acidic to
neutral pH and SiO(OH)*, SiO3(OH)* and HHfO® in alkaline solution. HfSi, is unstable relative
to oxidation to HfO, and SiO, because its Eh value is far below the water stability line,
indicating that HfSi, can be easily oxidized. Figure 4(a) also shows that the dominant stable Hf
and Si species in water is HfO, and SiO,, respectively, except in highly alkaline condition when
HHfSiOs (pH>13.8) , SIO(OH)* (pH>10.7) and SiO3(OH)*(pH>11) appear. Therefore, the
formation of HfO, and SiO; (as insoluble surface films) will prohibit the dissolution of HfSi; in
aqua regia, which is in agreement with the low removal fraction of Hf (38.5 %, from 50000
ppmw to 30748 ppmw) in this study, as shown in Table 1.

When the Hf-containing Si was leached by HF solution, the Eh-pH diagram is shown in
Fig.4(b). Comparing Fig.4(b) with Fig.4(a), the stable regions of HfF, (0<pH<6.4) and SiFg
(3.1<pH<8) appear, indicating that HF can remove the passivating HfO, and SiO, layers
depending on the pH value. Therefore, the presence of HF can improve the leaching of HfSiy,
which is in agreement with the high removal fraction of Hf (99.5 %, from 50000 ppmw to 245
ppmw) in this study, as shown in Table 1.

The refined Si crystals may be also attacked by HF because the stable region of SiFg is
present in Fig.4(b) (between two SiO, stability fields). However, the dissolution of Si into HF in
this study can be ignored by comparing Fig.3 (d) with Fig.3(c) (the surface of Si was still
smooth after HF leaching at 384 K for 3 h).

3.4 Comparison of leaching behaviors of MG-Si with/without Hf addition

The purification of MG-Si, without Hf addition, was investigated under the same experimental

conditions for comparison purposes. The results regarding the leaching of MG-Si with/without

Hf addition are shown in Table 1 (the first and second columns of IV, labeled as Si-5wt%Hf
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and MG-Si, respectively). Without Hf addition, the impurities in the MG-Si could be efficiently
eliminated via successive HCI+HF and aqua regia leaching. HCI + HF is considered an efficient
lixiviant for the removal of impurities from MG-Si, which was reported and discussed in our
previous study (Lei et al., 2017). Comparing the leaching results obtained with/without Hf
addition, the extraction of impurities from MG-Si could be enhanced with an addition of Hf,
especially with regard to P, as shown in Table 1 and Fig. 5.

P is a typical impurity in MG-Si. The segregation coefficient of P is high (0.35 at the melting
point of Si), and therefore, it is difficult to eliminate P using solidification refining and
hydrometallurgical treatments. With Hf addition, the amount of P extracted from the Si increases
from 25% to 59.6%, as shown in Fig. 5. With Hf addition, the removal of P from the Si is
enhanced, because P is weakly detected in coexistence with Hf-containing phases, as shown in
Fig. 2. Therefore, the efficient removal of the Hf-containing phases can also simultaneously
eliminate P.

Al is another typical impurity in MG-Si. It is highly soluble in solid Si (as much as 340 ppmw)
(Murray and McAlister, 1984) and is therefore difficult to remove using solidification refining
and hydrometallurgical treatments. With Hf addition, the removal of Al is slightly enhanced, as
shown in Table 1 and Fig. 5. A typical precipitate within MG-Si (without Hf addition) is shown
in Fig. 6. According to its EDS mapping analysis, Al is primarily stabilized in Si-Fe-Al-based
phases, indicating that Fe can act as an Al getter. However, when the MG-Si is alloyed with 5wt%
Hf, Al is not only stabilized in the Si-Fe-Al-based phases but also in the Si-Hf-Fe-Al phases (as
shown in Fig. 2), indicating that both Hf and Fe can act as Al getters. This suggests that the
removal of Al could be slightly enhanced with Hf addition.

In this study, 98.6% of Al (from 1608 ppmw to 22 ppmw) could be eliminated from the
MG-Si. However, this value was determined to be only 85% (from 1243 ppmw to 186 ppmw

after HCI+HF leaching) in our previous study (Lei et al., 2017). This indicates that the leaching
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approach was improved in this study. In the previous study (Lei et al., 2017), the size of the
pulverized Si was lower than 186 um. However, it is lower than 75 um in this study. The
lixiviant employed in the previous study (Lei et al., 2017) was HCI+HF, while HCI+HF and
aqua regia are both used in this study. In addition, the leaching time used in this study (3 h) is
longer than that used in the previous study (2.5 h) (Lei et al., 2017).
3.5 Comparison of the leaching behaviors of MG-Si with/without Si-Al solvent, using Hf as
an impurity getter
B was expected to be eliminated efficiently with Hf addition. This is because Hf has the
strongest affinity for B (to our knowledge) according to the Gibbs energy of formation of HfB,,
as shown in Egs. (2) and (3).
HF (1)+2B (1)=HfB, (5) (2)
AG;" =-459000+64.4T J/mol (Turkdogan, 1980) (3)

However, with an addition of 5wt% Hf to the MG-Si, the highest removal fraction of B is only
56.7% (from 12 ppmw to 5.2 ppmw) (Table 1). According to the results of our previous study
(Lei et al., 2016a), 97% of B (from 60 ppmw to 1.8 ppmw) could be extracted from Si following
the addition of 0.65wt% Hf to the Si-54wt% Al solvent (liquidus temperature of 1273 K). In the
two studies, the different extraction behaviors of the B can be attributed to the different liquidus
temperatures. It is well known that compared with a high refining temperature, a lower refining
temperature is more favorable for the extraction of impurities from Si. This is because the
segregation coefficient of most impurities will decrease as the temperature decreases (Morita
and Yoshikawa, 2011). In addition, HfB; is also more stable at lower temperature, as shown by
Eqg. (3). Therefore, Si-Al solvent refining was also performed in this study for comparison
puUrposes.

The leaching results regarding the Si-33wt% Al solvent, with the presence of 5wt%Hf,
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following solidification refining, are listed in Table 1 (the third column of IV, labeled as

Si-Al-5wt%Hf). Most impurities can be further eliminated with Si-33wt% Al solvent refining,
especially B, P, and Hf. The removal fractions of B, P, and Hf were enhanced to 94.2%, 86.2%,
and 99.9996%, respectively. Although residual Al was found in the refined Si, owing to the high
solubility of Al in solid Si (as much as 340 ppmw) (Murray and McAlister, 1984), the residual
Al in solid Si can be removed using vacuum melting owing to the significant difference between
the vapor pressures of Al and Si (Safarian et al., 2012).
4. Conclusions

The use of solidification refining technology for the purification of MG-Si, with Hf addition,
was investigated in this study. Using aqua regia, HCI+HF, and HF as lixiviants, the leaching
behaviors of MG-Si, with 5wt% Hf, were investigated. HCI+HF was determined to be the
optimal lixiviant with regard to the elimination of impurities within the Hf-containing MG-Si.
Using a combination of HCI+HF and aqua regia, the removal of impurities was determined to be
more efficient (from 6126 ppmw to 94 ppmw). Eh-pH diagrams for Hf-Si-N-CIl-H,O and
Hf-Si-F-H,O systems were calculated to discuss the leaching of HfSi, in aqua regia and HF
solutions, respectively. The addition of Hf to MG-Si was determined to enhance the removal of
impurities, especially P, compared with that without the addition of Hf. Hf-containing Si-Al
solvent refining is considered the most efficient approach for the elimination of impurities
(except Al). Most impurities can be further eliminated with the use of Si-33wt% Al solvent
refining using Hf as an impurity getter, especially with regard to B, P, and Hf. The removal
fractions of B, P, and Hf were determined to be as high as 94.2%, 86.2%, and 99.9996%,
respectively.
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Fig. 1. Schematic of electric resistance furnace used for Si solidification refining.
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Fig. 2. A typical precipitate in Si with presence of 5 wt% Hf prior to acid leaching, as well as the

results of the EDS mapping analysis
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Fig. 3. SEM images of Si with 5wit% Hf (a) before leaching with aqua regia, (b) after leaching

with aqua regia, (c) before leaching with HF, and (d) after leaching with HF.
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Fig. 5. Removal fractions of the impurities achieved via solidification of MG-Si, Si-5wt% Hf, and Si-
Al-5wt% Hf, respectively, following successive leaching with HCI+HF and aqua regia.
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Fig. 6. A typical precipitate in MG-Si prior to acid leaching, as well as the results of the EDS
mapping analysis.
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Table 1. Concentrations of impurities within initial MG-Si and Si following acid leaching (I ,1I,
and I indicate that leaching with aqua regia, HF+HCI, and HF was performed, respectively;
IV indicates that leaching was performed using HF+HCI and aqua regia successively; “-”

indicates the analysis limit of ICP-OES).

impurity l\|/r|1(|;[|as|l Si-5wt%Hf MG-Si ?\;tf"ﬁo\:—li
I I il v v v
B 12 10 8 9.7 5.2 6.3 0.7
P 52 28 30 28 21 39 7.2
Zr 13 3.4 1.2 0.9 0.3 0.1 0.1
Fe 3494 2308 17 17 16 16 12
Al 1608 663 42 33 22 35 381
Ca 165 11 16 18 - 1.6 4.5
Ti 236 137 0.5 0.7 1.2 1.2 0.7
V 229 133 0.3 0.3 - - -
Mn 184 53 0.1 0.3 - - -
Ni 132 31 0.4 - - - 0.5
Hf 0.5 30748 115 245 28 - 0.2
Total 6126 34125 231 353 94 99 407
Purity of 99 387 96.587 99.977 99.965 99.991 99.99  99.959

Si (<)
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Table 2. Selected thermodynamic data at 348 K.

[1] HSC Chemistry 6.0, [2] Zhao et al.

Species (ﬁglf/":';%’f) Reference Species (ﬁg;f/'?;%f) Reference
F -65.06 [1] HHfO," -226.02 [1]
HF, -136.45 [1] HHfO3 -279.85 [1]
HF(aq) -70.66 [1] Hf* -129.67 [1]
CI -29.80 [1] HfO** -183.492 [1]
HCI (aq) -28.53 [1] HfOH®* -185.32 [1]
NOs -22.52 [1] Hf(OH),** -243.64 [1]
HNO;(aq) -21.26 [1] Sio;, -202.51 [1]
Si 0 [1] SiFe” -517.80 [1]
HfSi, -47.40 [2] HSiOs -237.41 [1]
HfCl, -211.84 [1] Si(OH),(aq)  -306.45 [1]
HfF, -433.43 [1] SIO(OH);  -291.71 [1]
HfO, -250.89 [1] SiOy(OH),>  -272.22 [1]
HfOClI, -238.83 [1] SiO3(OH),>  -256.36 [1]




Highlights:

 Hf enhanced the removal of impurities from MG-Si, especially P.

* Eh-pH diagrams for leaching HfSi, were calculated.

* The highest removal fractions for B and P were 94.2% and 86.2%, respectively.
* The quantity of impurities within Si was reduced from 6126 ppmw to 94 ppmw.
* The amount of added Hf was reduced from 50,000 ppmw to 0.2 ppmw.
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