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Abstract. The paper presents the results of refining silicon of metallurgical grades based on leaching of impurities with inorganic acids. Silicon samples
were studied by metallographic and X-ray fluorescent methods of analysis, as well as X-ray spectral microanalysis. To improve the quality of this
alloying element, we carried out experimental work on its hydrometallurgical purification with solutions of various acids (10 % H,SO,, HCI, HNO;,
4 % HF) and their mixtures. Values of changes in the Gibbs energy were calculated for reactions of interaction with reagents of the main impurity
inclusions recorded in the studied silicon samples (FeSi,, Fe,Si, FeSi, AlFeSi, AlFeSi,, Al,FeSi,, FeSi,Ti, FeAlTiSi, TiSi,, Ca,Si). The experiments
were carried out on silicon samples with a particle size of —200 pm with constant stirring by a magnetic stirrer at a temperature of 60 °C, duration
1 h and L:S = 5:1. Determination of concentration of the impurity elements in the solution after leaching was made by the atomic emission method
of analysis. When hydrofluoric acid is used as a solvent, the best results are obtained for purification of iron, aluminum, and titanium (concentration in
solution, mg/dm?, respectively: 2380, 831, 145). The maximum concentration of calcium in the solution (147 mg/dm?®) was achieved by hydrochloric
acid treatment of fine silicon. The most effective for transferring impurities into solution is a mixture of sulfuric and hydrofluoric acids at a ratio of 1:1.
Using a mixture of H,SO, and HCl as a solvent (at a ratio of 1:3) made it possible to achieve sufficiently high mass concentrations of impurity elements
in the leaching solution. The degree of silicon purification from iron was 33.32 %, aluminum — 54.64 %, calcium — 65.77 %, titanium — 15.64 %.
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Annomayus. llpuBeneHb! pe3yibTaTsl paMHUPOBAHHS KPEMHHSI METAJUTyPrHUECKIX MapOK Ha OCHOBE BBIIIEIaYMBAHUS IPUMECEH HEOPTraHUUECKUMU
kucrnoramu. OOpasibl KpeMHHSI Kak OOBEKTBI MCCIENOBAHUI H3YYalOTCS MeETauIorpaMyeckKuM, PEHTTEHO(IIOOPECHEHTHBIM METO/IAMHU,
a TaK)Ke PEHTTCHOCIEKTPAIBLHBIM MUKpPOAHAIH30M. [1JIsi MOBBILICHUS Ka4yecTBa KPEMHHUsI ObLIN MPOBEJCHBI SKCIIEPUMEHTAIBHBIC PA0OTHI 110 €ro
TUIPOMETAILTYPrMYECKOH OYMCTKe pacTBOPaMK pasiiuuHbiX KUcioT (10 Yo-ubivu H,SO,, HCI, HNO,; 4 %-noit HF) u nx cmecsmu. Paccuntanbl
n3MeHeHus SHeprun [ nd0ca i peakunii B3aUMOJCHCTBHS C peareHTaMU OCHOBHBIX IIPUMECHBIX BKITIOYCHU, 3a()UKCHPOBAHHBIX B HCCIICTYyEMbIX
obpasuax kpemuus (FeSi,, Fe,Si, FeSi, AlFeSi, AlFeSi,, Al;FeSi,, FeSi,Ti, FeAlTiSi, TiSi,, Ca,Si). DxcriepuMenThl NPOBOAMIUCH Ha TTPodax
KPEMHUsI KPYITHOCTBIO YacTULl —200 MKM IpH MOCTOSHHOM IepeMEeIINBaHUI MarHUTHON Melankoii npu temneparype 60 °C, npogoKUTeIbHOCTH
1 9 u coorHomenun XX:T = 5:1. Onpenenenne KOHIEHTPAIIMHA TPUMECHBIX dJIEMEHTOB B PACTBOPE MOCJE BBIMIEIAUNBAHIS IPOBOAMIN aTOMHO-
9MHCCHOHHBIM METOJIOM. YCTaHOBJICHO, YTO IIPH HCIIOJb30BAaHWU B KAayeCTBE PACTBOPUTENS IUIABUKOBOM KHCIIOTBHI IOJIyYEHBI HAaWITydllIne
PE3YIIBTATHI [10 OUKCTKE OT JKEIIe3a, ATIOMUHKS, TUTaHa (KOHIeHTpanus B pactBope 2380, 831, 145 mr/am?). MakcuMaibHast KOHIEHTPALUS KAJIbLUSE
B pactBope (147 mr/mM?) nocTuraercs npu CONSHOKHUCION 06paboTke MenkoppakiuMoHHoro kpemuus. Hanbonee s dextuBHON st iepeBoa
TIpUMEceid B pacTBOP SBISIETCSI CMECh CEPHOM M TUTABUKOBON KUCIIOT IIPU UX cooTHOIeHNH 1:1. Mcmonp30Banne B KaueCTBE PACTBOPUTEIIS CMECH
H,SO, n HCI (npu coornouenuu 1:3) m03BOJISET 10CTUIaTh 0CTATOYHO BHICOKMX MACCOBBIX KOHLIEHTPALMI IIPUMECHBIX 2JIEMEHTOB B PACTBOPE
BoIIeaunBanus. CTENeHb OUNCTKH KPEMHHS OT Jkene3a coctaBisieT 33,32 %, amomunus — 54,64 %, xanpiwst — 65,77 %, tutana — 15,64 %.

Kntouesule c06a: Texundeckuii (METaLTyprudecKuii) KpeMHHIL, IPUMECH, THAPOMETaILTyprudeckoe padiHIPOBaHKE, U3MEHEHHe dHeprun [nooca

Jaa yumupoeanus: Hemunnosa H.B., Trorpun A.A. 3aiineBa A.A. I'napomeraiuryprudeckoe pahMHUPOBaHHE METAILTY pPrUYeCKOro KpeMHHs. M36ec-
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- INTRODUCTION

Technical (metallurgical) silicon finds widespread
application globally in various fields [1]. It is uti-
lized as an alloying element in ferrosilicon and high-
silicon alloys [2—4], as an alloy in the aluminum
industry to produce silumins [5], as a steel deoxidizer
in the steel industry [6], and in the chemical industry
to obtain organosilanes and other compounds [1;4].
In the electronics industry, high-purity semiconductor
silicon and silicon of “solar” quality serve as the basis for
photoelectric current converters [4; 6].

Metallurgical silicon produced by melting in ore
thermal furnaces [5; 7 — 9] typically has a purity of only
98.0 — 99.5 %. At present, “solar” quality silicon is manu-
factured by combining the costly “electronic” silicon and
metallurgical silicon, followed by refining through crys-
tallization methods. The Siemens process [10] is the tra-
ditional industrial method of producing “electronic” sili-
con, along with other similar methods that involve vapor
phase chemical precipitation for the production of chloro-
silane compounds. However, these methods have draw-
backs such as high volatility, toxicity, and equipment cor-
rosion in the presence of water. The Siemens process is
also highly energy-intensive, consuming approximately
120 kWh/kg of silicon [11]. Alternatively, “solar” qua-
lity silicon can be obtained by processing metallurgical
silicon, which can involve oxidative refining [5; 12; 13],
hydrometallurgical purification [5; 14; 15], vacuum refi-
ning [16 — 18], and crystallization methods of purification
(direct crystallization, zone melting) [19 —22]. Of these
methods, hydrometallurgical refining is the only process
that does not require high temperatures (below 100 °C) or
expensive equipment. This method is energy-efficient and
cost-effective.

The objective of this study is to conduct experiments
for hydrometallurgical purification of metallurgical sili-
con using various inorganic acids.

[ SUBJECT OF RESEARCH

The aim of this study was to investigate metallurgi-
cal silicon samples obtained from Silicon JSC, RUSAL
(Shelekhov, Irkutsk Region) after undergoing oxidative
refining.

Technical silicon is typically produced through a con-
tinuous method in ore-thermal furnaces (OTF) using silica-
containing raw materials with a minimum of 98.5 % SiO,.
Fossil quartzite is a mineral component commonly used
in charge mixtures for industrial processes. The mix-
ture typically includes a combination of carbon reducing
agents such as charcoal, petroleum coke, and hard coal
from various producers such as Kazakhstan and Colom-
bia. Additionally, wood chips are often used as a charge
loosener [5; 7].
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The process of silicon smelting can be generally
described by the reaction SiO, +2C = Si+2CO. Howe-
ver, this oversimplified reaction does not adequately cap-
ture the complexity of the reduction of silica that occurs
in a furnace during silicon production. In an OTF, silicon
production is a highly intricate, high-temperature process
that involves various chemical reactions resulting in the for-
mation of intermediate compounds such as SiO and SiC.

The raw materials used for silicon production, such
as Cheremshansk Mine quartzite, exhibit heterogeneity
in terms of impurity content. As a result, the resulting
smelted silicon contains small amounts of iron, calcium,
aluminum, and titanium, which give rise to the forma-
tion of various intermetallic inclusions within the sili-
con [23; 24].

At Silicon JSC, the process of silicon production
involves the smelting of the charge in an OTF, followed
by an oxidative refining step in which air blowing is used
to remove mainly aluminum and calcium from the sili-
con melt [7]. However, this method does not remove iron
from the silicon, which highlights the importance of strict
control over the supply of iron from the charge materials
(quartzite, carbonaceous reducing agents). Alternatively,
other methods may be suggested to improve the quality
of silicon.

Different methods were employed to study the chemi-
cal composition of technical silicon samples used in expe-
rimental works.

Different methods were employed to study the chemi-
cal composition of technical silicon samples used in expe-
rimental works. Metallographic studies of thin sections
of the initial lump silicon revealed the presence of mainly
impurity intermetallic inclusions (Fig. 1). This study
was conducted using an Olympus GX-51 metallographic
microscope (Olympus, Japan) equipped with an Altera20
digital camera. Additionally, X-ray spectral microanaly-
sis (Fig. 2) was performed using an S4 Pioneer X-ray
spectrometer (Bruker, Germany). The results indicated
that iron and aluminum were the main impurity compo-
nents of intermetallic inclusions present in the silicon
sample, albeit in insignificant amounts.

The initial lump material was crushed using by
a ShchD-10 jaw crusher (Russia), and subsequently
ground using a ShM-1408 ball mill (Russia). The grind-
ing process employed steel balls without lining, and mag-
netic separation was then applied. The particle-size dis-
tribution of the resulting fine silicon was analyzed using
a laser particle size analyzer, Analyzette 22 NanoTecPlus
(FRITSCH, Germany). The iron impurity is present
in small inclusions (Fig. 2), resulting in a uniform distri-
bution by fractions. The results of the analysis are pre-
sented in Fig. 3 and in the Table.

Based on the particle-size analysis, it was found
that the metallurgical silicon particles had a frac-
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Fig. 1. Inclusions of intermetallides in a silicon sample:
a and b — light and dark field

Puc. 1. BriroueHus: HHTEPMETATHIOB B 00pa3siie KPeMHHUS:
a ¥ b — CBETIIOE U TEMHOE IT0JIE

tion size of —200 pm; with 80 % of all particles falling
within the fraction size range of +12 + 100 pm. Elemen-
tal chemical composition (wt. %) of the material was
determined through X-ray fluorescent analysis (XRF),
which resulted in the following values (wt. %): Al 0.53;
Ti0.0491; Ca 0.0628; V 0.0066; Cr 0.0024; Mn 0.0145;
Fe 0.6094; Cu 0.0037; P 0.0106; Ba 0.0077; Ni 0.0071;

Zn 0.0022 and Si 98.6939 (taking into account 12 impuri-
ties). The XRF analysis was conducted using an S4 Pio-
neer X-ray spectrometer.

The XRF spectra of the technical silicon samples after
oxidative refining (Fig. 4) indicated the presence of va-
rious impurity elements such as iron, titanium, aluminum,
and calcium. Iron was the most prevalent impurity, and is
notoriously difficult to remove through flux-oxygen refi-
ning of silicon, primarily due to its low affinity to oxygen.
As a result, iron remains almost entirely within the silicon
melt and does not transfer to slag.

- EXPERIMENTAL WORK ON HYDROMETALLURGICAL
PURIFICATION OF SILICON

The quality of technical silicon was attempted to be
improved by using solutions of sulfuric, nitric, hydro-
chloric, and hydrofluoric acids, as well as their mixtures
in different proportions as reagents for silicon processing.
To assess the potential of these solvents in hydrometallur-
gical refining, changes in Gibbs energy (AG,,) were cal-
culated as an indicator of the thermodynamic likelihood
of chemical interactions between impurity inclusions
(intermetallics) and various solvents.

Iron impurities in silicon can exist in various forms
such as double silicides including (FeSi,, Fe,Si, FeSi) and
in complex intermetallic compounds containing titanium
and/or aluminum including (AlFeSi, AlFeSi,, FeTiSi,
FeTiSi,, FeAl,Si,, FeAlTiSi) [23 —25]. The interaction
of FeSiTi intermetallic with a sulfuric acid solution can be
described by the following reaction

2FeSiTi + 7H,S0, + 6H,0 =
= Fe,(SO,), + 2Ti(SO,), + 2H,Si0, + 11H,

Fig. 2. Results of X-ray spectral microanalysis of metallurgical silicon samples (a)
with determination of the area of iron (b), silicon (c¢) and aluminum (d)

Puc. 2. Pe3ynbTaTsl peHTICHOCIIEKTPAIEHOIO MUKPOaHaIN3a 00pa3LoB METaTypri4eCcKOro KpeMHus (a)
C onpeenieHneM 00IacTH HaXOXKACHHs Kene3a (b), kpemuwust (¢) u amomunust (d)
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Fig. 3. Particles size distribution in a sample
of metallurgical silicon

Puc. 3. Pacnipenenenue yactuil mpoOs
METaJUTyprHYeCKOro KPEMHUS 110 KPYITHOCTH

the AG,oq value is —2412.34 kJ/mol, indicating a spontane-
ous process.

A software program was developed in Microsoft Excel
for the rapid calculation of the AG,y values of chemical
reactions [26]. The program was used to determine the
AG,s values for the interactions of various compounds,
including FeSi,, Fe,Si, FeSi, AlFeSi, AlFeSi,, AL,FeSi,,
FeSi,Ti, FeAlTiSi, TiSi, and Cazsoi with solutions of diffe-
rent acids. The calculated AG,,, values were found
to be negative [27].

In order to conduct the experiments, silicon samples
with a particle size of —200 um were obtained. Leaching
of a 40 g portion of silicon was performed in a 400 mL
thermostable beaker for duration of 1h in a sand bath
using a PE6110 magnetic stirrer (100 rpm) with auto-
matic heating. During the experiment, the solution tem-
perature spontaneously reached 60 °C. Acid solutions
of varying concentrations, expressed as weight percen-

1000
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6 564 3 2 1
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Fig. 4. X-ray spectrum of a sample of metallurgical silicon

Puc. 4. Cnextp POA 00pa3iia MeTauypruueckoro KpeMHHs
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Results of particle size analysis
of powdered metallurgical silicon

Pe3yasTaThl rpaHyJI0MeTPHYECKOT0 aHATH3A
MOPOIIKOOOPA3HOT0 METAJJIYPru4€ecKOro KpeMHHUs

Size class, Recovery, » T?Itlal recovel;y, ()/:h

H % gﬁls”e n?ilrllusS
+150.0 +200.0 0.72 0.72 99.95
+100.0 + 150.0 4.64 5.36 99.28
+45.0 = 100.0 27.14 32.50 94.64
+25.0 +45.0 29.80 62.30 67.50
+12.0 +25.0 23.51 85.81 37.70
+6.0 +12.0 6.87 92.68 14.19
+3.0 + 6.0 3.48 96.16 7.32
+1.5+3.0 2.18 98.34 3.84
-1.5 1.66 100.00 1.66

tages, were employed, including (wt. %): H,SO, 10;
HCI 10; HNO, 10; HF 4. These specific values of solvent
concentrations were chosen based on the prior research
experiences of other scholars [5;28 —30]. The liquid
to solid ratio was maintained at 5:1 and the required
volume of the reagent was calculated taking into account
the density of the acid of the set concentration [31].

[l RESULTS AND DISCUSSION

Following acid refining of silicon, the resulting solu-
tions were analyzed for impurity content (Fig. 5) using
atomic-emission analysis (AEA) through a PDA-8000
spectrometer (Shimadzu, Japan).

The best transfer of impurity elements to the solution
was achieved when hydrofluoric acid was used as the sol-
vent, resulting in concentrations of 2380 mg/dm? of iron,

2500
iNg ]
S s
S S 2000
S§ P
NN g
S ¢ 1500
S O
SIS
2= 1000
g 5
= 8

500

Fi

—

g. 5. Comparative histogram of impurities concentration
in the solution of acid silicon refining:

B-Fe.l-ALN-Ti; |- Ca

Puc. 5. CpaBHuTenbHas rucTorpaMma KOHLEHTpALUK Ipumeceit
B PACTBOPE KMCJIOTHOTO paMHUPOBAHUS KPEMHHUSI:

Il -Fe; AL M-Ti;ll-Ca
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831 mg/dm? of aluminum, and 145 mg/dm? of titanium.
The highest concentration of calcium transfer to the lea-
ching solution was obtained using hydrochloric acid (with
a concentration of 147 mg/dm?).

These results demonstrate the potential use
of the above acids for the deeper purification of metallur-
gical silicon obtained after oxidative refining at Silicon
JSC. Experiments were conducted to leach impurities
in the solution using acid mixtures. Ratios of sulfuric,
hydrochloric, nitric, and hydrofluoric acids were selected
as follows: 1:1, 3:1, and 1:1. The experimental condi-
tions, including temperature, liquid-to-solid (L:S) ratio,
stirring speed, and duration, remained unchanged. Fif-
teen experiments were conducted to leach impurities
using various combinations of acid mixtures. The most
effective results of impurity transfer to the solution
of hydrometallurgical treatment of fine silicon are pre-
sented in Figure 6 (AEA data).

The mass concentration of titanium in the leaching solu-
tion was 2.77, 2.39 and 1.54 mg/dm?, respectively, when
using three acids in different ratios (H,SO,:HCl=1:3,
HNO,:HCl = 3:1, HNO;:H,SO, = 1:3).

AEA results of the solutions after silicon hydro-
metallurgical refining showed that a mixture of sulfuric
and hydrofluoric acids in a ratio of 1:1 was the most effec-
tive in transferring impurities to the solution. When this
acid mixture was used as a solvent, the mass concentra-
tion of iron, aluminum, calcium, and titanium in the solu-
tion was the highest. The use of a mixture of sulfuric and
hydrochloric acids as a solvent in a 1:3 ratio resulted
in relatively high mass concentrations of impurity ele-
ments in the leaching solution (compared to the use
of acids separately, except HF).

1800
«-_ 1600

Mass concentration
of the element, me/om
[
S
S

A mixture of acids

Fig. 6. Results of atomic emission analysis
of silicon refining solutions:

AL -Ca;Jll-Fe; - Ti

Puc. 6. Pe3ynbrarsl aTOMHO-3MHCCHOHHOTO aHAIN3a
pacTBOpOB pahMHUPOBAHMS KPEMHUSI:

AL -Ca;Jll-Fe; -Ti

- CONCLUSION

In this study, acid treatment was carried out on fine
silicon samples to purify metallurgical silicon. Reagents
such as 10 % solutions of hydrochloric, sulfuric, and nitric
acids, as well as 4 % hydrofluoric acid, were used. These
solvents were thermodynamically capable of interacting
with impurity metal-containing compounds in silicon.

The use of hydrofluoric acid as a solvent resulted
in the highest transfer of iron, aluminum, and titanium
to the solution. Hydrochloric acid was found to be the most
effective for calcium transfer. Furthermore, a mixture
of H,SO, and HCI at a ratio of 1:3 produced rather high
mass concentrations of impurity elements in the leach-
ing solution. The degree of iron removal was 33.32 %,
aluminum — 54.64 %, calcium — 65.77 %, and titanium —
15.64 %. When a mixture of acids was used, a 1:1 ratio
of sulfuric and hydrofluoric acids was found to be the most
effective for maximum transfer of impurities to the solu-
tion, with the highest mass concentration of iron, alumi-
num, calcium, and titanium. The degree of removal for iron
was 88.37 %, aluminum — 81.85 %, calcium — 94.62 %
and titanium — 92.22 %. From an industrial standpoint, it
is more economically and ecologically feasible to choose
a mixture of 10 % sulfuric and hydrochloric acids ata 1:3
ratio for silicon purification.
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