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Abstract: In this research, we investigate the process of X-ray radiometric separation of both raw materials (quartz, car-
bonaceous reducing agent) used for silicon smelting in ore-smelting furnaces and the resulting smelting products. The
research objects were quartz from the Aktas field (Kazakhstan), coal from the Shubarkol field and silicon metal of various
grades smelted at the Tau-Ken Temir LLP (Karaganda, Kazakhstan). X-ray diffraction analysis was performed using a
Philips powder diffractometer. To determine the SiO, and Fe,0; content, an ARL PERFORMX X-ray fluores-
cence spectrometer was used. To remove impurities, a CPF1-150M single-strand radiometric separator was used. We
found that the radiometric separation of original quartz samples with the Fe,O3; content of ~ 0.1-0.15% produces pure
quartz with the Fe,O3 content of < 0.05% and a yield of 65-70%. Provided that the Fe,O3 content in the original quartz
sample does not exceed 0.5%, concentrates with the Fe,03 content of 0.05% and a yield of 35-55% can be obtained.
The yield of pure quartz with the Fe,O3 content of 0.01% does not exceed 15-20%. The use of radiometric separation is
established to reduce the amount of phosphorus in the final product by 2-3 times. This method is effective for obtaining
coal concentrates of varying ash content (2.0, 4.1 and 7.3%); the resulting concentrated product obtained with a yield of
25% contains 1.5% of ash. Separation of silicon metal (with the initial iron content of 1.2—-1.5%) yields a product matching
silicon grade 773 (product yield ~ 50%), 553 (~ 35%) or 441 (20%). It is concluded that radiometric separation allows the
content of impurities in quartz, silicon metal and coal ash to be reduced, thus facilitating the production of higher-grade
silicon.
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MoBbIWeHWe KayecTBa MeTaNIM4YeCcKoro KpeMHuUs metogom
PEHTreHOBCKOro pagnomMeTpnuyecKoro pasgesnieHms CbipbeBbiX
N roToOBbIX NPOAYKTOB

© H.H. 306Hun***, C.B. Kopo6ko**, [1.J]1. BetkoBckuin*, A.A. Monceen*,

A.O. Aranun*, A.X. Hypymranues*, U.A. Nukanosa*
*KapazaHnduHckuli eocydapcmeeHHblli uHOycmpuanbHeil yHusepcumem, . Temupmay, KazaxcmaH
**TOO «Tau-Ken Temiry, e. Kapacanda, KazaxcmaH

Pestome: Llenb — nccnegoeatb NpoLecc peHTreHOPaanoMEeTpPUYEcKoro pasdefieHns ChipbeBbiX MaTepuanos (KBapua,
YrNepoANCTOro BOCCTAHOBUTENS), MCNONb3yeMbIX AN BbINMABKM KPEMHUS B PyAHOTEPMUYECKMX Nevax, U camoro npo-
aykta nnasku. O6bekTamn uccnegoBaHns SBUnuCh kKeapl, mectopoxaeHus Aktac (KasaxcraH), yronb Ly6apkynbckoro
MECTOPOXKAEHUA U METANNNYECKNUI KPEMHWIA pa3nuyHbIX Mapok, BbinnaeneHHbii B TOO «Tau-Ken Temir» (r. KaparaH-
pa, KasaxctaH). PeHTreHoa3oBbIi aHanu3 NpoOBOAWIM C NMOMOLLBK MOPOLIKOBOro AudpaktomeTtpa dupmbl « Philipsy».
Ina onpepenenus copepxanus SiO, n Fe,O; ncnonb3oBany peHTreHOMopecLeHTHbI cnekTpomeTp ARL PER-
FORM’X. [Ina yoaneHusi npumecen NpuUMeHsiNM OOHOPYYLEBOW peHTreHopaguoMeTpudeckuin cenapatop tuna CPO1-
150M. YcTaHoBneHo, YTO MpW paguoMeTpuyeckoM pasfeneHun obpasua MCXOAHOro KBapua ¢ cogepxaHuem Fe,0z ~
0,10-0,15% obecneunBaeTcs nonyvyeHne YUCTOro KBapLa ¢ copgepxaHuem Fe,0; meree 0,05% npu BbiIXxoge NpoaykTa
65-70%. MNpu copepxaHun B ncxogHom keapue Fe,03 go 0,5% Takke BO3MOXHO NMONyYeHUE KOHLEHTPATOB C COAEpXKa-
Huem Fe,03 0,05% npw BbIxoge unctoro npoaykta 35-55%. Ynctein kBapy ¢ cogepxanmem Fe,0z 0,01% BO3MOXHO
nonyynTb ¢ BbIxogoM nuwb 15-20%. MNMokasaHo, YTo Npy MCNONL30BaHUM PagUOMETPUYECKOrO METOAA pa3feneHus no-
cTUraeTcs yMmeHblueHne gocdopa B kBapLe B 2—3 pa3a. Yronb € pa3nuyHomn 3onbHocTsblo (2,0, 4,1 n 7,3%) acpdektnsHO
oboraiiaeTca npeanoXeHHbIM METOAOM C NOMNYYEHWEM KOHLUEHTpaTa, copepxatlero 1,5% 3ombl, npu Boixoge 25%. Mpu
oboraLieHn MeTannmMyeckoro KpeMHUS (C MCXOAHBIM copepxaHnem xenesa 1,2—1,5%) mMoxeT ObITb NOMyYeH NPOAYKT,
COOTBETCTBYIOLWMIA COPTY KpeMHUsa 773 (¢ BbIxoaoM npogykta ~ 50%), copTy 533 (¢ BbiIxogom ~ 35%) unu copty 441 (c
BbIxogoMm 20%). PagnomeTpuyeckuin metoq oboralueHns MmaTepuanoB No3BOMSET CHU3UTbL COAEPXKaHUE OCHOBHbIX Npu-
MecCel B KBapLe, MeTanIm4yeckoM KpEMHUN U1 301 YIS, YTO CMOCOOCTBYET NOMYYEHMIO KDEMHHS BbICLUMX MapOK.

Knroyesnie cnosa: kBapu, Yyronb, MeTannMYeckuin KPEMHWW, PEHTTEHO-pagMOMETPUYECKOe pasferneHve, yaaneHue
npumecei

BbnazodapHocmu: ABTOpbI BhIpaXaloT OrpoMHyto 6rnarogapHocTb pykoBoactey AO «HauuoHanbHas ropHopyaHas KoM-
naHus «Tay-Ken Campyk», koTopasi sBnsieTcsi MatepuHckon komnanuen TOO «Tau-Ken Temir». Ocobyto Gnarogap-
HOCTb Bbipaxxaem reHepanbHomy aupektopy no npoussoactsy AO «HIK Tay-KeH Campyk» AkbepauHy P.A., KOTOpbIN
noagepxan uUHaAHCUPOBaHWe MCCeOBaHMiA B paMKax ucnonHeHus koHTpakta Ne 472 / PPC-18 ot 19 Hosbpsa 2018 r.
no teme: «MccnegoBaHme BO3MOXHOCTU pasfeneHnst KyCKOBOTO TEXHUYECKOrO KPEMHUS U3 LUMakooTBana KpeMHUEBOrO
MPOM3BOACTBA W MOBLILIEHNS KAa4eCTBa Yren Ha OCHOBE TEXHOMOMMU PEHTrEHOPaAMOMETPUYECKON cenapauuny . bnaro-
Aapum Bcex onepatopoB 1 coTpyaHukoB TOO «Tau-Ken Temiry, cotpyaHukos AO «Uprupeamet» (r. UpkyTtek, Poccus),
MPOSIBUBLLMM TEPNEHWE N NOHUMaHWE NPU NPOBeAEHUM JaHHOK paboThl, U Hageemcs Ha NPOAOKEHME B3aMOBbIFO4H O-
ro COTPYAHWUYECTBa.

Ungpopmayus o cmamee: noctynuna B peaakumto 10 aerycra 2020 r.; noctynuna nocrne peueH3MpoBaHust u gopaboT-
kn 22 cenTa6pst 2020 r.; npuHsTa k ny6nmkauum 30 oktsdps 2020 r.

Ansa yumuposanusi: 306HuH H.H., Kopobko C.B., BeTkosckuit [.J1., MouceeB A.A., ArannH A.O., Hypymranues A.X.,
Mukanosa W.A. MNoBbilleHWe KayecTBa METANNNYECKOTO KPEMHUSA METOLOM PEHTIEHOBCKOrO pagMoOMETPUYECKOro pasae-
NeHNst CbIPbEBBIX U TOTOBLIX MPOAYKTOB. BecmHuk Mpkymckoeo 20cydapcmeeHHO20 MEXHUYECKO20 yHU8epcumema.
2020. T. 24. Ne 5. C. 1137-1149. https://doi.org/10.21285/1814-3520-2020-5-1137-1149

INTRODUCTION gies [1-6]. The production of metal silicon in

Silicon is widely used for various industrial ~ ore-smelting furnaces is steadily increasing
purposes, e.g. as an agent for casting alloys, globally, thus stimulating research into the de-
silicon bronzes, steel and cast iron or as a basis  velopment of novel smelting technologies based
for obtaining organosilicon compounds, poly- on the use alternative raw materials for improv-
crystalline silicon and materials for 3D technolo-  ing the quality of smelted silicon and solving as-
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sociated environmental problems [7-13].

Iron impurities in silicon metal present a
challenging industrial problem. When the quartz
components are reduced, the entire amount of
iron passes into the liquid silicon phase. Oxida-
tive refining cannot be used for removing iron,
since the affinity of silicon for oxygen is higher
than that of iron. Coal and its coking products
are another source of iron. Tab. 1 presents the
material balance calculated during the process
of smelting silicon metal under the conditions of
Tau-Ken Temir LLP (Karaganda, Kazakhstan) in
January 2018.

It can be seen that the vast amount of iron is
transferred in silicon metal from quartz and, to
some extent, from coal and its thermal treatment
products. In order to improve the quality of sili-
con metal, iron should be removed from these
starting materials. In addition, the contamination
of silicon metal with iron can occur while trans-
ferring the product from the furnace into the
casting ladle using steel instruments. Therefore,
it is also necessary to purify the finished product
after its crushing and sifting into commercial
fractions. A method for separating quartz from
iron using magnetic and electrostatic separation
was described in [14, 15]. Its disadvantage con-
sists in the need to provide a high level of quartz
grinding, which cannot be used for smelting sili-
con metal in a furnace with a submerged electric
arc. Quartz can also be purified by flotation [16,
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17], a combination of magnetic separation and
acid leaching [18, 19], as well as by gravity sep-
aration [20, 21]. However, both these methods
require the use of water and aqueous solutions,
which complicates the process in winter and in-
volves additional expenses for chemical rea-
gents. The most effective method is likely to be
X-ray radiometric separation, which requires nei-
ther grinding of the raw materials, nor use of
aqueous media and chemical reagents [22].

EXPERIMENTAL

To study the process of removing impurities,
quartz of Aktas deposits (Kazakhstan) was
used. At the moment, the process of mining of
quartz does not exclude impurity rock. We can
distinguish 5 groups of pollution (impurity rocks):
“black” quartz — fig. 1, “ferruginous” quartz — fig.
2, granite — fig. 3, “ruby” quartz - fig. 5, “burgun-
dy” quartz — fig. 6. The chemical impurity of
rocks is given in tab. 2, in the same place the
composition of the main mass of quartz, in fig. 4.

The X-ray radiometric properties of samples
were studied using X-ray diffraction analyzers
with CuKa radiation (40 kV, 30 mA) in the range
28) = 10-70° at a goniometer rate of 28 = 2
°/min. The content of SiO, and Fe,Os in quartz
was examined by, XRF (X-ray Fluorescence)
spectrometry using an ARL PERFORM’X in-
strument.

Table 1. Material balance of iron in the process of smelting silicon metal at the LLP Tau-Ken Temir in January 2018
Tabnuua 1. MatepuanbHbil BanaHc enesa B npouecce BbinnaBku kpemHuss metanna TOO «Tau-Ken Temiry,

sHBapb 2018 roga

Raw material
Expendi Go Feinto
. endi- Fe,Ozin ash, | Fey,Oszin the
Material pture Ash, % % material, % Fe, % t %
rate, t/t
Quartz 3.20 - - 0.17 0.12 3.96 63.29
Charcoal 0.64 2.04 2.90 0.05 0.04 0.26 4.23
Coal 0.93 4.10 441 0.18 0.12 1.17 18.79
Semicoke 0.35 7.40 441 0.32 0.22 0.79 12.76
Graphite electrode 0.11 0.10 19.00 0.02 0.01 0.01 0.23
Wood chips 0.84 0.25 2.90 0.00725 0.005 0.04 0.68
Total 6.07 6.26 100.00
Finished products
Products Expendltt/tjre rate, Fe,03in the material, % Fe, % T Go Fe out %
Silicon metal 1.0000 - 0.5836 5.8360 93.1644
Slag 0.0885 0.4168 0.2918 0.2582 41228
Microsilica 1.2138 0.0200 0.0140 0.1699 2.7126
Total - - - 6.2641 100.0000
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Table 2. The chemical composition of varieties of quartz
Tabnuua 2. XuMmnyecknii cocTaB pasHOBMAHOCTEN KBapLa

Chemical composition, %
Name

Fe,0; Al;03 Ca0 TiO, SiO,
The bulk of quartz 0.02 0.14 0.003 0.003 99.83
Granite 0.62 5.46 0.108 0.026 93.79
"Ferrous" quartz 1.23 0.16 0.011 0.005 98.60
"Black" quartz 5.92 3.83 0.129 0.146 89.98
"Ruby"quartz 0.28 0.08 0.003 0.004 99.64
"Burgundy"quartz 24.01 0.19 0.028 0.017 75.75

I—

Fig. 1. "Black" quartz Fig. 2. "Ferrous" quartz
Puc. 1. «YepHblii» keapy, Puc. 2. «Xene3zucmeolii» keapy,

Fig. 3. Granite Fig. 4. The bulk of quartz
Puc. 3. F'paHum Puc. 4. OcHogHasi Macca Keapya

Fig. 5. "Ruby" quartz Fig. 6. "Burgundy" quartz
Puc. 5. «Py6uHoenblli» keapy, Puc. 6 «<bopdoeniii» keapy,
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To remove impurity rocks, a single-strand X-
ray radiometric separator of the SRF1-150M
type was used. This is a new generation of An-
gara-type separators (developed by the Irgired-
met JSC and the Tekhnosort LLC) equipped by
a highly sensitive measuring system with semi-
conductor detectors of reflected X-ray radiation.
Fig. 7 and 8 present the signal flow and circuit
operation diagrams, as well as the appearance
of this equipment. The removal of impurities
proceeds as follows. The feeding mechanism
provides dosed continuous unloading of raw ma-
terials to the tray design, which forms the flow of
raw materials with a discrete feed to the zone of
measurement and sorting in the free fall mode.

The detector unit makes an assessment of
the material composition of the raw material by
the X-ray fluorescence method on the basis of
the secondary X-ray spectrum recorded from the
bulk sample, comparing the measurement result
with the threshold and issuing a control signal to
the pusher actuation.

When quality requirements are not met, an
electromagnetic or electropneumatic slide type
pusher changes the falling trajectory of the
sample. Samples of quality raw materials fall
without deviating their trajectory. The control
signal for duration and impact force is propor-
tional to the linear size of the sorted sample. To
create a control signal, spectral ratios for iron,
calcium and strontium were used:

Pca = Nca/ Ns; Pee =
Nre/ Ns; Psr = Ns// Ns; (1)

where: Nca, Nre, Ng; are the number of pulses of
characteristic X-ray radiation of the elements Ca
(3.7 keV), Fe (6.4 keV) and Sr (14.2 keV) re-
flected from a freely falling sample of raw mate-
rial; Ns is the secondary scattered X-ray radia-
tion recorded from a sample of raw material to-
gether with the characteristic radiation of the
elements contained there in.

Initially, the samples were estimated accord-
ing to the statistical distribution of the intensity of
reflected characteristic X-radiation. This as-
sessment was carried out on such a generalized
mass of samples that the statistical distribution
did not change its character within a statistical
error of 5%. The obtained mass was established

MeTannyprus n matepvmanosegeHue
Metallurgy and Materials Science

as the limit of its representativeness from the
volume of the studied sample. The validity of
checking this limit was verified in static and dy-
namic conditions. Next, an analysis was made
of the statistical distribution of the magnitude of
the spectral ratio within the variation range in
order to identify the threshold separation value.
As a criterion that determined the values of the
threshold spectral ratio, the yield of concentrates
and tailings was used. The yield was estimated
based on a histogram of statistical distribution.
In addition, the value of X-ray reflected radiation
most pronounced the obtained statistical distri-
bution was determined. On the basis of this
analysis, the element contained in the material
under study by which the division should be
made was determined, as well as the separation
principle. After that, control enrichment of a rep-
resentative sample was performed. The result-
ing separation products were averaged, reduced
and subjected to chemical analysis. In cases
where the result was unsatisfactory, the yield of
the separation products was changed by varying
the threshold spectral ratio, the element used for
the separation and the separation principle.
When splitting into two products, a one-step
scheme was used with a single value of the
separation criterion. When splitting into three
products, a two-stage scheme was used, etc.
These studies were conducted on different size
classes, because the size of raw materials also
affects the separation rate.

RESULTS AND DISCUSSION

Fig. 9 shows the ratio between the number of
pulses of reflected X-ray radiation from the sam-
ple under examination over the measurement
period and the frequency, keV. As can be seen
from the graph, there is a good agreement be-
tween the magnitude of the peak in the region of
the characteristic X-ray frequency of iron and its
content in quartz. The maximum peak of 1350
pulses was observed from “black” quartz with an
iron content of 5.92%. The minimum peak of 150
pulses corresponds to “ruby” quartz with an iron
content of 0.28%. Based on this relationship, the
spectral ratio Pre Was chosen as the sorting crite-
rion during separation of the investigated materi-
al. Tab. 3 presents the results of separation ob-
tained by the method described above.
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Fig. 7. Schematic diagram of signal movement in an SRF1-150M X-ray radiometric separator:
BXR - Brake X-ray; CXR - Characteristic X-ray; DXR - Diffuse X-ray
Puc. 7. lpuxyunuanbHas cxema deuxeHusi cu2Hanoe e peHmaeHopaduoMempuyeckom cenapamope CP®1-150M:
BXR — mopmo3Hol penmeeHosckuli cHumok; CXR - xapakmepucmu4ecKuli peHm2eHO08CKUl CHUMOK;
DXR - dugpgby3HbIl peHmMaeHo8CKuUli CHUMOK

Forrous waste

The flow of material

 Keray unit

electromagnetic pusher

T contsiners for separation products

Concentrate

Fig. 8. Schematic diagram of the operation and appearance of an SRF1-150M X-ray radiometric separator
Puc. 8. lpuxyunuanbHas cxema pabomsi u eHewHuli eud peHmaeHopaduoMe mpuyecko2o cenapamopa CP®1-150M

As can be seen from the results presented in
tab. 3, quartz with a Fe,O3 content of less than
0.05% with a yield of 65-70% was obtained
from quartz with the initial Fe,O5; content of
0.10-0.15%. Provided that the initial quartz con-
tains up to 0/5% of Fe,O3 the yield of pure prod-
uct reaches 35-55%. Pure quartz with a Fe;O3
content of 0.01% can be obtained with a yield of
15-20%. The process enables removal of such
impurities —aluminium and calcium oxides,
phosphorus. In comparison with the initial con-
centration, a two- or three-fold decrease in the

amount of phosphorus can be achieved. It
should be noted that the best enrichment condi-
tions are achieved when separating the feed-
stock into fractions of 20-40 and 40-80 mm.
With the enrichment of the quartz fraction of 20—
80 mm, the yield of a suitable product decreases
from 70 to 50%.

When separating coal from the Shubarkul
deposit (Kazakhstan), similar results were ob-
tained (tab. 4). This coal is also used in the
production of silicon metal at the Tau-Ken
Temir LLP.
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Fig. 9. Dependence of the number of pulses of reflected X-ray radiation over the measurement period on frequency, keV:
1 - “Black” quartz; 2 - “Ferrous” quartz; 3 — Granite; 4 — “Ruby” quartz
Puc. 9. 3asucumocmb Konuyecmea uMmnysbco8 ompaxeHH020 PeHM2eHOB8CKO20 U3JTy4yeHusi 3a nepuod usmepeHust
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The studies were carried out using the sepa-
ration of spectral ratios by iron and strontium as
a criterion. High-quality ash removal was
achieved when using the spectral ratio for iron
as a criterion for the separation. As can be seen
from tab. 4, coal can be effectively enriched by
the X-ray radiometric separation. Regardless of
the initial concentration (2.0, 4.1, 7.3%), coal
concentrate can be obtained from the content of
1.5% and yield of 25%.

Using a similar technique, separation of sili-
con metal was carried out. The respective re-
sults and separation curves (lines of Henri Poin-
caré) are presented in fig. 10-12. As can be
seen from fig. 10-12, silicon metal with the initial
iron content of 1.2-1.5% can be obtained as
separation products corresponding to 773 metal
silicon grade and a yield of 50%, 553 metal sili-
con grade with a yield of 35% or 441 metal sili-
con grade with a 20% vyield. This depends on
the demand for and cost of a particular metal
silicon grade. Silicon metal of the grade 553 with
a yield about 20% can be produced from silicon
metal of the grade 773 (initial iron content of
0.6%). Silicon metal of the grade 4403 can be
obtained from silicon metal of the grade 3301
with a yield of about 60%. Moreover, the lower
the initial content of harmful impurities in silicon
metal, the lower the purifying effect that can be
achieved as a result of X-ray radiometric sepa-

ration. This method is most effective when puri-
fying ferrous silicon with ferrous inclusions ob-
tained in the process of release from the furnace
using steel tools.

In addition, experiments were carried out on
the X-ray radiometric separation of slag pro-
duced in the smelting of silicon metal. The sepa-
ration of the enrichment products by X-ray spec-
tra was qualitative. In addition to the elemental
silicon, the oxide component is present in the
concentrates. The enrichment wastes in the ox-
ide base contain small (0-10 mm) particles of
elemental silicon. Visually, the oxide part in the
concentrate is represented by inclusions of un-
reacted quartz rather than by slag. The spec-
trum of quartz is close to that silicon; therefore, it
was not separated during purification. The pres-
ence of the initial quartz in the slag points to
massive violations of the technological regime
during smelting of silicon metal. Such violations
are described in [23]. The methods described in
this paper [23] can be used to avoid the possibil-
ity of contamination of slags with quartz and to
obtain concentrates without oxide inclusions
during X-ray radiometric separation. This prod-
uct can already be defined as a silicon metal of
a certain brand. In this regard, the authors plan
to return to this work after the implementation of
the above recommendations.
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Table 4. The results of X-ray radiometric separation of coal from the “Shubarkol” deposit
Tabnuua 4. PesynbTaThl peHTreHOPaaMoOMETPUYECKON cenapaumnn yrns mectopoxaerus «LLybapkonb»

Sort indicators
Initial _coal Fraction of Product name Pre — 0,022/0,028 Ps— 0,026/0,030
quality coal, mm Product Ach Product Ash
) roduc’ S . roduc S
Weight, kg yield, % content, % Weight, kg yield, % content, %
Concentrate 11.1 28.2 1.6 11.5 52.0 1.6
Intermediate
High -40+20 product 25.0 63.6 2.0 51 231 1.8
Waste 3.2 8.1 2.9 5.5 24.9 1.9
Source coal 39.3 100.0 2.0 22.1 100.0 1.72
Concentrate 10.2 56.7 2.8 5.0 28.2 2.2
Intermediate
Average -40+20 product 6.4 356 35 59 333 45
Waste 1.4 7.8 16.5 6.8 38.4 4.3
Source coal 18 100.0 4.1 17.7 100.0 3.77
Concentrate 13.1 62.7 3.8 7.5 42.1 5.3
Intermediate
Low 40420 product 5.9 28.2 7.1 5.6 315 4.6
Waste 1.9 9.0 32.1 4.7 26.4 4.5
Source coal 20.9 100.0 7.42 17.8 100.0 4.87
0,6
> 1,2 / >
® 1 // ¥ 05
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Fig. 10. Ferric silicon enrichment line Fig. 11. Silicon Grade 773 Enrichment Line
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Fig. 12. Silicon Grade 4403 Enrichment Line
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CONCLUSIONS

The relationship between the number of re-
flected X-ray pulses over the measurement pe-
riod and the frequency of quartz of different
chemical composition was established. On the
basis of this dependence, an X-ray radiometric
separation technique for quartz, coal, metal sili-
con and silicon slag was developed and tested.

This technique solves the practical problem of
improving the quality of silicon metal obtained by
smelting. The possibility of reducing the concen-
tration of such harmful impurities as iron, titani-
um and phosphorus in the resulting silicon metal
was demonstrated. This can significantly reduce
the cost of solar-grade silicon production.
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