1 Production of solar-grade silicon from silicon dioxide The invention relates to a complete method for
the production of pure silicon, which is suitable as solar-grade silicon, comprising the reduction of a
silicon oxide, purified by 5acid precipitation from aqueous solution of a silicon oxide dissolved in
aqueous phase, with one or more sources of pure carbon, in particular the purified silicon oxide is
obtained by precipitation of a silicon oxide dissolved in aqueous phase in an acidifying agent. The
invention further relates to a formulation containing an activator, and a device for the production of
silicon, a reactor and electrodes. 10 The proportion of photovoltaic cells in global electricity generation
has been increasing steadily for some years. For further increase of market share, it is essential for the
production costs of photovoltaic cells to be lowered and for their efficiency to be increased. 15 The
costs forPighlipriionsiiicon! ésalnadeasiéi sticdndare ifin gmpiidaidecost factor in the production of
photovoltaic cells. On an industrial scale this is usually produced by the Siemens process, which was
developed more than 50 years ago. In this process silicgn is first reacted with gaseous hydrogen
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fluidized-bed reactors. Examples of this are given in 74 Al. 30 Another known method
for the production of silicon is reduction of silicon dioxide in the presence of carbon in accordance with
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production Of photovoitaic célls. On an industrial scale this is usually produced by the

Siemens process, which was developed more than 50 years ago. In this process silicon
is first reacted with gaseous hydrogen chioride at 300-350°C in a fluidized-bed reactor |
20  to trichlorosilanes (silicochloroform). After costly distillation steps, in a reversal of the
above reaction, the trichlorosilanes are thermally decomposed again at 1000-1200°C in
the presence of hydrogen on heated rods of very-high-purity silicon. The elemental
silicon grows on the rods and the hydrogen chloride released is recycled. Silicon
tetrachloride is produced as a by-product; this is either converted to trichlorosilanes and
25 recycled to the process or it is burnt in an oxygen flame to pyrogenic silicic acid.
A chlorine-free alternative to the above process is the decomposition of monosilanes,
which can also be obtained from the elements and decomposes again after a
purification step on heated surfaces or on being passed through fluidized-bed reactors.
Examples of this are given in WO 2005/118474 A1.
30
Another known method for the production of silicon is reduction of silicen dioxide in the
presence of carbon in accordance with the following reaction equation (Ullmann's
Encyclopedia of Industrial Chemistry, Vol. A 23, pages 721-748, 5th edition, 1993 VCH
Weinheim).
35 Si0;+2C —» Si+2CO



10application. Owing to their electronic properties, elements of groups Ill and V of the periodic system
are especially troublesome, so that for these elements the limit values of contamination in silicon are
particularly low. For pentavalent phosphorus and arsenic, for example, the 15resultant doping of the
silicon produced as n-type semiconductor is problematic. Trivalent boron also leads to undesirable
doping of the silicon produced, so that a p-type semiconductor is obtained. For example, there is a
solar-grade silicon (Si) with a purity of 99.999% (“five nines") or 99.9999% ("six nines"). Silicon
suitable for semiconductor manufacture (electronic grade silicon, Sieg) requires even higher purity.
20For these reasons even metallurgical silicon from‘“the reaction of silicon oxide with carbon should
meet high purity requirements, in order to minimize subsequent costly purification steps due to
entrainetdidioiganaid odmpoantsesudhighstborpertricrasriges fer tiy heositahESRIE thegproduction of
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necessary for the reduction can be embedded in the porous glass. The silicon obtained by the
disclosed method is suitable at a boron content of less than 1 ppm for the production of semiconductor
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owing t63FRMNrROHAY Mreition iy resiyramentbldrirorder to minimize subsequent costly
purification steps due to entrained halogenated compounds, such as boron trichloride,
in the halosilanes for the production of silicon (Sig, or Sieg). Contamination with boron-
containing compounds causes particular difficulties, because boron has a distribution
25  coefficient of 0.8 in molten silicon and in the solid phase and therefore can scarcely be
separated any longer from silicon by zone melting (DE 2 546 957 A1).

In general, methods for the production of silicon from silicon oxide are known from the
prior art. Thus, DE 29 45 141 C2 describes the reduction of porous glasses of SiO; in

30  an arc. The carbon particles necessary for the reduction can be embedded in the
porous glass. The silicon obtained by the disclosed method is suitable at a boron
content of less than 1 ppm for the production of semiconductor components. DE 33 10
828 A1 adopts the approach of decomposition of halogenated silanes on solid
aluminium. This certainly ensures a low boron content, but the aluminium content of the

35  silicon obtained is higher and the energy consumption of the process is appreciable
owing to the need for electrolytic recycling of ihe aluminium chloride that forms.



limited amounts for industrial mass production. Moreover, from economic aspects their procurement is
too expensive. What the methods described above have in common is that they are either very
expensive and/or energy-intensive, so that there is a high demand for less expensive, more efficient
methods for the production of solar-grade 25silicon. Therefore there is a demand for the production of
high-purity silicon dioxide from readily available, inexpensive silicates. Methods are known in which a
fluxing agent is added to a silicon-containing material, such as silica sand or feldspar, and the mixture
is melted. 30A fibre-like silicate glass is pulled from the melt and is lixiviated with an acid, with
formation of pulverulent porous silicon dioxide (Si02) (DE 31 23 009). For the production of high-purity
silicon dioxide by lixiviation, the glass mass is restricted to those that can be lixiviated easily, and
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possibie to use natural resources, such as high-quality quariz, as silicon dioxide starting
20 material of high purity, but owing to their natural limitation they are only available in
limited amounts for industrial mass production. Moreover, from economic aspects their
procurement is too expensive. What the methods described above have in common is
that they are either very expensive and/or energy-intensive, so that there is a high
demand for less expensive, more efficient methods for the production of solar-grade
25  silicon.

Therefore there is a demand for the production of high-purity silicon dioxide from readily
available, inexpensive silicates. Methods are known in which a fluxing agent is added to
a silicon-containing material, such as silica sand or feldspar, and the mixture is melted.

30  Afibre-like silicate glass is pulled from the melt and is lixiviated with an acid, with
formation of pulverulent porous silicon dioxide (SiO3) (DE 31 23 009). For the
production of high-purity silicon dioxide by lixiviation, the glass mass is restricted to
those that can be lixiviated easily, and aluminium oxide and alkaline-earth metal salts
must also be added as glass ingredients to the silicon dioxide. A serious drawback is

35 the need for subsequent removal of the metals with the exception of the silicon dioxide.



A further aim within the context of the complete method was to provide a new method for the
production of high-purity silicon dioxide which has at least some disadvantages of the aforementioned
prior art methods only in reduced form, if at all. 30 Further aims which are not mentioned specifically
will become clear from the general context of the description in the examples and the claims which
follow. These aims are achieved by the method described in the description, the examples and the
claims, the method steps described therein and the products and intermediates described therein. 35
5 which is suitable as solar-grade silicon or is suitable for the production of solar-grade silicon, can be
provided by reduction of a purified silicon dioxide with one or more sources of pure carbon, the purified
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The aim of the invention was to provide a complete method for the production of solar-
20  grade silicon, which is economical on an industrial scale, with a reduced number of
process stages, and can be carried out advantageously using ordinary, preferably not
prepurified silicates or silicon dioxides as starting materials and production of purified
silicon oxide. Another aim was to develop a reactor and electrodes, which on the one
hand make economical processing possible, and on the other hand suppress the
25  diffusion-dependent contamination with boron from plant components at high
temperatures.
A further aim within the context of the complete method was to provide a new method
for the production of high-purity silicon dioxide which has at least some disadvantages
of the aforementioned prior art methods only in reduced form, if at all.

30
Further aims which are not mentioned specifically will become clear from the general
context of the description in the examples and the claims which follow. These aims are
achieved by the method described in the description, the examples and the claims, the
method steps described therein and the products and intermediates described therein.
35

it was found, surprisingly, that an economical method of production of pure silicon,



35impurities of boron and phosphorus, and, being a renewable raw material, constitute an ecologically
viable carbo:i-source. 6 The present invention therefore also relates to a method according to Claim 1,
in which the carbon source carbon is obtained by pyrolysis of carbohydrates in a component step of
the method, using Si02, especially a silicon dioxide purified by acidic precipitation, as 5an antifoaming
agent in the pyrolysis. The present invention further relates to a method according to Claim 1, in which
high-purity silicon carbide is prepared from silicon dioxide and carbohydrates in a component step of
the method, and this silicon carbide is preferably usgd for one or more of the tofollowing purposes:

a) for lining reactor components b) for producing eléctrodes for the blast furnace process c)asa
carbon source for the reaction with the silicon dioxide purified by acidic 15precipitation d) as a reaction
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precisely in the rest of the description, regardless of whether the reaction
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precipitation suspension. The precipitation suspension is kept acidic during the addition

10 of and/or precipitation of the silicon oxide.

The aim is achieved by the complete method described in detail in the description, the
examples, the figures and the claims which follow for the production of pure silicon and
by the method components described therein.
15
The invention therefore relates fo a method for the production of pure silicon, more
particularly of solar-grade silicon or of a silicon suitable for the production of solar-grade
silicon, comprising the reduction of silicon dioxide, purified by precipitation from
aqueous solution, with one or more sources of pure carbon, wherein the precipitation
20 takes place from an aqueous solution of a silicon dioxide dissolved in an aqueous
phase in an acidifying agent, especially in the acidic pH range, and the resulting
precipitation suspension is kept permanently at an acidic pH.

It has been found that silicon dioxides, more particularly the silicon dioxide purified by

25  acidic precipitation, can be used not only as a raw material for reaction with the carbon
source to give silicon, but that it can also be used in the production of the carbon source
or of reaction accelerators or of reactor materials.

In addition, it has been found that carbohydrates are particularly suitable as the

30 preferred second starting material, for example carbon source, in the context of the
present invention. These carbohydrates may serve as the carbon source or as one of
the carbon sources in different component steps of the method, but may also be used
for production of activators or reactor materials. Carbohydrates have the particular
advantage that they are available globally, have very low values with regard to

35 impurities of boron and phosphorus, and, being a renewable raw material, constitute an
ecologically viable carbern-source. '



35usual definition of silica gels. In other words, the high-purity Si02 particles according to the invention
can assume a gel-like structure or a Structure of a precipitated silicic acid 7 or even some other
structure. "Silicon dioxide purified by precipitation from aqueous solution” means a silicon dioxide
which is obtained by a method in which the reaction regime in the reaction of an 5 acidifying agent
and of a silicate and subsequent washing steps with acidifying agents and/or aqueous solutions of
acidifying agents and/or water, preferably demineralised water, achieve a total content of aluminium,
boron, calcium, iron, nickel, phosphorus, titanium agi::inzinc in the silicon dioxide below 10 wt.-ppm, and
the total of the impurities of aluminium, boron, calcium, iron, nickel, phosphorus, titanium and zinc in
the silicon 10 dioxide below the total of the impurities present in the educts and the water. In other
words, the precipitation is conducted in such a way that the abovementioned impurities in the educts
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obtained. "Pure or high-purity silicon" means silicon with a profile of impurities as given below: 20 a.
Aluminiym less than or equal to 5 ppm or between 5 ppm and 0.0001 ppt, in particular between 3 ppm
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0.000
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range from 1 ppb to 0.0001 ppt 30c. Calcium less than or equal to 2 ppm, preferably between 2 ppm
and 0.00Q4) pit; limifp Fécidiar eweendh& ppm and 0.0001 ppt, preferably between 0.01 ppm and

0.0001 ppt; ' f 0] t.d. Iron less than or equal to 20 ppm,
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quit® especigiisepiafatainly 1 ppb to 0.0001 ppt; 8

d) as a reaction accelerator for the reaction of another carbon source with the silicon
dioxide purified by acidic precipitation.

Finally, the present invention relates to an especially preferred reactor for performance
20  of the process according to the invention.

In a very specific method variant of the present invention, only silicon dioxide purified by
aqueous means and sugar are used in the complete method.

25 The method according to the invention is described in detail below:
Definitions

Precipitation or precipitation process means, in the sense of the present invention,

30  the reaction of at least one aqueous solution of a silicon oxide dissolved in agueous
phase with at least one acidifying agent in the conditions defined more precisely in the
rest of the description, regardless of whether the reaction teads to formation, from the
primary particles, of aggregates and agglomerates — in the sense of the usual definition
for precipitated silicic acids — or of a three-dimensional network — in the sense of the

35 usual definition of silica gels. In other words, the high-purity SiO;, particles according to
the invention can assume a gel-like structure or a structure of a precipitated silicic acid



e. Nickel less than or equal to 10 ppm, preferably between 5 ppm and 0.0001 ppt, in particular
between 0.5 ppm and 0.0001 ppt, preferably between 0.1 ppm and 0.0001 ppt, especially preferably
between 0.01 ppm and 0.0001 ppt, and quite especially preferably between 1 ppb and 0.0001 ppt 5f.
Phosphorus less than 10 ppm to 0.0001 ppt, preferably between 5 ppm and 0.0001 ppt, in particular
less than 3 ppm to 0.0001 ppt, preferably between 10 ppb and 0.0001 ppt and quite especially
preferably between 1 ppb and 0.0001 ppt g. Titanium less than or equal to 2 ppm, preferably less than
or equal to 1 ppm to 100.0001 ppt, in particular bet\/\%een 0.6 ppm and 0.0001 ppt, preferably between
0.1 ppm and 0.0001 ppt, especially preferably between 0.01 ppm and 0.0001 ppt, and quite especially
preferably between 1 ppb and 0.0001 ppt h. Zinc less than or equal to 3 ppm, preferably less than or
equal to 4" FYRNEVDONBpEtH FHFEcular between 0.3 ppm and 0.0001 ppt, preferably between 150.1
ppm and 0.0001 ppt, especially preferably between 0.01 ppm and 0.0001 ppt and quite especially

preferabi : ity in.th lon of the limit. of detection.can be
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totabin theidifiviog agydireenthethad firedaciritbsubrtingnEepatinly prajeraitly, dbielipyre) silieons
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betweertitRBiBphaBOHUCONG0E. Phecasdiscially peiderdSlyvbeppeera0d thprintmich0 HeOitrpptitiil better
betweernp digpmiant BA01 pukidritarespeniNl raiaRbHRetyeen tOlpPpamans QRO dnt and
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preferabfPidim the PiRgRiRsNS ﬁﬁﬁ%‘gﬁbm%&f‘ AW YOl Phefakoiememionat afrmiieppb to
0.0001 jpthe educts and in the washing media remain as far as possible in the aqueous phase
and are not transferred to the silicon dioxide. In a specific embodiment of the present
invention, “silicon dioxide purified by precipitation from aqueous solution” means that
15 commercially available technical acidifying agent is reacted with commercially available
technical silicate solution, and the reaction and the washing steps are conducted such

that, in spite of the non-prepurified educts, a high-purity silicon dioxide is obtained.

"Pure or high-purity silicon” means silicon with a profile of impurities as given below:
20
a. Aluminium less than or equal to 5 ppm or between 5 ppm and 0.0001 ppt, in
particular between 3 ppm and 0.0001 ppt, preferably between 0.8 ppm and
0.0001 ppt, especially preferably between 0.6 ppm and 0.0001 ppt, still better
between 0.1 ppm and 0.0001 ppt, quite especially preferably between 0.01 ppm
25 and 0.0001 ppt, and even more preferably 1 ppb to 0.0001 ppt,
b. Boron below 10 ppm to 0.0001 ppt, in particular in the range from 5 ppm to
0.0001 ppt, preferably in the range from 3 ppm to 0.0001 ppt or especially
preferably in the range from 10 ppb to 0.0001 ppt, even more preferably in the
range from 1 ppb to 0.0001 ppt
30 c. Calcium less than or equal to 2 ppm, preferably between 2 ppm and 0.0001 ppt,
in particular between 0.3 ppm and 0.0001 ppt, preferably between 0.01 ppm
and 0.0001 ppt, especially preferably between 1 ppb and 0.0001 ppt,
d. lronless than or equal to 20 ppm, preferably between 10 ppm and 0.0001 ppt,
in particular between 0.6 ppm and 0.0001 ppt, preferably between 0.05 ppm
35 and 0.0001 ppt, especially preferably between 0.01 ppm and 0.0001 ppt, and
: quite especially preferably 1 ppb to 0.0001 ppt; o



9 c. Calcium is less than or equal to 2 ppm, preferably between 2 ppm and 0.0001 ppt, in particular
between 0.3 ppm and 0.0001 ppt, preferably between 0.01 ppm and 0.0001 ppt, especially preferably
between 1 ppb and 0.0001 ppt, d. Iron is less than or equal to 20 ppm, preferably between 10 ppm and
0.0001 ppt, in 5 particular between 0.6 ppm and 0.0001 ppt, preferably between 0.05 ppm and 0.0001
ppt, especially preferably between 0.01 ppm and 0.0001 ppt, and quite especially preferably 1 ppb to
0.0001 ppt; e. Nickel is less than or equal to 10 ppm, preferably between 5 ppm and 0.0001 ppt, in
particular between 0.5 ppm and 0.0001 ppt, preferagly between 0.1 ppm and 100.0001 ppt, especially
preferably between 0.01 ppm and 0.0001 ppt, and quite especially preferably between 1 ppb and
0.0001 ppt f. Phosphorus is less than 10 ppm to 0.0001 ppt, preferably between 5 ppm and 0.0001

ppt, in particGtar NEEShIE$S tHBM A6 ¥EBbIP P, RiteTerali BBtWBEHVES PSbPaRd @1d00 ¥t artl quite

especially preferabpabituleebetvppbnahd @H004n0d 0891 Tilthiwexis 4685 Hhancaetuab terlapam,
ferably | t | IGLM 1 ppt,

preferably less fea@mem%%dwgrg}og}&&%%%mw gﬁ%a.@ PRI AN PP

preferably between 0.1 ppm and 0.0 ppt, especially prefera etween 0.01 ppm an 001 ppt,
and quite especigﬁﬁ%‘?@?&%ﬁ%éwgﬁ%’%ﬁﬁ LRPB. P0A. BRhc is less than or equal to 3 ppm,

preferably lebs thdrpepkous iess ihem 1@ 200r000Q. P lippaiaiErbstvebne3 Hppmandd.0001 ppt,
preferably betwegn@a} BpmiARARI0091 18RS ﬁ%??gi(?' Sierahiv berverndQ3pooaanchog001 ppt
fand q_u_lte espeuall% e&sﬁg@& fetv%/ee% 1 "@Eb and 0. &01 e%)th, nd t ﬁ}ythet tal 8f th aforementloned
impurities plus sBHIUA and potadZiiA e i etﬁgﬂefd? r&Y %ﬂ%é%e 578 gﬁrﬂ @ggec:lally preferably
less than 4 ppm S 12Belspecially preferably less than 3 ppm, especially preferably 0.5 to 3 ppm and
qyitedesp?ci@uy m@far@biye%mmﬁmb_’mmi fc\ﬁﬂ_;lﬁpw,fiﬁ)’ejﬂ_afh@IW@Wtﬁ&Fﬁ@r'@@iﬂﬂﬁgeﬁ%ﬁW&? be

ai at for eac [ | a silicon car that can have,
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and z = 0.1 to 2.8, iPpaHRAHdH 480 - RRfirSeRRAIBN SIS rakik e tSRHEsHA AP ARIHEPE 1.0 to 20 and z =
0.1 to 2.0, and optiiElipsimaticaquitents pé siditp préfighipy it sitieant garbide p RED@bIypNeans a
corresponding sigRIsashids Wit RFesTASion Arererapipiisiadsslican dipdde Highpiyity silicon
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0. ppt, N Ba iICular between 0.3 ppm and 0.0001 ppt, preferably between
15 0.1 ppm and 0.0001 ppt, especially preferably between 0.01 ppm and

0.0001 ppt and quite especially preferably between 1 ppb and 0.0001 ppt,

and a purity in the region of the limit of detection can be aimed at for each element, and
the total contamination with the aforementioned elements should be less than 100 wt.-

20 ppm, preferably less than 10 wt.-ppm, especially preferably less than 5 wt.-ppm in total
in the silicon as direct method product from melting.

Especially preferably, the pure silicon obtained is suitable as solar-grade silicon.

25 A purified, pure or high-purity silicon oxide, in particular silicon dioxide, is
characterized in that its content of;

a. Aluminium is preferably less than or equal to 5 ppm or between 5 ppm and
0.0001 ppt, in particular between 3 ppm and 0.0001 ppt, preferably between 0.8 ppm
30 and 0.0001 ppt, especially preferably between 0.6 ppm and 0.0001 ppt, still better
between 0.1 ppm and 0.0001 ppt, quite especially preferably between 0.01 ppm and
0.0001 ppt, and even more preferably 1 ppb to 0.0001 ppt,
b. Boron is below 10 ppm to 0.0001 ppt, in particular in the range from 5 ppm to
0.0001 ppt, preferably in the range from 3 ppm to 0.0001 ppt or especially preferably
35 in the range from 10 ppb to 0.0001 ppt, even more preferably in the range from 1 ppb
to ¢.0007 ppt '



35composition that contains or consists of silicon carbide, carbon, silicon oxide and optionally small
amounts of silicon, and the high-purity silicon carbide or the high-purity 10 composition has in
particular an impurity profile for boron and phosphorus of below 100 ppm boron, in particular between
10 ppm and 0.001 ppt, and for phosphorus below 200 ppm, in particular between 20 ppm and 0.001
ppt phosphorus, in particular it has an overall impurity profile for boron, phosphorus, arsenic,
aluminium, iron, sodium, 5potassium, nickel, chromium of below 100 wt.-pprn, preferably below 10
wt.-ppm, especially preferably below 5 wt.-ppm rela%ve to the high-purity complete composition or the
high-purity silicon carbide. The impurity profile of the pure, preferably high-purity silicon carbide with
boron, 10phosphorus, arsenic, aluminium, iron, sodium, potassium, nickel, chromium is, for each
element SprefIFWIY SRS S 8prRt6 ol topt myweistieyadh Betwasin pupiynsilitd 868G denin iparticular
below 2.5 pramiitastai lppvéspeciapppreferabbhote siicorscadmierehipirectoy the meted according

to the inverti | | trices llowing content of: 15Boron
below 100 rgp@rg ﬂﬁ%@%@%&@ﬁ%ﬁ%@%@gﬁ Bbgpg) aepé%é)sgtclel)gi é p[?g%erably from 5 ppm to 0.001
ppt or fréhn B%ﬁb’\ﬁ/'@@ﬁﬁﬁ?t%‘"@%@' SPEANRRSR PHEEREIY L BRISRD 0B M, g1 il mefvisen 20

ppband 0.080tiqps spmaaty (pbeferabdy: & OB G0 ppp o E=06k Pyt s tiresnbe sV s ppen to 0.001 ppt

and/or Sodj I , jal preferably
from 5 ppmb'gg%@.g &1%9%%@“%{5%? Mgg@{{éﬁg%rgg 'ggtr%ﬁﬁ/%ﬁ %ﬁ%ﬁﬁirﬁ%ﬁ%ﬁv@ l%ﬁgppm,
preferably GERVESH %ﬁﬁﬁﬁaﬁ@ mtﬁﬁ;%%%%a%y preferably from 5 ppm to 0.001 ppt or from below
1 ppm te0 NTkeIps aerBdhanebedns! 100 Bpmnnprefefaislyl b dwreee1 G ppm and 0.000 pphtespecially
preferably fsaridu RSB0 B (Ko Do batPBrafka SRPARkaRMO 33FBrgmium below 100

B
ppm, prefe etween 10 ppm and 0.001 ppt, especlally preferably.f 5 ppm fo 0,001 ppt or from
ot 0.5 bk OO E R AR R YeloNE50 L, TrCTeraon, Beacen 25 i End 0,001 ppt,
especially FRIBFHIY REHEEABPNPESR001! g ERd M BRIGPEI5 ppm to 0.001 ppt and/or Potassium
below 100 Bhospitefesablicbstiveant G ppm@0d0003Hppiresnaialye3Rssalerably fem 5 ppm to

0.001 ppt agiﬁi{p 0 refer between 10
ppm and O%F%@m é%e%%ﬁe%gﬂe%%?ﬁ ??c?r% p %%%1%&%%&%&% 3 %ﬁmytg @5)001 ppt
and/or Bar Q?§ 1 Btﬁﬂ‘ﬁ,%‘r‘&efe‘?%ﬁpl?éw&%qﬁb@b#?ﬁ%ﬁ%!dO@pé)pﬁ'@sB@&QﬂyP@*eferably from 5
pphs to @ODEant Y i das hfiew & memaicio PP pp pasfiiabBbEiss thelowrl@fipptn, ppeferably between
10 ppm and ROLmnLiesReGERIMSEINEDN0.6 ppm and 0.0001 ppt, preferably between

0.1 ppm and 0.0001 ppt, especially preferably between 0.01 ppm and 0.0001 ppt,
and quite especially preferably between 1 ppb and 0.0001 ppt
h. Zinc is less than or equal to 3 ppm, preferably less than or equal to 1 ppm to
20 0.0001 ppt, in particular between 0.3 ppm and 0.0001 ppt, preferably between
0.1 ppm and 0.0001 ppt, especially preferably between 0.01 ppm and 0.0001 ppt and
quite especially preferably between 1 ppb and 0.0001 ppt,
and that the total of the aforementioned impurities plus sodium and potassium is less
than 10, preferably less than 5 ppm, especially preferably less than 4 ppm, quite
25 especially preferably less than 3 ppm, especially preferably 0.5 to 3 ppm and quite
especially preferably 1 ppm to 3 ppm. And a purity in the region of the limit of detection
can be aimed at for each element.

Pure or high-purity silicon carbide means a silicon carbide that can have, apart from

30 silicon carbide, optionally also carbon and sificon oxide, such as SiyO, withy = 1.0 to 20
and z = 0.1 to 2.0, in particular as C-matrix and/or SiOx-matrix or Si,O,-matrix with y =
1.0to 20 and z = 0.1 to 2.0, and optionally small amounts of silicon. High-purity silicon
carbide preferably means a corresponding silicon carbide with a passivation layer
comprising silicon dioxide. High-purity silicon carbide can also mean a high-purity

35  composition that contains or consists of silicon carbide, carbon, silicon oxide and
optionally small amounts of silicon, and the high-purity silicon carbide or the high-purity



from 5 ppm to 0.001 ppt or from below 0.5 ppm to 0.001 ppt and/or 11 Zirconium below 100 ppm,
preferably between 10 ppm and 0.001 ppt, especially preferably from 5 ppm to 0.001 ppt or from below
0.5 ppm to 0.001 ppt and/or Titanium below 100 ppm, preferably between 10 ppm and 0.001 ppt,
especially preferably from 5 ppm to 0.001 ppt or from below 0.5 ppm to 0.001 ppt and/or 5Calcium
below 100 ppm, preferably between 10 ppm and 0.001 ppt, especially preferably from 5 ppm to 0.001
ppt or from below 0.5 ppm to 0.001 ppt and in particular magnesium with below 100 ppm, preferably
between 10 ppm and 0.001 ppt, especially preferably between 11 ppm and 0.001 ppt and/or copper
below 100 ppm, preferably between 10 ppm and 0.061 ppt, especially preferably between 102 ppm
and 0.001 ppt, and/or cobalt below 100 ppm, in particular between 10 ppm and 0.001 ppt, especially
preferab§Cepwedin smrapartc0dar pptjmpdrdy ventididon betow 400 pipms phropastiofuteidetween 10
ppm and@O@brPbRErferabirhaineer i BEM ANEAPIPRloanYSr WWS%WQQQI&HM in
partlculaéggtwer%niéo PRM., é‘rdb%"cmleﬁpg'ﬂprefe%%lji(ﬁ é e(igeZ%pm and 0.001 p tand/OY lead below
100 ppm- in 15particlar betvedn 20 ppfiv ard b’ g o PRePLERPOS SR P@B% AJHFBEL ppt,
especialRMsrefb Bl B¥ el 5Qsfrarandri oerhsst sA Arespésiallypirtencidopurstbinigh-purity silicon
carbide @iogaBighrpuniykesrapasitioncontaiasor BPNgists of, silierrAabides warbam, siligan oxide and
optionall f.Sil] igh-purjty.silicon, carbide or the high-purity. composition
Pt T B R A R e B
potassiuf, AR KIS ERISIYGHC0IBRR ASarium, zirconium, zinc, titanium, calcium, magnesium, copper,
chromium, cobalt, zinc, vanadium, manganese and/or lead of below 100 ppm for pure silicon carbide,

prefera f: t | ity, SICQR: ] ' ferably
betweeaim}? R ot fﬁ?ﬁ‘iﬁfﬁ%‘ﬁgﬁﬁ%ﬁ‘?ﬁﬁ D hia-purity
silid8n c& ?§§’R&%r8fﬁaq tRRVEHER A Re ’Maﬁéiembaﬁk@&&mﬁﬂv%ﬁifﬁ’i‘i@%‘f%ast one
carbohyé@tarecot #rafrtateobeturdespndarbdhi has (hy fetbinganmbimitiiphofileitgGiioron less than 2

[ugllg], r;bmmh@rm?ﬁ@&a:_than &ﬁ)&ﬁqlﬁlp@[mt@}l@mi@gmég @%@&%M@b@tﬁf%@hbﬁ%ﬁﬂﬂ@@/ﬂ equal
cspetial R e B S Bt G el RSB 1o use
source dPBHIESSHBSHHE FNRW ke CUREBHSS impurities, such as boron, phosphorus, aluminium and/or
arsemnic, Boron below 100 ppm, preferably between 10 ppm and 0.001 ppt, especially preferably
from 5 ppm to 0.001 ppt or from below 0.5 ppm to 0.001 ppt and/or
Phaosphorus below 200 ppm, preferably between 20 ppm and 0.001 ppt, especially
preferably from 5 ppm to 0.001 ppt or from below 0.5 ppm to 0.001 ppt and/or
Sodium below 100 ppm, preferably between 10 ppm and 0.001 ppt, especially
20  preferably from 5 ppm to 0.001 ppt or from below 1 ppm to 0.001 ppt and/or
Aluminium below 100 ppm, preferably between 10 ppm and 0.001 ppt, especially
preferably from 5 ppm to 0.001 ppt or from below 1 ppm to 0.001 ppt and/or
Iron below 100 ppm, preferably between 10 ppm and 0.001 ppt, especially preferably
from 5 ppm to 0.001 ppt or from below 0.5 ppm to 0.001 ppt and/or
25 Chromium below 100 ppm, preferably between 10 ppm and 0.001 ppt, especially
preferably from 5 ppm to 0.001 ppt or from below 0.5 ppm to 0.001 ppt and/or
Nickel below 100 ppm, preferably between 10 ppm and 0.001 ppt, especially preferably
from 5 ppm to 0.001 ppt or from below 0.5 ppm to 0.001 ppt and/or
Potassium below 100 ppm, preferably between 10 ppm and 0.001 ppt, especially
30  preferabiy from 5 ppm to 0.001 ppt or from below 0.5 ppm to 0.001 ppt and/or
Sulphur below 100 ppm, preferably between 10 ppm and 0.001 ppt, especially
preferably from 5 ppm to 0.001 ppt or from below 2 ppm to 0.001 ppt and/or
Barium below 100 ppm, preferably between 10 ppm and 0.001 ppt, especially preferably
from 5 ppm to 0.001 ppt or from below 3 ppm to 0.001 ppt and/or
35  Zinc below 100 ppm, preferably between 10 ppm and 0.001 ppt, especially preferably
from 5 ppni to 0.001 ppt or from below 0.5 ppm to 0.0C1 ppt and/or



35is below the respective technically possible limit of detection. Preferably the pure or other source of
carbon optionally comprising at least one 12 carbohydrate, or the mixture of sources of carbon, has
the following impurity profile for boron, phosphorus and aluminium and optionally for iron, sodium,
potassium, nickel and/or chromium. Contamination with boron (B) is in particular between 5 and
0.000001 pg/g, preferably 3 to 0.00001 pg/g, especially preferably 2 to 0.00001 pg/g, 5according to the
invention below 2 to 0.00001 pg/g. Contamination with phosphorus (P) is in particular between 5 and
0.000001,ug/qg, preferably 3 to 0.00001 pg/g, especially preferably below 1 to 0.00001 pg/g, according
to the invention below 0.5 to 0.00001 pg/g. Contamihition with iron (Fe) is between 100 and 0.000001
pa/g, in particular between 55 and 0.00001 pg/g, preferably 2 to 0.00001 pg/g, especially 10preferably
below 1 {Gr@@H061 Eityy dGCopging todfeedbientitnebeldd BriniaALL0AU pg/g cepatamiination with

sodium (N@&AB?@JH@ §Fﬁw&@m%9 Bpe RONPBLIDG/S BISAMaBYY 1B 100 I ua0, especially

preferabﬁz, elow 12 1o 0.00001 pg/g, according to the invention below 10 to 1 pg/g.
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15 particular between 20 ppm and 0.001 ppt, preferably between 10 ppm and 0.001 ppt,

especially preferably between 5 ppm and 0.001 ppt.

An especially preferred pure to high-purity silicon carbide or a high-purity composition
contains or consists of silicon carbide, carbon, silicon oxide and optionally smali

20 amounts of silicon, and the high-purity silicon carbide or the high-purity composition in
particular has an impurity profile for boron, phosphorus, arsenic, aluminium, iron,
sodium, potassium, nickel, chromium, sulphur, barium, zirconium, zinc, titanium,
calcium, magnesium, copper, chromium, cobalt, zinc, vanadium, manganese and/or
lead of below 100 ppm for pure silicon carbide, preferably of below 20 ppm to 0.001 ppt

25  for high-purity silicon carbide, especially preferably between 10 ppm and 0.001 ppt
relative to the high-purity complete composition or the high-purity silicon carbide.

According to the invention, the source of pure carbon, optionally containing at least
one carbohydrate, or a mixture of sources of carbon has the following impurity profile:
30  boron less than 2 [ug/g], phosphorus less than 0.5 [ug/g] and aluminium less than 2
g/gl, preferably less than or equal to 1 {ug/g], in particular iron less than 60 [ug/g],
preferably the iron content is less than 10 [ug/g], especially preferably less than 5 [ug/g].
On the whole, according to the invention it is desirable to use a source of pure carbon in
which the content of impurities, such as boron, phospharus, aluminium and/or arsenic,
35  is below the respective technically possible limit of detection. '
Preferably the pure or other source of carbon optionally comprising at least orie:



production of pure silicon, the silicon oxide purified by precipitation is formulated and reacted together
with at least one source of pure carbon. For example, moist or still moist silicon oxide can be
formulated, extruded, pelletized, 5 granulated or briquetted together with a pure carbohydrate. This
formulation can be dried and can undergo a reduction step for the production of pure silicon or can first
undergo an offline process step, pyrolysis and/or calcining for the production of pure carbon and/or
silicon carbide. 10Silicon carbide, in particular high-purity silicon carbide optionally comprising or
containing a carbon matrix (C-matrix) or a silicon oxide matrix and/or optionally infiltrated with silicon
may be used in the method according to the inventiofi as activator and/or as source of pure carbon.
15According to one embodiment the step of reduction for the production of pure silicon consists of
reaction ohithehydrifited silifenroiiteeinfpartindarad it silicoasdioxiftelowitigarnpreir tightgésity silicon
carbide, @éraﬁflaﬁaﬁﬁamg%@rahﬁfﬁﬁ@% anl %ﬂff@b%‘@%@tﬁuﬁwsEfspdggfﬁ‘;m'd&&&q’or silicon,
where the %IHCO carbide C%Zt&comémse aﬁﬁwatrlx nd/or a silicon oxide matrix and can be
infiltrated WHtR'sA C%mgFB PRUGE TR ﬁéﬁ&%ﬁ?&!ﬂ@&%ﬁ%@@% comprises the
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W%, espeC| ng oN aat();IC e 25% grvention tamination with
potass;um (K)is m particular between 30 and 0.000001 uglg, preferably 25 to

15 0.00001 pg/g, especially preferably below 20 to 0.00001 ug/g, according to the
invention below 16 to 0.00001 ug/g.
Contamination with aluminium (Al) is in particular between 4 and 0.000001 yg/g,
preferably 3 to 0.00001 ug/g, especially preferably below 2 to 0.00001 ug/g, according
to the invention below 1.5 to 0.00001 ug/g. Contamination with nickel (Ni) is in particular

20  between 4 and 0.000001 ug/g, preferably 3 to 0.00001 ug/g, especially preferably below
2 10 0.00001 wg/g, according to the invention below 1.5 to 0.00001 ug/g. Contamination
with chromium (Cr} is in particular between 4 and 0.000001 ug/g, preferably 3 to
0.00001 pg/g, especially preferably below 2 to 0.00001 ug/g, according to the invention
below 1 to 0.00001 ug/g. Minimal contamination with the respective elements,

25  especially preferably below 10 ppb or below 1 ppb, is preferred.

General description of the complete method

The complete method comprises the reduction of a silicon dioxide purified by acidic

30  precipitation with a carbon source for production of solar-grade silicon. Suitable carbon
sources and method conditions are known to the person skilled in the art, for example
from the above-cited prior art, especially US 2007/0217988 or US 4,247.528. The
content of these published specifications is hereby incorporated explicitly into the
subject-matter of the present application.

35 According to the invention, in the overall method according to the invention for



5Suitable methods for forming the formulation, in particular briguetting, such as extrusion,
compression, tableting, pelletization, granulation and other well-known methods are well known to a
person skilled in the art. Other additives can be silicon oxides or a second source of carbon, in
particular purified 10rice husks for example after washing and/or cooking with HCI, or mixtures of other
sources of pure carbon, such as sugar, graphite, carbon fibres, and/or as binder and as second and
further sources of carbon and/or silicon can be natural or synthetic resins, such as phenolic resin,
functional silanes or siloxanes, technical alkylcelluloses, such as methylcellulose, polyethylene glycols,
polyacrylates and polymethacrylates or mixtures 15'8f at least two of the aforementioned compounds.
As functional silanes or siloxanes, we may mention for example - but not exclusively -:
tetraalkopitacisn tolkoxy silboess, alkyksllieaiesxiakytakbaysianes opatirsrioxyatylatkexysianes,

glycidylosaliadalkaxysirngs, powsberalyalkoxysianes and gorresponding hydrolysates or

[
condensates or cocondensates from at least two (})ﬂﬁg a%)rementioned 20 compounds, where "alkoxy"
stands in particular for methoxy, ethoxy, propoxy or butoxy and "Alkyl" or "alkyl" stands for a mono- or
divalent aikybygeouplavitholstoot 8tdarhoistatiions; suteammbthibretivicttpsepyt ddityeikabety], pentyl,

hexyl, h%f?&ﬂu!hfé@%"b@ﬁ%@@@df%gé’c%%&Qﬁd%@%@ﬁ%ﬁ?@@?ﬂ"ﬁ‘:@ thygiangasitanol,

ethylsilic te,dtra[ergthOXﬁsn ne, met Idiethoxysilane,

lane, Itrimethpx ?ila e, dim A i
25trimetAYPropoxyaia _E,%Eﬂylﬁiﬁéﬁ% ifﬁg,?ﬁ R ﬁ?ﬁ‘o‘i’( RHES5OPrBp g RRdIFSxysilane,
n-/i-octy HARRIG RS REHBE presasaion cuytiisis sl dind caiciespy foingeofiguinetoorodgnaensates,

1-methacsylaxy methyteimeih@arsilaae, 2- methacryloxyethyltrimethoxysilane,
3-methacryloxypropyltrimethoxysilane, 3- methacryloxyisobutyltrimethoxysilane,
3-methacryloxypropylmethyldialkoxysilane, 3- 30 methacryloxypropylsilanol and corresponding

0lidBmerIoEbrabida 3 PRrURARINISE BoBY gilicemeriRifmepicgiotitsrmp sty ellanol and
correspanditagnitigencarsen cadier(§xesbixhydmbiiatesogniondarisaies/or alghlask-cocondensates

or C°°°Wﬂﬂ%@é%%@?%ﬁiéﬁh%?@%tw&eﬁqmtﬁ&ﬁs{%%8896£H§3@0ff¥e?§}%{%ﬁon as activator
--35glyci yoxypropyltrlmeﬁmxysnane

n-/i-octyltria%hlgx silane, 3-methacryloxypropyltrimethoxysilane,
and 3-p8f§/ ﬂe%rSBW?% d?éffﬁlg 2015 Said additives can simultaneously perform the function of a
supplier of Si or C and that of a processing aid, in particular in the forming processes that are well

knewvn IycapeisgsebintbeimbramRse dtRsdioniBhadinde igdRrREs: Wéﬂfé Qipgss that is
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substangjally.heat-resis in-the range from RI to 300C. Preferably, fqr the productian 5of granules,
powderson o e B e e B e o e S RbR and I OEHA atifhing
processPHRIdHANRHE Al ik G ains refisedsyevionsssathveigaliging can also take place
after forming. So that the process gases that formed during reduction to the pure silicon can flow well

through mulati bly hi ,pellets or brigyettes are formed from the
formuIa'ii}:{(gﬁg.gjg‘!'(.)FI %E@ﬁﬁéﬁg’b%ﬂgﬁgsegg%ﬁgﬁéﬁnﬁﬁé? ’ﬁar‘?’ Eegfreo.Hrr}elst%cfcl? gr%??' %pcgaally for a
508 KWRPEERS - BI20 1 SN AR e B S RN B S A Iag el Meiicrmsean be
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shingle-shaprhheiss aile RrinaPEalese e il erd R antPRiRR-A GAYR A be gfgdvantage in

direct feed{bp’timaliy silicon carbide and optionally silicon and/or

b) comprises the purified silicon oxide and optionally sificon carbide and optionally
25 silicon and/or
¢) comprises at least one source of pure carbon and optionally silicon carbide and
optionally silicon,
where the respective formulation can optionally contain binders and where the source of
pure carbon can also comprise an activated carbon.
30
Purified silicon oxide, in particular purified silicon dioxide, such as silicic acid, pure
carbon, in particular activated carbon and/or silicon carbide can be added to the
process a) as powder, granules and/or as lumps and/or b) contained in a formulation for
example in a porous glass, in particular quartz glass, in an extrudate and/or moulding,
35  such as pellet or briquette, optionally together with other additives, in particu!at as
binder and/or as second and further source of carbon. Activated carbon means a source



Preferred binders produce substantially dimensionally stable formulations in the temperature range
from 150 to 300C, and especially preferred binders produce dimensionally stable formulations in the
temperature range between 200 and 300C. In 20certain cases it may also be preferable to produce
formulations that can provide substantially dimensionally stable formulations in the temperature range
above 300C and up to 800C or higher, especially preferably up to 1400C. These formulations can
preferably be used in reduction to pure silicon. The high-temperature binders are based substantially
on predominant Si-0 substrate crosslinking, substrate generally meaning 25all components or
functional groups of the formulation that can conderide with silanol groups. A preferred formulation
comprises silicon carbide and/or activated carbon, for example graphite, or mixtures of these and

another sdwadof pute garbone foaeianepie shermpai0Mieskyrapditberstaled henkresistantpinders, in
particulap.high- %9%5% Ib&ﬁ ef e l.soli ts,. such as silican, dioxide, the source
of pure c%%g?o?ﬁa?n Opti?)%‘l@ y Sl icgﬁﬁlcrgﬁ)%z&%%u d Ge%rgg\g%ﬁﬁg%?gg&% gﬁ% Bbtﬂa 'be present in the
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the invention, a formulation in the form of a briquette is added. 16 One or more sources of pure
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(activated carbon fcoi%et%fjal’ cartﬁ)n.bl?ck, therm%black, pyrolysed carbohydrate, in particulat
pyrolysed UG5S 3 u BRIHL th P SBEHEE I b H RHIBLRN A e hEthe LkRerdng ¢ ResiRiemidh. The
sources Wr@arblihassgesialylirdpsliderfarn, can for example be purified by treatment with hot
hydrochloric acid solution. Additionally, an activator can be added to the method according to the

n starter,.a reaction accelerator asﬁ,%i” as
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carbon Mdh Qﬁ@@%’% GRS Gl NEHRNAGH 25 SiR6 8 IR @AGE d e @l itnis allioars casbauised in
the methivgthyicstinoecampayatsipne eyairisolpomoyistemaethtiotytocihasilitdsosideidcenyding to
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20~ compounds, where "alkoxy" stangs in particular for methoxy, ethoxy, propoxy or butoxy
and "Alkyl" or "alkyl" stands for a mono- or divalent alkyl group with 1 to 18 carbon
atoms, such as methyl, ethyl, n-propyl, butyl, isobutyl, pentyl, hexyl, heptyl, n-fi-octyl
etc.; the following can be listed as examples: tetraethoxysilane, silanol, ethylsilicate,
trimethoxysilane, methyltrimethoxysilane, dimethyldiethoxysilane,
25  trimethylpropoxysilane, ethyltrimethoxysilane, methylethyldiethoxysilane, n-
propyltriethoxysilane, n-/i-octyltrimethoxysilane, propylsilanol, octylsilanols and
corresponding oligomers or condensates, 1-methacryloxymethylirimethoxysilane, 2-
methacryloxyethyltrimethoxysilane, 3-methacryloxypropyltrimethoxysilane, 3-
methacryloxyisobutyltrimethoxysilane, 3-methacryloxypropylimethyldialkoxysilane, 3-
30  methacryloxypropylsilanol and corresponding oligomers or condensates, 3-
glycidyloxypropyltrimethoxysilane, 3-glycidyloxypropylsilanol and corresponding
oligomers or condensates or hydrolysates, cocondensates or also block-co-
condensates or cocondensates based on at least two from the series n-
propyltriethoxysilane, n-fi-octyltriethoxysilane, 3-methacryloxypropyltrimethoxysilane, 3-
35 glycidyloxypropyltrimethoxysilane and 3-polyetherpropyltriethoxysilane.



30In general, the reaction can be carried out in ordinary industrial furnaces for the production of
silicon, for example melting furnaces for the production of silicon, such as metallurgical silicon, or other
suitable melting furnaces, for example induction furnaces. The design of these melting furnaces,
especially preferably electric furnaces, which use an electric arc as energy source, is well known by a
person skilled in the art. In the case 35 of direct-current furnaces they have a melting electrode and a
bottom electrode or as alternating-current furnace usually three melting electrodes. The arc length is
controlled 17 by an electrode controller. Arc furnaces are based as a rule on a reaction space made
of refractory material, at the bottom of which liquid dificon can be tapped or discharged. The raw
materials are charged at the top, where the graphite electrodes for generating the arc are also
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silicon further purified by zone melting of the 30pure silicon is an object of the invention. The
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dimensionally stable formulations in the temperature range between 200 and 300°C. In

20  certain cases it may also be preferable to produce formulations that can provide
substantially dimensionally stable formulations in the temperature range above 300°C
and up to 800°C or higher, especially preferably up to 1400°C. These formulations can
preferably be used in reduction to pure silicon. The high-temperature binders are based
substantially on predominant Si-O substrate crosslinking, substrate generally meaning

25  ali components or functional groups of the formulation that can condense with silanol
groups.

A preferred formulation comprises silicon carbide and/or activated carbon, for example
graphite, or mixtures of these and another source of pure carbon, for example thermal
30 black, and the stated heat-resistant binders, in particular high-temperature binders.

In general, all solid reactants, such as silicon dioxide, the source of pure carbon and

optionally silicon carbide should be used in the process or should be present in the

composition in a form that offers the maximum possible surface area for the reaction.
35 According to the invention, a formulation in the form of a briquette is added.



Description of the production of the silicon oxide purified by precipitation According to a main aspect of
the method for the production of pure silicon according to the invention, a purified silicon dioxide from
at least one silicate solution is used in the 5method for the production of pure silicon, in particular of
solar-grade silicon. The inventors found, surprisingly, that it is possible, by special process
management in the precipitation and washing, to produce purified silicon dioxide, in particular
high-purity silicon dioxide which can be used for the production of solar-grade silicon, simply,
10without a large number of additional upstream or downstream purification steps and without
particular expenditure on equipment. According to th& invention, the precipitation of a silicon oxide
dissolved in aqueous phase, in particular completely dissolved silicon oxide, is carried out with an
acidifyingtSagemnto Aftevusmstiohmfrthessticonaptidealip solvetiinaguesusphinse b shaaeiifying
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suspension is always kept to less than 2, preferably less than 1, especially 35preferably less than 0.5.
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solution, to ensure.a gt H value of t itatiq
according B e inventio h(ﬁé) f\‘/)ator 18 used as the sole source of carbon. Owing to

this measure, the composition of the charge can be denser, because one mole

15 equivalent of carbon monoxide gas in this step, reduction to silicon, is saved. Therefore
the activator can be used in the method in catalytic amounts up to equimolar amounts in
relation to the silicon oxide.

According to other alternatives, the activator can be used in the weight ratio from 1000:1

20 to 1:1000 to the source of pure carbon, the source of pure carbon being calculated
without SIC, for example graphite, carbon black, carbohydrate, coal, coke. Preferably
the source of carbon is used in the weight ratio from 1:100 to 100:1, especially
preferably 1:100 to 1:9.

25  Reduction of the purified silicon oxide with one or more sources of pure carbon and/or
the activator can take place in an industrial furnace, such as an arc furnace, in a thermal
reactor, in an induction furnace, rotary kiln and/or in a microwave furnace, for example
with fluidized bed and/or rotating tube.

30 In general, the reaction can be carried out in ordinary industrial furnaces for the
production of silicon, for example melting furnaces for the production of silicon, such as
metallurgical silicon, or other suitable melting furnaces, for example induction furnaces.
The design of these melting furnaces, especially preferably electric furnaces, which use
an electric arc as energy source, is well known by a person skilled in the art. In the case

35  of direct-current furnaces they have a melting electrode and a bottom electrode or as
alternating-current furnace usually three melting electrodes. The arc length is controlled



19 suspension of less than 2 at any time. Without being bound to a particular theory, the inventors
are of the view that a very low pH value ensures that no free, negatively charged SiO groups are
present on the silicon 5dioxide surface, to which interfering metal ions can be attached. At very low pH
value, the surface is even positively charged, so that metal cations are repelled by the silicic acid
surface. If these metal ions are now washed away, provided the pH value is very low they can be
prevented from being deposited on the surface of 10the silicon dioxide according to the invention. If
the silicic acid surface assumes a positive charge, silicic acid particles are additionally prevented from
aggregating with consequent formation of cavities ifivhich impurities could accumulate. Especially
preferably, and therefore as the main aspect, the present invention relates to 15a precipitation process
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way that the pH value of the precipitation suspension obtained always remains at a value of less than
oL Seah gy ks e st
value of L T e LB T e A Wl W A GHE By
preféraghpiissathyastrpaiectrodes that consist of high-purity material, as explained below,

Ordinary electrodes are made of high-purity graphite and are consumed during the

reduction process, so that as a rule they can be repositioned continucusly.

The fused or molten silicon according to the invention obtained by reduction is obtained

16 as molten pure silicon, in particular it is suitable as solar-grade silicon or is suitable for
the production of solar-grade silicon, and optionally it is purified further by zone melting
or by directional solidification, as is well known by a person skifled in the art.

Alternatively or additionally, the silicon can be solidified, comminuted and the

20 comminuted fragments can be further classified on the basis of differences in magnetic
behaviour. In particular the fraction enriched in impurities as a result of zone melting or
directional solidification can then be used for the production of organosilanes. The
method of magnetic classification is known as such by a person skilled in the art. For
the magnetic classification of silicon from the reaction of purified silicon oxide and one

25 or more sources of pure carbon, the complete disclosure contents of WO 03/018207 are
made an object of the present application, with the modification that the silicon fed to
magnetic separation originates from the reaction of purified silicon oxide and at least
one source of pure carbon. A corresponding magnetic separation of the pure silicon
produced according fo the invention or a silicon further purified by zone melting of the

30 pure silicon is an object of the invention.

The respective partial process steps taking place optionally, preferably in combination,
for the complete method for the production of pure silicon, each of which,
synergistically, makes a decisive contribution to the economic effectiveness of the

35 complete method, are explained in more detail below.



e. Drying of the silicon dioxide obtained 20 According to a first especially preferred variant of this
method of the main aspect of the present invention, the invention relates to a precipitation process for
the production of purified silicon oxide, in particular high-purity silicon dioxide, which is carried out with
silicate solutions of low to medium viscosity i.e. step b is modified as follows: 5 b. Preparation of a
silicate solution with a viscosity from 0.1 to 2 poise According to a second especially preferred variant
of this method of the main aspect of the present invention, the invention relates to a precipitation
process for the production 100f purified silicon oxide, in particular high-purity silicon dioxide, which is
carried out with silicate solutions of high or very highSviscosity i.e. step b is modified as follows: b.
Preparation of a silicate solution with a viscosity from 2 to 100000 poise 15In the different variants of
the methpdgontaised-A3aaiaspeabin dTaesgebinyrRieDHURSIEPE) gleedigppared from an
acidifying agent or an acidifying agent and water in the precipitation vessel. The water’is preferably
distilled water or deionized water. 20In all variants of the method according to the invention, not just
the espeCRAR PRIREreabegrrehed Hsambadloctan arikcting atrimarliagemsagsdinisy be
organic ¢inénionganicracids, itetesillyrmiitetakaeids, stdpastaliyepsefesabbohytsnchlosspsidhe
phosgphoti id s RitE} ' i i osul i id, gqjlqur loride, perchloric acid,
formgic aqéilld% ?r?c%gé}}:%%t??ggi%%%%ﬁ@rﬁ?a?g %éjlll‘J J?egé? %)'&rgrﬁcg 5'qugmi uérléé%@%geﬁaforementioned
acids. The aforementioned inorganic acids are especially preferred. Very especially preferred are
hydrochibrie ioienionsfépably, 2uoptisinglgsedidlip pafeizblyby kpe2iN protessspeciatiy preferably 2 to
10 N, esprejatieipiefesabing ipadmhant i s aciatiyPoferoiiinoN pﬁp&?ﬂgpﬂ%‘?@rity _
preferabl ”2 tg §9 I\'l L Espec aI(I;é Rrgferabl 12 tgr?SO Nd @w%ﬁzﬁeciﬁlp é;Erefera‘t‘i)ély 3 t0 40 N, 30especially
preferably 310 30 N&nd quite2d éac}ésl%loeﬁ‘ S A SN R ARP D EPAb IS TRY24 N,
espBciayihbmisioe pPR; aurediipealainsiraarasigdavbstsrTaupFitatlippetrasiy to 10 N,
sulphurievitisislipefacaily axiocditlirespestliypreferably 1 to 30 N, quite especially preferably 2 to 20
N, especially preferably 2 to 10 N. Quite especially preferably, concentrated sulphuric acid is used. 35

According to the invention, the precipitation of a silicon oxide dissolved in agueous
phase, in particular completely dissolved silicon oxide, is carried out with an acidifying

15 agent. After reaction of the silicon oxide dissolved in aqueous phase with the acidifying
agent, preferably by adding the silicon oxide dissolved in agueous phase to the
acidifying agent, a precipitation suspension is obtained.

An important characteristic of the method is the control of the pH value of the silicon
20  dioxide and of the reaction media containing the silicon dioxide during the various
process steps of the production of silicon dioxide.

According to the invention, the initial charge and the precipitation suspension, into which
the silicon oxide dissolved in aqueous phase, in particular the water glass, is added,

25 preferably dropwise, must always show an acid reaction. Acid means a pH value of
below 6.5, in particular below 5.0, preferably below 3.5, especially preferably below 2.5,
and according to the invention below 2.0 to below 0.5. It may be desirable to check the
pH value to make sure that the pH value does not fluctuate too much, in order to obtain
reproducible precipitation suspensions. If a constant or substantially constant pH value

3¢ is desired, so the pH value should only show a range of variation of plus/minus 1.0, in
particular of plus/minus 0.5, preferably of plus/minus 0.2.

In an especially preferred embodiment of the present invention the pH value of the

precipitation suspension is always kept to less than 2, preferably less than 1, especially
35  preferably less than 0.5. Furthermore it is preferable if the acid is always present in a

definite excess to the alkali silicate solution, to ensure a pH value of the precipitation



21 grade". Itis clear to the person skilled in the art that the diluted or undiluted acidifying agents or
mixtures of acidifying agents used should entrain a minimum level of impurities which do not remain
dissolved in the aqueous phase of the precipitation suspension into the method. In each case, the
acidifying agents should not have any 5impurities which would precipitate with the silicon oxide in the
acidic precipitation, unless they could be kept in the precipitation suspension by means of added
complexing agents or by pH control, or washed out with the later washing media. = The acidifying
agent which is used for the precipitation may be the same as also used, 10for example, in step d, to
wash the filter cake. In a preferred variant of this méthod, in step a) a peroxide that produces a
yellow/orange coloration with titanium(lV) ions in acidic conditions is added to the feed along with the

acidifyingagenisicapgaially peaierablyilisifygdrogen peroxide or 15potassium peroxodisulphate. The
yellow/orange coloration of the reaction solution can provide a very good indication of the degree of
purification durrgaﬂ e Washrng step d. It has in fact been found that titanium is a very stubborn

contamifX{Ekh RSN BAHYS fa@h%”i‘éﬁrﬂfyt?@%ﬂ(c&'?dmoaﬁ prevdliifes Wb 2t Femi@titors
found thatHwretne 201 thecgetial rovveatior gatiege diedisap feargrasa ate thesdasisadipugtycohthe

puribed siisan.KiRede, REWRLARlNE HICAR.AIPIHE psReaR:atigined and from this point of time

the silicon dioxide can be washed with distilled or deionized water until neutral pH of the silicon dioxide
is reached. To achieve this indicator function of the peroxide, it is also possible to add the peroxide not
in step 2\t ernateph vidihe thediunesitidatevenip @Stueyoc aargetirsbrifaaé rizd tstreafinrBasigally it is

also posreptaiéaj q@dﬁeesner@aee %laﬁéaayraﬁ%s%@ﬁe@aa%e&%%w%s%alg sisR fgal the
aforementron rrants ang d forms thereof are ver the E§)re ent mvez:%fro rf?a&Ho ever, the
e |s a rjg% nvé

varrants In w% 8 bse\r/g dih s pr%"%r%t o3 eﬂ e erform

andther ﬁ‘*‘uﬁéﬂi&ﬂhcﬁ%ﬁ@@f@%@m@d@ﬂ& it RIE)- Wl’th@rﬁiEWQH@&@%&H@@&ﬁtheory the
inventorgsiaf thremewsrhabmrwpannpwgrau@a@armmm@mwma@mrlaggregafbegamﬂzed by

reactlonc\gﬁgéagé}ﬁr@ﬂqgtwd}egg%ﬁ%fﬁ% @ F EWaQ&Lﬁ{ m%urltles are converted by

oxidation to a more soluble form and can there ore was away he precipitation 35process
according to the invention therefore has the advantage that |t IS not necessary to carry out a calcining
step, althepghishig sade coulys exaptiveafpossitile. n28n aspect, the present invention relates to

15 a precipitation process for the production of purified silicon oxide, in particular high-
purity silicon dioxide, comprising the following steps

a. Preparation of a feed from an acidifying agent with a pH value of less than
2, preferably less than 1.5, especially preferably less than 1, quite
20 especially preferably less than 0.5
b. Preparation of a silicate solution, where in particular the viscosity, for the
production of the silicon oxide purified by precipitation, can
advantageously be adjusted in defined viscosity ranges, in particular a
viscosity from 0.1 to 10 000 poise being preferred, and depending on the
25 process parameters this viscosity range — as explained below — can be
spread further, depending on other process parameters,
c. Addition of the silicate solution from step b. fo the feed from step a., in
such a way that the pH value of the precipitation suspension obtained
always remains at a value of less than 2, preferably less than 1.5,
30 especially preferably less than 1 and quite especially preferably less than
0.5
d. Separation and washing of the silicon dioxide obtained, the washing
medium having a pH value of less than 2, preferably less than 1.5,
especially preferably less than 1 and quite especially preferably less than
35 0.5
"~ e. Drying of the silicon dioxide obtained



In all variants of the process according to the invention, the silicon dioxide dissolved in aqueous phase
used is preferably an aqueous silicate solution, especially preferably an alkali and/or alkaline-earth
silicate solution, very especially preferably a water glass. Such solutions can be obtained
commercially, can be produced by liquefaction of solid 5silicates, can be produced from silicon dioxide
and sodium carbonate or for example can be produced by the hydrothermal process directly from
silicon dioxide and sodium hydroxide and water at elevated temperature. The hydrothermal process
may be preferred over the soda process, because it can result in cleaner precipitated silicon dioxides.
A disadvantage of the hydrothermal process is the l#ited range of ratios 10obtainable, for example
the ratio of Si02 to N20 is up to 2, the preferred ratios being 3 to 4, moreover the water glasses must

as a rule hecoaticerisaieitacngiding ioghsdiyeaorhaEnebpiaresitial i presRilatiapdeesendy the
production SlA¥RIRL alftRs g URNIRINRYNRX ARSI S0 hillad D e AL TeALeoliR I,
alternative, an alkali water glass, in particular sodium water glassor potassium Wit 85’%, fs
optionallP ARSI RS e R beeleR HeteRuAly Stise RiltiardirorRishvisteRbiass i sfithe
aqueoussitatiesdfdmsohvddwsiticates]iinoviarositreirowesgolids undistedved korsiiuents, can be
carrigd out by processes that are known by a person skilled in the art and with devices that are known
by a person skilled in the 20art. The silicate solution used preferably has a ratio, i.e. weight ratio of

metal oxide to silicSn GERAEHBRPLEHRE BRMLRLWI 7 (53595 b8 FoMkly! JrefePsP from 2 to 4.0.

25 The precipitation process according to the invention does not use chelating agents or ion-exchange

columnsAgaleing etenseebieduyiiied siisanndde samelspihR onatterk Jherefare the puesspt
precipitafion brocess acco[rdlnqhto the m,{ventlop S f?r simpler ng more cost-effective than methods of
the prior aﬁn.gﬁr AdvaNage of the precif a#%% Br?)@f??g& Nfists) ?8%@%% iBﬁ%@%ﬁ%‘?ﬁ‘t can be

ﬁo er advarnitage of the precipita
cartfed Gt IV EORR &P R0 @ JuipRdaY ThBigke By siligenatigeideon pighfisamief tiet silibate
solutionss disdtersatidifyingalignts beferehyRcipitaling isnetdeeassatiul maydnewve: desirable
depending on the quality of the aqueous silicate solutions. Therefore an alkaline silicate solution can

also 35 be pretreated in accordance with WO 2007/106860, in order to minimize the boron and/or
phosphorus conteft befSREHEHAN EAARIECHR shidiilivaRe 3 uisaeR Palosbado HBARSRisthich

silicon oxide is dissolved) can be treated with a transition metal, calcium or magnesium, a

mofybdepuRssaifrenitiAR2ING sxEhanaah RPLHirdiNd Jaglybdale salis tapinimize the phosphorus
content..Prior to the pre(:lpl}ath ccordln% to tgne method ﬁf WO 2007/106860, the alkali silicate

n . ]
solution Can rﬁtﬁ%r@osttﬁg BretiSEstibhP S BRI OG8RI AUINEbASRU QG D AGEINE A& Icular at a
pH valu@o¥ [eedanihthe Iprasiine & agsekding iwater invefiorstp distiedoneferencdéingiven to
using acighfiging agents and silicate solutions which have not been treated by means of ion exchangers
before the precipitation. toln a specific embodiment, a silicate solution can be pretreated as silica sol
according to the methods of EP 0 504 467 B1 before the actual acid precipitation according to the

invehtiof BEMET@NisoE Hipdnnterssarsending dositie iyeptior, iginsstiimesassiatbtnrefagedesent
documeatmbbeisitoissit ebtbaabiaibiathebvethdds discinsed dy&RDRRE may be organic or

inorganic acids, preferably mineral acids, especially preferably hydrochloric acid,
phosphoric acid, nitric acid, sulphuric acid, chlorosulphonic acid, sulphuryl chloride,
perchloric acid, formic acid and/or acetic acid in concentrated or diluted form, or

25 mixtures of the aforementioned acids. The aforementioned inorganic acids are
especially preferred. Very especially preferred are hydrochioric acid, preferably 2 to 14
N, especially preferably 2 to 12 N, quite especially preferably 2 to 10 N, especially
preferably 2 to 7 N and quite especially preferably 3 to 6 N, phosphoric acid, preferably
210 59 N, especially preferably 2 to 50 N, quite especially preferably 3 to 40 N,

30 especially preferably 3 to 30 N and quite especially preferably 4 to 20 N, nitric acid,
preferably 1to 24 N, especially preferably 1 to 20 N, quite especially preferably 1 to 15
N, especially preferably 2 to 10 N, sulphuric acid, preferably 1 to 37 N, especially
preferably 1 to 30 N, quite especially preferably 2 to 20 N, especially preferably 2 to 10
N. Quite especially preferably, concentrated sulphuric acid is used.

35
The acidifying agents can be used in a purity which is typically referred to as “technical



467 Bl is dissolved again completely, preferably after a treatment according to the 15methods of EP 0
504 467 Bl, and then submitted to acid precipitation according to the invention, to obtain purified silicon
oxide in accordance with the invention. The silicate solution preferably has, before the acidic
precipitation, a silicon dioxide content of, for instance, about 10% by weight or higher. 20 In the main
aspect of the present invention, a silicate solution, especially a sodium water glass, used for the acidic
precipitation has a viscosity of 0.1 to 10000 poise, preferably 0.2 to 5000 poise, more preferably 0.3 to
3000 poise, especially preferably 0.4 to 1000 poise (at room temperature, 20C). 25 In step b and c of
the first preferred variant of the method of the main4kpect, a silicate solution is prepared with a
viscosity from 0.1 to 2 poise, preferably 0.2 to 1.9 poise, especially 0.3 to 1.8 poise and especially

preferablyr@dktolLi§ pleisetanteopiiesesnadiatyipreteeabiy S %@f@rérg@@@ UW% &éreﬁygr@; f’r',"cate
lut e CO rre varrano e metnod or the
solutions,can Alsq 38,30 Sfé'.&lé n%r%%gzﬁt e S8ee %Brﬁ toalrarbraaw BdgvaLe

main aspect, a silicate so utlon ISP ed with a VISCOSI rom referably 3 to

70000 pHRRUEESS Maichide %@d@%@bd sspiadIy ﬁrefé%rwﬁtam@m%i&Pa@ﬁt@r@m.any
35preferabpérteid0inpoite anetlespetiayopretarabiyeddcidif pejsaerts lsr‘@t@lﬂ aof e enaify aspect

and of ther MRRISIRIRA \AUIARIB AIBRALGRIAIOL RESReSACTTHIDALRIDG IoXpAlgn, he sicate
solution fro f(? éE&%the eed and the silicon dioxide Is t ere ore recl |tate Jltis
necessary 6 &%ﬁé‘fﬂﬂ r$§ RiIHG 2 0eHt RiaHRRy RSP Thamean neldrssieds the silicate

solution fETElGrRIBLAGeN auebin Bdlpatwhyothab e duialith dhthieteastshisglutiedids always less
than 2, preferably less than 1.5, especially preferably less than 1, quite especially preferably less than

0.5 and bly is 0.01 to O. dgitional ac an be added jf necessary. The
tengraﬁ?}% gﬁ (II%W] E{%n iﬁﬂ |c8n'?sur%%gmf£qne% FAGHR aagé ?gﬁ%ep 16 RETE ?&lﬂ!ﬁ?\ U$E50 to 95C,
preferably R aTue, fésﬁél@lgbl)‘?olw&r%fé“@oﬁsu%%@oc by heating or cooling the precipitation vessel.

The inventors found that precipitates that can be filtered partlcularly easily are obtained if the silicate

Soluton e e ARAIPEAIREIRIGPN SHPORRsIn, BRSO ok raplgia, Therelore in o

f diment of the present mventron car IS’ taken to ens e silicate solution
E:ﬁe?gtﬁ/gﬂné\gogﬂaﬂe B%@'gg?%dﬂ g SAENAVR g In acidic conditions is added to the feed

along with the acidifying agent. Especially preferably it is hydrogen peroxide or
15 potassium peroxodisulphate. The yellow/orange coloration of the reaction solution can
provide a very good indication of the degree of purification during the washing step d.

It has in fact been found that titanium is a very stubborn contaminant, which already
attaches readily to silicon dioxide at pH values above 2. The inventors found that when

20  the yellow coloration in stage d) disappears, as a rule the desired purity of the purified
silicon oxide, in particular of the silicon dioxide, has been attained and from this point of
time the silicon dioxide can be washed with distilled or deionized water until neutral pH
of the silicon dioxide is reached. To achieve this indicator function of the peroxide, it is
also possible o add the peroxide not in step a., but in step b. to the sodium silicate or in

25  step c. as a third material stream. Basically it is also possible to add the peroxide also
only after step ¢ and before step d. or during step d.

All the aforementioned variants and mixed forms thereof are covered by the present
inventions. However, the variants in which the peroxide is added in step a. or b. are

30  preferred, as in this case it can perform another function in addition to the indicator
function. Without being bound to a particular theory, the inventors are of the view that
some — in particular carbon-containing — impurities can be oxidized by reaction with the
peroxide and removed from the reaction solution. Other impurities are converted by
oxidation to a more soluble form and can therefore be washed away. The precipitation

35  process according to the invention therefore has the advantage that it is not necessary
to carry out a calcining step, although this is of course optionally possible.



form of droplets. This can for example be achieved by adding the silicate solution dropwise to the feed.
This can involve a metering device arranged outside of the feed/precipitation suspension and/or
dipping into the feed/precipitation suspension. 20In the first especially preferred variant of the method
of the main aspect, i.e. the method with low-viscosity water glass, it proved particularly advantageous
if the feed/ precipitation suspension is set in motion, for example by stirring or pumping, in such a way
that the flow velocity measured in a region that is delimited by half the radius of the precipitation vessel
5 cm and the surface of the reaction solution to 10 cm below the 25reaction surface, is from 0.001 to
10 m/s, preferably 0.00510 8 m/s, especially preferataly 0.01 to 5 m/s, quite especially 0.01 to 4 m/s,
especially preferably 0.01 to 2 m/s and quite especially preferably 0.01 to 1 m/s. Without being bound
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surface %&{the rea ns Iut| e reaction surface, from 0.0 preferably

m_.belo
0.005 toHHIRE %spe Y glfﬂ t@%mdré,)fﬁﬁgn&uﬁé%?ﬁéd%%'@l f‘éiéﬁﬁﬁ‘%e Qgﬁ%@é‘lly preferably
0.0%to zm@aﬂ:@j@dné@@a@ﬁlmpr@@a&ﬁwﬂqd\&%@mm& Weey firéserrerk oatérspbsBibld to
producetsilicandiisuide tepatieiegidarbeanig Hiaiadvany é@ﬁ&ér(ﬁ@?eﬁl%cér@% 4} {Rcontrast, in

method% P’?m velocity in the feed/precipitation su on, very fine particles
are formekgjyég arti §g§C§§ %répﬁf@lﬁg ip){ﬁ ’é)rn INHhe Seco ﬁr&%rre@ 1‘8’§treneﬁfta(§istﬁp main
aspect 4B ﬁrEQQquﬂbéﬁtRﬁfSPB skilede et use of hlgh viscosity water glass, particularly pure
and easily filterable
15 According to an alternative, an alkali water glass, in particular sodium water glass or
potassium water glass, is optionally filtered and then concentrated if necessary. The
filtration of the water glass or of the aqueous solution of dissolved silicates, in order to
remove solid, undissolved constituents, can be carried out by processes that are known
by a person skilled in the art and with devices that are known by a person skilled in the
20 art

The silicate solution used preferably has a ratio, i.e. weight ratio of metal oxide to silicon
dioxide, from 1.5 to 4.5, preferably 1.7 to 4.2, especially preferably from 2 to 4.0.

25 The precipitation process according to the invention does not use chelating agents or
ion-exchange columns. Calcining steps of the purified silicon oxide can also be omitted.
Therefore the present precipitation process according to the invention is far simpler and
more cost-effective than methods of the prior art. Another advantage of the precipitation
process according to the invention is that it can be carried out in conventional

30 equipment.

The use of ion exchangers for purification of the silicate solutions and/or acidifying
agents before precipitation is not necessary, but may prove desirable depending on the
quality of the aqueous silicate solutions. Therefore an alkaline silicate solution can also
35 be pretreated in accordance with WO 2007/106860, in order to minimize the boron
and/or phosphorus content beforehand. For this, the alkali silicate solution (aqueous



precipitates likewise form as a result of dropwise addition of the silicate solution. Without being bound
to a particular theory, the inventors are of the view that the high viscosity of the silicate solution,
together with the pH value, means that after step c) an easily filtered precipitate is formed and that
there is little if any accumulation of 20impurities in the internal cavities of the silicon dioxide particles,
because owing to the high viscosity the droplet shape of the dropwise-added silicate solution is largely
retained and the droplet is not finely distributed before the gelling/crystallization begins on the surface
of the droplet. An alkali and/or alkaline-earth silicate solution can be used as silicate solution,
preferably an alkali silicate solution, especially prefeérably sodium 25silicate (water glass) and/or
potassium silicate solution is used. Mixtures of several silicate solutions can also be used. Alkali
silicate sphiaianmhavieithsiadvamntageishésthnvalationscaapgesilyitesepamtiod bycwasbinguihe
viscosit e nafc I ili
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shape. 5In a second special embodiment of the present precipitation process according to the
invention the silicon dioxide particles have a shape that is comparable to a "toadstool cap” or a
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droplets, whereas't oug nut-s parti cles are with faster motion of the droplets. 25The
pré’gent invention also relates to a precipitation process in which, after step c, the silicon dioxide
particledithbgresiowstpeesofithedpsdivant dozidtopadisiés:né thelwohodispeoisilideughinuis” and

oadstaghtangiz3te peduerd Y AuRRERReLifiaNeh A 1PaRLARRLTR. P NGl paidig ide obtained
after premg }eerl'talgpy beZ %O@%g}s%sr)n%g’g Bre??ara% to 3000 poise, especially preferably
0.4 to 1000 poise (at room temperature, 20° C).
25
in step b and ¢ of the first preferred variant of the method of the main aspect, a silicate
solution is prepared with a viscosity from 0.1 to 2 poise, preferably 0.2 to 1.9 poise,
especially 0.3 to 1.8 poise and especially preferably 0.4 to 1.6 poise and quite
especially preferably 0.5 to 1.5 poise. Mixtures of several silicate solutions can also be
30 used.

In step b and ¢ of the second preferred variant of the method of the main aspect, a

silicate solution is prepared with a viscosity from 2 to 10000 poise, preferably 3 to 70000

poise, especially 4 to 6000 poise, especially preferably 4 to 1000 poise, quite especially
35 preferably 4 to 100 poise and especially preferably 5 to 50 poise.



variants of the main aspect as step c., is separated in from the other constituents of the precipitation
suspension (in the main aspect and the preferred variants of the main aspect step d). Depending on
the filterability of the precipitate, this can be carried out by conventional filtration techniques known by
a person skilled in the art, e.g. with filter 35presses or rotary filters. In the case of precipitates with poor
filterability, separation can also be carried out by centrifugation and/or by decanting off the liquid
constituents of the 27 precipitation suspension. After separation from the supernatant, the precipitate
is washed, ensuring, with a suitable washing medium, that the pH of the washing medium during
washing, and thus 5also of the purified silicon oxide24n particular silicon dioxide, is less than 2,
preferably less than 1.5, especially preferably less than 1, quite especially preferably 0.5 and
especiallinprieferabiytife0hantSpdtieanastiingmediprefserelerabhideranyepusispiitians of organic
and/or in ' = i . [ ids, Qr fumaric acj alic acid,
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10~ preferably 40 to 80°C, by heating or cooling the precipitation vessel.

The inventors found that precipitates that can be filtered particularly easily are obtained
if the silicate solution enters the feed and/or precipitation suspension in the form of
droplets. Therefore in a preferred embodiment of the present invention care is taken to
15 ensure that the silicate solution enters the feed and/or precipitation suspension in the
form of droplets. This can for example be achieved by adding the silicate solution
dropwise to the feed. This can involve a metering device arranged outside of the
feed/precipitation suspension and/or dipping into the feed/precipitation suspension.

20 In the first especially preferred variant of the method of the main aspect, i.e. the method
with low-viscosity water glass, it proved particularly advantageous if the feed/
precipitation suspension is set in motion, for example by stirring or pumping, in such a
way that the flow velocity measured in a region that is delimited by half the radius of the
precipitation vessel + 5 cm and the surface of the reaction solution to 10 cm below the

25  reaction surface, is from 0.001 to 10 m/s, preferably 0.005 to 8 m/s, especially
preferably 0.01 to 5 m/s, quite especially 0.01 to 4 m/s, especially preferably 0.01 to
2 m/s and quite especially preferably 0.01 to 1 m/s.

Without being bound to a particular theory, the inventors are of the view that because of
30 the low flow velocity, there is very little distribution of the incoming silicate solution
immediately after it enters the feed/precipitation suspension. As a result, gelling occurs
rapidly on the outer shell of the incoming silicate solution droplets or silicate solution
streams, before impurities can be enclosed inside the particles. Through optimum
selection of the of the flow velocity of the feed/precipitation suspension it is therefore
35 possible to improve the purity of the product obtained.



In the method according to the invention it is not usually necessary to add chelating agents to the
precipitation suspension or during the purification. Nevertheless, the present invention also includes
methods in which, for stabilization of acid-soluble metal complexes, a metal complexing agent, such as
EDTA, is added to the precipitation 30suspension or to a washing medium. Optionally it is therefore
possible to add a chelating agent to the washing medium or to stir the precipitated silicon dioxide in a
washing medium with corresponding pH value of less than 2, preferably less than 1.5, especially
preferably less than 1, quite especially preferably 0.5 and especially preferably 0.01 to 0.5, containing
a chelating agent. Preferably, however, washing withP35the acidic washing medium takes place
immediately after the separation of the silicon dioxide plecipitate, without further steps being carried
out. 28 IBis@isthpusgible tptidi-adpinoxidddfotcalulmadingoasothdngdicatersof tadesiralle

metalic IRRYELige R, TURBRRRIOFHE AAn Pe RO [a-be BIESIRIRIOR shspepsion Of the

washing medium, in 0‘%8‘ r to indicate, by colour, the presence of titanium impuiritie arking is in
general 3@%38%@%%75 iﬁ%eo'iﬂ% 8%55&95@%@)&% IREHIe wiRiMHNIER dheispisatasABtILSe
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agent. Fgr examgl%for tr#e formation of silicon nitride, which adBv ntageously decomposes again in the
subsequBiit protess: T \FSERThY & %eo%%i?@e%o e fhc%ﬂ ﬁ???ﬂ%’?ﬁ%’%ﬁ%ﬁ%rﬁﬂ?rﬁhis can
be recodhiZed 9ot eraimpecirfrintfelNadn Susperatondahyanefarpbhoidd amd no/tonyétehas a
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muldt be REHEE S atFRE pro flegad l'fﬁﬁtiﬁﬁ@@dﬁﬁptﬁé%aﬁﬁ@dt@efﬂ S ToIRGér igivestacdsible
yellow/oveirigk teozatiantadie fladdirdoitiey et dec i isewpratiary Jospasisierthaéthems value of the
washingynadied Aaddhvealse iaakefithe prafisdysliean.@tide ) particular silicon 20dioxide, up to

this point of time is less than 2, preferably less than 1.5, especially preferably less than 1, quite
especially preferably 0.5 and especially preferably is 0.01 to 0.5. The silicon dioxide thus washed and
purified,'is Wasiese tarriefgrett eibogitaibof oe2painearspedbidiiire drastet, iontshtiepkevatue of the
silicon dipwidasebiained i mgha/r@émﬁlJ@t?eEgaagégbﬁgﬁﬁﬂﬁ@ﬁﬂ%ﬁd%&ﬁgﬁté@%@% is less
e o SUAB SRR SRR BRI TIReTs R e o
out with {éUHRSGBo WISk (a8 wellikHiw By JbRYentors are of the view that the high
viscosity of the silicate solution, together with the pH value, means that after step ¢) an
easily filtered precipitate is formed and that there is little if any accumulation of
20 impurities in the internal cavities of the silicon dioxide particles, because owing to the
high viscosity the droplet shape of the dropwise-added silicate solution is largely
retained and the droplet is not finely distributed before the gelling/crystallization begins
on the surface of the droplet. An alkali and/or alkaline-earth silicate solution can be used
as silicate solution, preferably an alkali silicate solution, especially preferably sodium
25 silicate (water glass) and/or potassium silicate solution is used. Mixtures of several
silicate solutions can also be used. Alkali silicate solutions have the advantage that the
alkali ions can easily be separated by washing. The viscosity can be adjusted e.g. by
concentration of commercially available sificate solutions by evaporation, or by
dissolving the silicates in water.
30
As stated above, by suitable choice of viscosity of the silicate solution and/or of the
stirring speed, the filterability of the particles can be improved, because particles with a
special shape are obtained. The present invention therefore relates to purified silicon
oxide particles, in particular silicon dioxide particles preferably with an outside diameter
35 from 0.1 to 10 mm, especially preferably 0.3 to 9 mm and quite especially preferably 2
to 8 mm. In a first special embodiment of the present invention said silicon dioxide



skilled in the art, such as filtration, decanting, centrifugation, and sedimentation, provided that the
impurity level of acid-precipitated, purified silicon oxide is not made worse again by these measures.
35For precipitates with poor filterability it may be advantageous to carry out washing by having the
washing medium flowing from below onto the precipitate in a fine-mu:shed 29 strainer basket. The
purified silicon dioxide, in particular high-purity silicon dioxide thus obtained can be dried and
processed further. Drying can be carried out by all methods known by a 5person skilled in the art, e.g.
with band dryers, shelf dryers, drum dryers etc. It is recommended to grind the dried silicon dioxide, to
obtain an optimum range of particle size for further %@ocessmg to solar-grade silicon. The techniques
for optional grinding of the silicon dioxide according to the invention are known by a person skilled 10in
the art and tarebentoendriamexdamplesipe,) llmarayebth rditiom 82 mRQiE ek ally the grindingrs

carmed oshind\diathadeesresl Tl I AUIEIdeRINRER o AL eaniamp AL
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pm, especially preferably 5 to 15 pm. 15 The silicon oxides prepared and purified in accordance with
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ppm, preferaklyip. @{élrﬁi@lﬂitécb@tﬂ%%ﬁﬁmaﬁﬁi@ﬁl@iMW@@@@béﬁs@br@%ﬁaﬁ@tﬁ% Pan @ﬂoﬁ#@wite t
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to 3 ppmaiictiog ite espbsiddydprefevahilya0ud Vitavltipam ve sedigliycpredemlaly B d papiimde 0.8 ppm and
quite espeeiBERARAMIAPH ARte DRRRB bottom, a rather massive, i.e. thick upper edge and a
somewhat thinner bottom in the region of the dome.

15 Without being bound to a particular theory, the inventors are of the view that the acid
conditions in the feed/reaction solution together with the dropwise addition of the silicate
solution, plus the viscosity and the flow velocity of the feed/precipitation suspension,
have the effect that the droplets of the silicate solution start to gel/precipitate on their
surface immediateiy on contact with the acid, and at the same time the droplet is

20  deformed through the motion of the droplet in the reaction solution/feed. Depending on
the reaction conditions, apparently the "toadstool cap"-shaped particles form with slower
motion of the droplets, whereas the "doughnut"-shaped particles are formed with faster
motion of the droplets.

25 The present invention also relates to a precipitation process in which, after step c, the
silicon dioxide particles the previously described silicon dioxide particles of the
embodiments "doughnuts” and "toadstool caps” are produced or processed further in at
least one step.

30  The silicon dioxide obtained after precipitation, i.e. in the main aspect and the preferred
variants of the main aspect as step ¢, is separated in from the other constituents of the
precipitation suspension (in the main aspect and the preferred variants of the main
aspect step d}. Depending on the filterability of the precipitate, this can be carried out by
conventional filtration techniques known by a person skilled in the art, e.g. with filter

35  presses or rotary filters. In the case of precipitates with poor filterability, separation can
also be carried out by centrifugation and/or by decanting off the liquid constituents of the



e. Nickel less than or equal to 1 ppm, preferably 0.001 ppm to 0.8 ppm, especially preferably 0.01 ppm
to 0.5 ppm and quite especially preferably 350.05 ppm to 0.4 ppm f. Phosphorus less than 10
ppm, preferably less than 5, especially preferably 30 less than 1, quite especially preferably 0.001
ppm to 0.099 ppm, especially preferably 0.001 ppm to 0.09 ppm and quite especially preferably 0.01
ppm to 0.08 ppm g. Titanium less than or equal to 1 ppm, 0.001 ppm to 0.8 ppm, especially
Spreferably 0.01 ppm to 0.6 ppm and quite especially preferably 0.1 to 0.5 ppm h. Zinc less than or
equal to 1 ppm, preferably 0.001 ppm to 0.8 ppm, especially preferably 0.01 ppm to 0.5 ppm and quite
especially preferably 0.05 ppm to 0.3 ppm 10 the s of the aforementioned impurities plus sodium
and potassium being less than 10 ppm, preferably less than 4 ppm, especially preferably less than 3
ppm, quiteeasprsially sueesiatbn0.5 to 3 ppm and especially preferably 1 ppm to 3 ppm. 15The
high-purity silicon dioxides according to the invention can be in the previously described presentation
forms, i.e. as "doughnut-shaped particles or as "toadstool cap"- shaped particles or in conventional
particle NAeeRRIRIRR T eHe N easHRRE B Folied @siRpRISIs AMashRth BBS WITSH M Btes by methods
known byuitpefsoraskitlednia dherarthitttiesnsdiciandans hiegmasaund dtﬁld@@\Ya@FﬁdQ taﬁ&ﬂm@ntlonal
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preferabBeps3@ll9 minfeamntiydite ekpadially preferably 2 to 8 mm. 25The purified silicon oxides, in
particular high-purity silicon dioxides are processed further according to the invention to pure to
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submltted toat erma post-treatment, in part |cular a calc
be removed compieteiy with high- -purity water. Generafly, therefore, all organic, water-
soluble acids, in particular consisting of the elements C, H and O, are preferred both as
15 acidifying agent and as in the washing medium, because they themselves do not
contribute to contamination of the subsequent reduction step. The acidifying agent used

In step a. and c. or mixtures thereof in diluted or undiluted form are preferably used.

The washing medium can if required also comprise a mixture of water and organic
20  solvents. Suitable solvents are high-purity alcohols, such as methanol and ethanol,
possible esterification does not interfere with the subsequent reduction to silicon.

The agueous phase preferably does not contain any organic solvents, such as alcohols,
and/or any organic, polymeric substances.

25
In the method according to the invention it is not usually necessary to add chelating
agents to the precipitation suspension or during the purification. Nevertheless, the
present invention also includes methods in which, for stabilization of acid-soluble metal
complexes, a metal complexing agent, such as EDTA, is added to the precipitation

30 suspension or to a washing medium. Optionally it is therefore possible to add a
chelating agent to the washing medium or to stir the precipitated silicon dioxide in a
washing medium with corresponding pH value of less than 2, preferably less than 1.5,
especially preferably less than 1, quite especially preferably 0.5 and especially
preferably 0.01 to 0.5, containing a chelating agent. Preferably, however, washing with

35 the acidic washing medium takes place immediately after the separation of the silicon
dioxide precipitate, without further steps being carried out.



35.treatment, preferably at temperatures between 900 and 2000C, especially preferably around
1400C, in order to remove nitrogen-containing and sulphur-containing’ 31 impurities. The purified
silicon oxide obtainable by precipitation according to the invention, in particular the purified silicon
dioxide has a content of the elements aluminium, boron, 5calcium, iron, nickel, phosphorus, titanium
and/or zinc each separately or in combination, as was defined above and preferably has better
filterability. In an alternative embodiment of the method described above for the production of
high-purity silicon oxide it is also possible to convert contaminated silicon oxide to a 10dissolved form
and for example produce a high-purity silicon dioxidé&from this solution by the aforementioned method.
Therefore the invention also relates to the use of at least one silicon oxide containing impurities for the
productidm%@h&ih'ﬁp@sQ@ﬂ@bﬁeﬁﬂﬁr@ﬁ@@ﬂﬂ@&“@@lﬁﬂ@ﬁﬁ%ﬂiﬁﬁgnéﬁ é@swmwm@rm&gk%&en of
solar-gr [ r li t tion, co Jsing the
foIIOW|gnﬁ%&i%%%%ve%;%ﬁ%cﬁéﬁ%%bn ox%cg%%ngn ?r)n%)%n?e %o%sfca?ep a%s%?ved in
aqueousSHRREESIRDHAFIAG XS U dREEBITS JMCAHES BGHC BN P LGSR, ShenRreARRgE Bfssolved in
aqueoudifdrzize) mparttmﬂah/taéqagueou:geﬁnea:teaswpossztﬂeawﬁqaﬁm&so@adi@ gohipaximith the
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the subsequent process.

10
Washing is continued until the silicon dioxide has the desired purity. This can be
recognized, for example, when the wash suspension contains a peroxide and no longer
has a visible yellow coloration. If the precipitation process according to the invention is
carried out without addition of a peroxide that forms a yellow/orange coloured

15 compound with Ti{lV) ions, then in each washing step a small sample of the wash
suspension can be faken and a corresponding peroxide must be added to it. This
process is continued until the sample taken no longer gives a visible yellow/orange
coloration after adding the peroxide. It is necessary to ensure that the pH value of the
washing medium and thus aiso that of the purified silicon oxide, in particular silicon

20  dioxide, up to this point of time is less than 2, preferably less than 1.5, especially
preferably less than 1, quite especially preferably 0.5 and especially preferably is 0.01
to 0.5.

The silicon dioxide thus washed and purified, is washed further preferably with distilled

25  water or deionized water, until the pH value of the silicon dioxide obtained is in the
range 4 to 7.5 and/or the conductivity of the wash suspension is less than or equal to
9 uS/cem, preferably less than or equal to 5 #/S/cm. This ensures that any acid residues
adhering to the silicon dioxide have been adequately removed.

30 Separation can be carried out with usual measures that are well known by a person
skilled in the art, such as filtration, decanting, centrifugation, and sedimentation,
provided that the impurity level of acid-precipitated, purified silicon oxide is not made
worse again by these measures.

35  For precipitates with poor filterability it may be advantageous to carry out washing by
having the washing medium flowing from below onto the precipitate in a fine-meshed



In particular step II) takes place in accordance with the above account for the production of a
precipitation suspension, preferably acid precipitation takes place in agueous solution optionally in the
presence of pure solvents, with the unwanted impurities 35remaining dissolved in the acidic, aqueous
solution. The pH value is preferably below pH = 2, as stated above. 32 A silicon oxide containing
impurities is considered to be a silicon oxide with a content of boron , phosphorus, aluminium, iron,
titanium, sodium and/or potassium of greater than 1000 wt.-ppm, in particular greater thah 100
wt.-ppm, preferably a silicon oxide is still regarded as contaminated silicon oxide if the overall content
of the above impurities is 5 above 10 wt.-ppm. A "si#iBon oxide containing impurities" also means a
silicon dioxide with a content of the following elements each individually or in any partial combinations
or also alittagethereke10 a. Aluminium above 6 ppm, in particular above 5.5 ppm, also preferably still
above 5 ppm, also especially preferably still above 0.85 ppm and/or b. Boron above 10 ppm, also
preferably still above 5.5 ppm, especially preferably above 3.5, quite especially preferably still above
15 ppb ahQfoP4BleEaiicam ARSI 2/p pRTticHi hiap Wity slifebeiraisd pim iaipesian preferably
still abovéried)25g proeesiiod du itioer aDoyia28zppbe tapatialabakovedhemrkrrefetply still above
0.65:pp 118N bave 15 i icu 5 cially preferably still
ab05\§e 2 gggﬁﬁgmegn@%ééﬁ()géggh%%uﬁ%;%’oé\?ﬁéygbﬁ%n p %i@dlg?l%@g\?g%%éggm, especially
preferably still above 0.1 ppm, or also still above 15 ppb and/or g. Titanium above 2.5 ppm, in
particulalt #eseomBippaedria/grind the Ziredhsitiversdiopjiia, in patticulan abtreiin5gpre, afspecially

el GO P SINS RITO DRGE D
sodium assiym js, areater than n, alsg,in particular still above 5 ppm, preferably above
ppm, esgg%(gﬁ‘;% p?ﬁété?a%il’@ a 0038 ep%:F(g%%i%%%aﬁV%%%?ﬁ@ Kova ?ﬁglﬂeﬁ%ﬁkﬁ%’?’o above
0.5'Bpm/TAlS8 aftRBEEACHAEI S IasXarPE SpEmansy fipaditararBillbelowroctaphivatid/or a
phosphagriadiagtentafriaiaovet inpluiiealsedttoabeye O pMIlB Flisepridaiisragarsies arsilicon
oxide cospngaRIY B AN IS EPOHRR PLRLIERS) AR ARSI BRI S IRSIR LA gL UP

aluminlu{n, calcium, iron, nickel; t m, zIinc exce _
he grinding parameters are selected such that the particles obtained have an average

particle size dsg of 1 1o 100 ym, preferably 3 to 30 ym, especially preferably 5 to 15 ym.

15
The silicon oxides prepared and purified in accordance with the invention preferably
have the profile of impurities defined above for purified, pure or high-purity silicon
dioxide, but they may also have the following amounts of impurities:

20 a. Aluminium between 0.001 ppm and 5 ppm, preferably 0.01 ppm to

0.2 ppm, especially preferably 0.02 to 0.1, quite especially preferably 0.05
to 0.8 and especially preferably 0.1 1o 0.5 ppm,

b. Boron less than 1 ppm, preferably 0.001 ppm to 0.099 ppm, especially
preferably 0.001 ppm to 0.09 ppm and quite especially preferably

25 0.01 ppm to 0.08 ppm

c. Caicium less than or equal to 1 ppm, 0.001 ppm to 0.3 ppm, especially
preferably 0.01 ppm to 0.3 ppm and quite especially preferably 0.05 to
0.2 ppm

d. Iron less than or equal to 5 ppm, preferably 0.001 ppm to 3 ppm,

30 especially preferably 0.05 ppm to 3 ppm and quite especially preferably
0.01 to 1 ppm, especially preferably 0.01 ppm to 0.8 ppm and quite
especially preferably 0.05 to 0.5 ppm

e. Nickel less than or equal to 1 ppm, preferably 0.001 ppm fo 0.8 ppm,
especially preferably 0.01 ppm to 0.5 ppm and quite especially preferably

35 0.05 ppm to 0.4 ppm

f. Phosphorus less than 10 ppm, preferably less than 5, especially preferably



the limit stated above. 33 The silicon oxide purified by all the methods described in detail above,
especially the high-purity silicon dioxide, can be used as a starting material in the further method
according to the invention. It can be used for further conversion to high-purity silicon, i.e. the reduction
step, but it can also be used in one process variant as a high-purity 5antifoaming agent in the
production of high-purity carbon. This process variant is described below. The silicon oxide purified by
all the processes described in detail above can also be used to produce silicon carbide, which is
described below.  Production of the carbon source by sugar pyrolysis using silicon oxide as an
10antithaming agent In addition to the other carbon3§ources mentioned in this description, preferably
the natural carbon sources listed therein, it is also possible to obtain carbon from carbohydrates. To

produce the high-purityearhen. N dhiscrsefessedly el ipetoashi Sgamponedh ¢fjhe complete

method according to the invention for ring.pure sili it is preferable to use a carbon source,
especially a pure (:arb%g segbaric%,q%e%ﬁ%@ﬁﬁeﬁgérBBW féog‘g%?np )? Wdﬂ%i%a?ﬁ@?&%?% of at least one
carbohydrate or of a caipfEhgbate fhikemee8ge&ipmyof a crystalline sugar, at elevated temperature
with addition of siligonTétsidien? (:ksvaafaunstsalrisingiy, thatayaedingrsilieemoxdscaraferably

Si0z, in particular precipi ilic i ical ilic id, the, fpam forming
effngt can be suppres?s}(fa%!d‘j.g %%?n%@ﬁ@%@%@o%ﬁ gé%@eﬁggﬁ?/é%% %ﬁ%ﬁlﬁc%gﬁ%éﬁ [:}/u?éic%rbon and
only a very small amatmt ¥ licon oxide need be added, it is not absolutely necessary to use a silicon
oxide obtained by the4imetliwss cberponent deseribgthin phefait-aiip (e attppughditiBigmreferred for

process simplification s ihaRR UAHARE I SXA0PIR e @@mi%&i'E&%%%%&QI%?Q@V&H?
above-described metﬁ%&io%ﬁnz)né can be used together with a 30carbon Source, especially a pure
carbon source, and chlori B he& KR reaction to give halogenated silanes. These silanes can be
uséd to produce ultrahigh-purity pyrogenic silicic acids. This industrial process for pyrolysis of
carbohythatesmeat hr:eperatedrsiomiy aRgurities plus sodium and potassium being less than

10 ppm, preferably less than 4 ppm, especially preferably less than 3 ppm, quite

especially preferably 0.5 to 3 ppm and especially preferably 1 ppm to 3 ppm.

15 The high-purity silicon dioxides according to the invention can be in the previously
described presentation forms, i.e. as "doughnut™-shaped particles or as "toadstool cap”-
shaped particles or in conventional particle shapes. However, they can also be ground,
compressed to granules or briquettes by methods known by a person skilled in the art, if
the particles have been ground, i.e. they are in the conventional particle form, they can

20  preferably have an average particle size dsg of 1 to 100 ym, especially preferably 3 to
30 um and quite especially preferably 5 to 15 ym. The "doughnut"-shaped or "toadstool
cap"-shaped particles preferably have an average patrticle size dsg of 0.1 to 10 mm,
especially preferably 0.3 to 9 mm and quite especially preferably 2 to 8 mm.

26 The purified silicon oxides, in particular high-purity silicon dioxides, are processed
further according to the invention to pure to high-purity silicon for the solar power
industry, or a portion thereof is alternatively used as described below. According to the
invention, the purified silicon oxides, in particular high-purity silicon dioxides, are
reacted with a source of pure carbon, such as a high-purity carbon, silicon carbide

30 and/or pure sugars.

The method according to the invention does not usually comprise a calcining step for

the silicon dioxide. However, this does not rule out the possibility that the silicon oxide
obtained can be submitted to a thermal post-treatment, in particular a calcining

35  treatment, preferably at temperatures between 900 and 2000°C, especially preferably
~around 1400°C, in order to remove nitrogen-containing and sulphur-containing



35economically and without unwanted foam formation. Furthermore, when carrying out the method
only a short caramel phase was observed. Furthermore, in a preferred 34 embodiment it was
advantageous, as it is especially energy-saving (low-temperature mode), to lower the pyrolysis
temperature from for example 1600C to about 700C. The method is carried out advantageously above
a temperature of 400C, preferably between 800 and 1600C, especially preferably between 900 and
1500C, in particular 5at 1000 to 400C, and advantageously a graphite-containing pyrolysis product is
obtained. If a graphite-containing pyrolysis product is preferred, pyrolysis temperatures from 1300 to
1500C are desirable. Pyrolysis is carried out advantéigeously under protective gas 10and/or reduced
pressure (vacuum). For example at a pressure from 1 mbar to 1 bar (ambient pressure), in particular
from 1 toih@urbak. The substances used in particular do not need drying in pyrolysis with a microwave
furnace. The educts can have a residual moisture. Advantageously, pyrolysis equipment used is dried
before the start of pyrolysis and purged almost completely of oxygen by flushing with an inert gas,
such as 158iPFERGF A& Pdp i HIRY argo RIecHualinnasetimasopineliysiening idas a rule
betweengartibuite ardpBifedsiipsafeialbycdieiyeatobtéhasraped @T@Hﬁ%ilﬂxﬂﬁfﬂﬁﬁ'@é}hﬂ%ﬁen-

Houg an ; I id pyr [ ting time for reaching the desire
pyro%ysis(,é t%%r%%@fa{iﬁ i@%@aﬁéﬁéﬁ%gﬂ%@gﬁﬂéﬁgf ?n%%ﬁi&%_%%@f?%?e%rn /4 hour and 8
hours. 269 AR MROER Was Jained ARavE RS rretaabproasseetiesdiitasaibter, also be carried out
continuously. A C-based pyrolysis product obtained contains coal, in particular with graphite fractions

25and siicipgi And 0B anal IraFlosal MBBIdaTgRS alsarhan, AUk 5ok aag = gspepially low

in impurities, for.example B, P, As and Al.compounds. Thus, the pyrolysis product can be u
advanta§sousR) 8 Pe(é)ﬂgi?\ét ésgaﬁonﬁ’ WSS RIS Ig’f’é‘\fﬁ&lﬁ’g&‘%&%ﬁ %(B'YH’Q PRS2 In particular, on
thelBasigisprivedrigirtiany fvopaaieslaisataphiechiantainihgsdirolydisxicediotrcéindbeaisénhin an arc
reactor. B fReeapseserinivestiondirrigfore relates to a method for technical, i.e. industrial pyrolysis of
a carbohydrate or carbohydrate mixture at elevated temperature with addition of silicon oxide, in

particular purified silicon oxide. 35Preferably monosaccharides are used as carbohydrate component
in the pyTB@%%?'i?e’@he invention also relates to the use of at least one silicon oxide containing

impurities for the production of silicon, suitable in particular as solar-grade silicon or
15 suitable for the production of solar-grade silicon, preferably of pure silicon according to
the above definition, comprising the following steps,

[} conversion of the silicon oxide containing impurities to a silicate dissolved in
aqueous phase, in particular to an aqueous silicate solution,

20 I} addition of the silicate dissolved in agueous phase, in particular the aqueous
silicate solution, to an aqueous, acidic solution, with the impurities remaining in
solution, in particular the pH value and/or the addition is selected so that as far as
possible all the impurities remain in solution from the start of addition up to the end
of addition, and a precipitate of purified silicon dioxide is obtained.

25
Another object is a method by which the silicon oxide thus obtained — as described in
detail below — in step
l)is converted to silicon in the presence of at least one or more sources of carbon
30 and optionally by addition of an activator.

In particular step I1) takes place in accordance with the above account for the production
of a precipitation suspension, preferably acid precipitation takes place in aqueous
solution optionally in the presence of pure solvents, with the unwanted impurities

35 remaining dissolved in the acidic, aqueous solution. The pH value is preferably below
pH = 2, as stated above.



alcioses or ketoses, such as trioses, tetroses, pentoses, hexoses, heptoses, especially 35 glucose
and fructose, but also corresponding oligo- and polysaccharides based on said monomers, such as
lactose, maltose, sucrose, raffinose, - to mention just a few or their derivatives - as well as starch,
including amylose and amylopectin, the glycogens, the glycosans and fructosans, - to mention just a
few polysaccharides. However, all 5carbohydrates/sugars described in detail below for the production
of SiC can be used in the purities mentioned there. Optionally the aforementioned carbohydrates can
additionally be purified by a treatment using an ion exchanger, dissolving the carbohydrate in a
suitable solvent, 10advantageously water, passing???through a column packed with an ion-exchange
resin, preferably an ionic or cationic resin, the resultant solution is concentrated, for example by

removing sallventdrittionstarieaiing uritiraisicolasivader teducedintessoxtie anththe-eatbehydrate

thus purifiadis avasiRgeRushy eRARe B Evelaine Diam fentxpionle RyAanigahe palyion and

subsequia&éﬁeparatlon_of the crystalline fractions, 15e.g. by filtration Or centrifugation. However, a
I
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carbohythgtedethsooentam sy sigicespedibdf preforainhl| acrigstatindsudanthahsaiviaisable in
ecopomig,gyantiiion isuged, 20a sugar such as can be obtained for example by crystallization of a
solution or a juice from sugar cane or sugar beet in a well-known manner, i.e. commercially available
crystalline sugar, for example refined sugar, preferably a crystalline sugar with the substance-specific
melting Poipt/sERdig Ikt aing dmpwdliage Panticieasiseafsiinan shoxi tovth espetsalypbifeserably

from 10fpioigrgcsmsifches iadariflemARM Pt ia 8 gar2h dhemadirlesizetan heggtarpined for
exampl%f:but not exclusively - by sieve analysis, TEM, SEM or light microscopy. It is also possible to

use a carbohydrate in dissolved form, for example - but not exclusively - in aqueous solution, with the
sol\fent being evaporated readily and more or less quickly before the actual pyrolysis temperature is
reacheda.38iTménsilinarbox&lé ppmipaneattitsedrinipywrel§dspsrprefierabhe@i@siwihidasd/s to 1.5, SiO,

5102, slicon apiflediRiaile @l PR AINAE ERBAINGSSING £ e form of pyrogentc or
precipitated silicic gcid, oist, ré or calg{ne%,&osr@eg(ﬁagné?e rosilO or SipernatO, or a silicic acid sol or
d;

gel, porBusSr UL AR\ frkbBE BHiRke RS 8 & YaRPhbrESPRT AVARTBIETapi abRRs,
quartz glassbendits espeisiaifeuifatablsstivalodtrel afppdnamttioned components. Silicic acid with an

integnal sudacguR Vet ppm, in particular also still above 0.35 ppm, especially preferably
still above 0.025 ppm and/or
d. Iron above 23 ppm, in particular above 15 ppm, preferably still above 0.65 ppm
and/or
e. Nickel above 15 ppm, in particular above 5.5 ppm, especially preferably still above
20 0.055 ppm and/or
f. Phosphorus above 15 ppm, in particular above 5.5 ppm, especially preferably still
above 0.1 ppm, or also still above 15 ppb and/or
g. Titanium above 2.5 ppm, in particular above 1.5 ppm and/or
h. Zinc above 3.5 ppm, in particular above 1.5 ppm, especially preferably still above
25 0.35 ppm,

and in particular the sum of the aforementioned impurities plus sodium and potassium is

greater than 10 ppm, also in particular still above 5 ppm, preferably above 4 ppm,

especially preferably above 3 ppm, quite especially preferably above 1 ppm or also still
30 above 0.5 ppm.

Also at a boron content of less than 0.5 ppm, also in particular still below 0.1 ppm
and/or a phosphorus content of above 1 ppm or also still above 0.5 ppm, a silicon oxide
is regarded as silicon oxide containing impurities if only the content of at least one

35 element selected from the group aluminium, calcium, iron, nickel, titanium, zinc exceeds
the limit stated above. "



36 600 m2/g, especially preferably from 10 to 500 m2/g, in particular from 100 to 200 m2/g, is
preferably used for pyrolysis. The internal or specific surface can be determined for example by the
BET method (DIN ISO 9277). Preferably silicic acid is used with an average particle size from 10 nm to
51 mm, in particular from 1 to 500 pm. The particle 5size can also be determined here inter alia by
TEM (transmission electron microscopy), SEM (scanning electron microscopy) or light microscopy.
Very especially preferably, a silicon oxide obtained by the method components described above is
used. The silicic acid used in pyrolysis is, advantageously, of high (99%) to ultrahigh 10(99.9999%)
purity, and the total content of impurities, such as B3, As and Al compounds, should be
advantageously s 10 wt.-ppm, preferably S 5 wt.-ppm, especially preferably s 2 wt.-ppm and quite
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20

it was found, surprisingly, that by adding silicon oxide, preferably SiO,, in particular
precipitated silicic acid and/or pyrogenically produced silicic acid, the foam forming
effect can be suppressed.

25  Since this step involves essentially the production of pure carbon and only a very small
amount of silicon oxide need be added, it is not absolutely necessary to use a silicon
oxide obtained by the method component described in detail above, although this is
preferred for process simplification. In one variant, for example, the high-purity silicon
oxide obtained by the above-described method component can be used together with a

30  carbon source, especially a pure carbon source, and chlorine for the known reaction to
give halogenated silanes. These silanes can be used to produce ultrahigh-purity
pyrogenic silicic acids.

This industrial process for pyrolysis of carbohydrates can be operated simply and
35 economically and without unwanted foam formation. Furthermore, when carrying out the
method only a short caramel phase was observed. Furthermore, in a preferred



under protective gas into the prepared reactor. The reactor can already have been lightly preheated.
Then the temperature can be raised continuously or in stages to the 10desired pyrolysis temperature,
reducing the pressure so that the gaseous decomposition products released from the reaction mixture
can be led away as quickly as possible. It is advantageous to avoid foaming of the reaction mixture as
far as possible, in particular by adding silicon oxide. 150n completion of the pyrolysis reaction, the
pyrolysis product can undergo a thermal post-treatment for some time, advantageously at a
temperature in the range from 1000 to 1500C. As a rule this gives a pyrolysis product or a composition
that contains pure to high-purity carbon. According & the invention the pyrolysis product is preferably
used as reducing agent for the production of solar-grade silicon in the complete method. 20 For this,
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between. Hour and 12 hours at said pyrolysis temperature, and the heating time for

reaching the desired pyrolysis temperature can additionally be of the same order, in

particular between 1/4 hour and 8 hours.

20
The method is as a rule carried out as a batch process; it can, however, also be carried

out continucusly.

A C-based pyrolysis product obtained contains coal, in particular with graphite fractions
25 and silicic acid and optionally fractions of other forms of carbon, such as coke, and is
especially low in impurities, for example B, P, As and Al compounds. Thus, the pyrolysis
product can be used advantageously as reducing agent in the complete method
according 1o the invention. In particular, on the basis of its conductivity properties, the
graphite-containing pyrolysis product can be used in an arc reactor.
30
The present invention therefore relates to a method for technical, i.e. industrial pyrolysis
of a carbohydrate or carbohydrate mixture at elevated temperature with addition of
sificon oxide, in particular purified silicon oxide.

35 Preferably monosaccharides are used as carbohydrate component in the pyrolysis, i.e.
aldoses or ketoses, such as trioses, tetroses, pentoses, hexoses, heptoses, especially



The present invention also relates to the use of a composition (pyrolysis product) as raw material in
the production of solar-grade silicon by reduction of Si02, in particular by reduction of the purified
silicon oxide, at high temperature, in particular in an arc 15furnace. Production of high-purity SIC from
SiO2 and its use in the method according to the invention 20 Another aspect according to the
invention of the complete method for the production of pure silicon encompasses the use of silicon
carbide as activator and/or as a source of pure carbon, in which case the silicon carbide must be a
pure silicon carbide. First the production of silicon carbide, in particular for use in the method
according to the invention for the production of puré8ilicon, is thus explained below, and then a
method 25in which the silicon carbide is used as activator, reaction starter, reaction accelerator or also
as ;ourcg[@cﬁmeaﬁarbeﬁtﬁsﬁj@@f atkiction e sdieangeaner @'hdtbd@I%QK@hQﬂH@HQ%gwcb@rpéﬁﬁhased
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Especially preferably, a crystalline sugar that is availabie in economic quantities is used,

20  asugar such as can be obtained for example by crystallization of a solution or a juice
from sugar cane or sugar beet in a well-known manner, i.e. commercially available
crystalline sugar, for example refined sugar, preferably a crystalline sugar with the
substance-specific melting point/softening range and an average particle size from 1 pm
to 10 cm, especially preferably from 10 pm to 1 cm, in particular from 100 pm to 0.5 cm.

25  The pariicle size can be determined for example — but not exclusively — by sieve
analysis, TEM, SEM or light microscopy. It is also possible to use a carbohydrate in
dissolved form, for example — but not exclusively — in aqueous solution, with the solvent
being evaporated readily and more or less quickly before the actual pyrolysis
temperature is reached.

30
The silicon oxide component used in pyrolysis is preferably SiOxwith x = 0.5 to 1.5, SiO,
Si0z, silicon oxide (hydrate), agueous or water-containing SiOz, e.g. in the form of
pyrogenic or precipitated silicic acid, moist, dry or calcined, for example Aerosil® or
Sipernat®, or a silicic acid sol or gel, porous or dense vitreous silica, quartz sand,

35 quartz glass fibres, for example optical fibres, quartz glass beads, or mixtures of at least
two of the aforementioned components. Silicic acid with an internal surface from 0.1 to



20and/or a silicon carbide, comprising carbon and/or silicon dioxide in a composition, can be produced
cost-effectively. Preferably the silicon carbide is produced in a carbon matrix. In particular a silicon
carbide particle with an external carbon matrix, preferably with a graphite matrix on the internal and/or
external surface of the particle, can be obtained. 25 The silicon carbide can be obtained simply, in
pure form, by passive oxidation with air, in particular by removing the carbon oxidatively. Alternatively,
the silicon carbide can be further purified and/or separated by sublimation at high temperatures and
optionally under high vacuum. Silicon carbide sublimes at temperatures around 2800C. 30 Silicon
carbide can be obtained in pure form by post-treatrdént of the silicon carbide in a carbon matrix by
passive oxidation with oxygen, air and/or NO,(H20, for example at temperatures around 800C. In this
oxidatiorspoaess, eapkeray m@f@aéwf@ﬁtam DR gam %%ﬂ_??gié?ﬁ&ﬂ%‘l %W@Q@@fﬁﬁ?gj@dhas
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0.0001 wt.-ppb. According to the invention, purified silicon oxide is used, i.e. silicic acid

15 that was precipitated at a pH value below 2. Especially preferably, in the pyrolysis, a
purified silicon oxide, especially high-purity silicon oxide, according to the definition
given at the start of this description is used, and very especially preferably silicon
dioxide prepared by the purification method according to the invention. The impurities
can be determined for example — but not exclusively — by ICPMS/OS (induction coupied

20 spectrometry — mass spectrometry/optical electron spectrometry) and AAS (atomic
absorption spectroscopy) or GDMS (glow-discharge mass spectrometry).

Thus, during pyrolysis it is possible o use carbohydrate to antifoaming agent, i.e. silicon
oxide component, calculated as SiOz, in a weight ratio from 1000:0.1 to 0.1:1000.

25  Preferably the weight ratio of carbohydrate component to silicon oxide component can
be set at 100:1 to 1:100, especially preferably at 50:1 to 1:50, quite especially preferably
at 20:1 to 1:20, in particular at 2:1 to 1:1.

The equipment used for carrying out pyrolysis can be for example an induction-heated
30  vacuum reactor, the reactor possibly being made of special steel and, in view of the

reaction, coated or lined with a suitable inert substance, for exampte with high-purity

SiC, SisNs, high-purity quartz glass or vitreous silica, high-purity carbon or graphite.

However, other suitable reaction vessels can also be used, for example an induction
35 furnace with vacuum chamber for receiving a corresponding reaction crucible.



20electrodes of the reactor according to the invention, in particular as electrode material. For example
in an arc reactor, or as catalyst and according to the invention as raw material for the production of
pure silicon, in particular for the production of solar-grade silicon. The silicon carbide obtainable can
also be used for the production of the high-purity refractories for lining the reactors, a reaction space or
for lining other fittings, feed 25lines or discharge lines. The high-purity silicon carbide can also be used
as an energy source and/or as additive for the production of high-purity steels. 30The present
invention therefore relates to a method for the production of pure to high- purity silicon carbide by
reacting silicon oxide, in particular purified silicon oX¥de according to the above definition, in particular
purified silicon dioxide, and a source of carbon comprising at least one carbohydrate, in particular a

source oPptukysiarkafe @t ety atadideraperidsgoard in particular isolation of the silicon carbide. The
inventio | r 0 m 05| C ning sili carbide obtainable by
this met?lgﬁa%zﬁ%irﬁ%ﬁgg f?saélt;lb %fﬁgaﬁc’gr?aet%gﬁgﬁ usg’teo alnggl:%e %‘ SUIFQDQEO'H aqn ac%%?dlng to the

inventior! %%%Hﬂ%l’&@ﬁ&éﬁowfﬁ@é@ ﬁf@%ﬁ@ﬁﬂ%ﬁ@éﬁ%@@d%%mﬁ@{@&%ﬁeﬂé&@@w a
large-scateooo temessialpeoard 3l iGd iskiakheactibnbydrsiestialpitolysisandictgalemning of a pure

carbohydraig aleacarRNVAIEHS ”1%“&‘38 @ﬂ;@lﬁ%’%‘iﬁgé%%ﬁ%‘é W@%Bﬁ%&ﬂ@rﬂf ﬁr\'{S‘% pxide, in

particul r|f ed silicon dioxide |r c nversion. Accordi specially preférred variant of

the metﬁgg cothTerEisT pr 855‘@9 Bﬂéﬁgﬁiéf@ﬁﬁwmﬁ% gﬁ@cﬁﬁ‘@%@lﬂ@%&‘ﬁ@@t@% the
reaction 28 puiredanborsicgtutesfaptondlyefeasbdhymiateeninted predtusiliand it simegarticular

Eu?fled sifigen 9"@’@(?5“@%'3“*@%5@‘??%%@%%1800 ﬁl@h@?@é@(@ﬁ%@fﬁ%ﬂ@%b iﬂ{&vé' b%%'b :‘i'CU'i’éo ;
eltwee erer, ya 0 rerera y etween abou an
Pelon At R, e B R S B R T b b e st
opﬂ@nalWifﬁ%@éﬁwﬁ?ﬁﬁﬂi@%ﬁ@ﬂé@,Slﬁé@ﬁiﬁﬁléf@rﬁ&ﬁﬁlbﬁasmﬁtﬁ& tbergpaeirgscarbon and/or silicon
150xide diacpanicsidoit isrishlate delsayad ietroplionalbtishicarecestainng Eaeisalnind silisay carbide
can have apYCmAIIne B9sfJoE S8 AR AR s UPeT. arbide skl Iflyes of these or

other silicon carbide phases ther, moret yplcp ases S|I|con FCArbide are
generallJRFRRA: BrertBPIRY Addng ﬁib‘FPBLﬁﬁSﬁd%hcon carblde obtained by the method contains

little if any silicon or is only

15 On compiletion of the pyrolysis reaction, the pyrolysis product can undergo a thermal
post-treatment for some time, advantageously at a temperature in the range from 1000
to 1500°C. As a rule this gives a pyrolysis product or a composition that contains pure to
high-purity carbon. According to the invention the pyrolysis product is preferably used
as reducing agent for the production of solar-grade silicon in the complete method.

20
ror this, the pyrolysis product can be brought to a defined form with addition of further
compenents, in particular with addition of SiOz2 purified according to the invention,
activators, such as SiC, binders, such as organosilanes, organosiloxanes,
carbohydrates, silica gel, natural or synthetic resins, and high-purity processing aids,

25 such as pressing, tableting or extrusion auxiliaries, such as graphite, bring to a defined
form, for example by granulation, pelletization, tableting, extrusion — to give just a few
examples.

The present invention therefore also relates to a composition or to the pyrolysis product,

30  as obtained after pyrolysis. Therefore the present invention also relates to a pyrolysis
product with a content of carbon to silicon oxide (calculated as silicon dioxide) from 400
to 0.1 to 0.4 to 1000, in particular 400:0.4 to 4:10, preferably from 400:2 to 4:1.3,
especially preferably from 400:4 to 40.7.

35  In particular the direct pyrolysis product is characterized by its high purity and usability
for the production of polycrystalline silicon, in particular of solar-grade silicon for



20infiltrated with silicon to a slight extent, in particular in the range from 0.001 and 60 wt.%, preferably
between 0.01 and 50 wt.%, especially preferably between 0.1 and 20 wt.% relative to the silicon
carbide contain said matrices and optionally silicon. According to the invention, as a rule no silicon
forms during the calcining or high-temperature reaction, because there is no agglomeration of the
particles and as a rule a 25melt is not formed. Silicon would not form unless a melt forms. The further
content of silicon can be controlled by infiltration with silicon. Pure or high-purity silicon carbide means
a silicon carbide as was defined at the start of the description under "Definitions”. 30 The pure to
high-purity silicon carbides or high-purity compositié®¥s can be obtained by using the reactants, the
carbohydrate-containing source of carbon and the silicon oxide used, as well as the reactors, reactor
compongsitsiqipkwionkissitiagn sanks fudhierereiaise St canste) Ting jacketing agd opti(?[EaIIy
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detectiof: fgHESS M AREhIRAP ANGQIARL AR RRMBAETIARAJBHRUONRILRR s product) as raw
material in the production of solar-grade silicon by reduction of SiOz, in particular by
reduction of the purified silicon oxide, at high temperature, in particular in an arc
15 furnace.

Production of high-purity SiC from Si0, and its use in the method according to
the invention

20 Another aspect according to the invention of the complete method for the production of
pure silicon encompasses the use of silicon carbide as activator and/or as a source of
pure carbon, in which case the silicon carbide must be a pure silicon carbide. First the
production of silicon carbide, in particular for use in the method according to the
invention for the production of pure silicon, is thus explained below, and then a method

25  in which the silicon carbide is used as activator, reaction starter, reaction accelerator or
also as source of pure carbon in the production of silicon.

Generally the silicon carbide can be purchased and/or can be silicon carbide for
recycling or reject product, provided it meets the purity requirements for this method.

30  Thus, the pure silicon carbide can be obtained by reacting silicon oxide and a source of
carbon comprising at least one carbohydrate at elevated temperature and can be used
in the method according to the invention, for example, as material for the production of
the electrodes or the high-purity refractories for fining the reactors, in particular the first
layer of the reaction space or of the reactor. This aspect will be explained elsewhere

35  below. Crystalline sugar is preferably used as a source of carbon comprising at least
one carbohydrate, in particular a source of pure carbon.



proportions by weight, in particular in mg/kg, pg/kg, ng/kg or in mg/g, pg/g or ng/g etc. According to the
invention, carbohydrates or saccharides; or mixtures of carbohydrates or suitable derivatives of
carbohydrates, are used in the method according to the 20 invention as the source of carbon
comprising at least one carbohydrate, in particular a source of pure carbon. The naturally occurring
carbohydrates, anomers of these, invert sugar and synthetic carbohydrates can be used. It is also
possible to use carbohydrates that have been obtained biotechnologically, for example by
fermentation. Preferably the carbohydrate or derivative is selected from a monosaccharide,
disaccharide, 25oligosaccharide or polysaccharide 88a mixture of at least two of the stated
saccharides. Especially preferably, the following carbohydrates are used in the method:
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be produced cost-effectively. Preferably the silicon carbide is produced in a carbon
matrix. In particular a silicon carbide particle with an external carbon matrix, preferably
with a graphite matrix on the internal and/or external surface of the particle, can be

obtained.

25
The silicon carbide can be obtained simply, in pure form, by passive oxidation with air,
in particular by removing the carbon oxidatively. Alternatively, the silicon carbide can be
further purified and/or separated by sublimation at high temperatures and optionally
under high vacuum. Silicon carbide sublimes at temperatures around 2800°C.

30

Silicon carbide can be obtained in pure form by post-treatment of the silicon carbide in a
carbon matrix by passive oxidation with oxygen, air and/or NO,-H»0, for example at
temperatures around 800°C. In this oxidation process, carbon or the carbon-containing
matrix can be oxidized and can be removed as process gas from the system, for

35  example as carbon monoxide. The purified silicon carbide then possibly still comprises
one or more silicon oxide matrices or possibly small amounts of silicon.



suitable for the method, naturally generally also be used in the method in liquid form, as syrup, in the
solid phase, i.e. also amorphous. Optionally a formulation and/or drying step is then carried out
beforehand. 30The sugar can also have been purified beforehand with ion exchangers in the liquid
phase, optionally in demineralized water or another suitable solvent or solvent mixture, optionally for
removing particular impurities, which are less easily separated by crystallization. The ion exchangers
can be strongly acid, weakly acid, amphoteric, neutral or basic ion exchangers. Selection of the
appropriate ion exchanger, according 35to the impurities to be removed, will be familiar as such to a
person skilled in the art. Next, the sugar can be crygtallized, centrifuged and/or dried or mixed with
silicon oxide 44 and dried. Crystallization can take place by cooling or addition of an anti-solvent or by
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ContamnaiiRrrdEtal M TheAbISMIBRIECHRE, on account of its conductivity properties, for
the production of the electrodes according to the invention and for the production of the
20 electrodes of the reactor according to the invention, in particular as electrode material.
For example in an arc reactor, or as catalyst and according to the invention as raw
material for the production of pure silicon, in particular for the production of solar-grade
silicon. The silicon carbide obtainable can also be used for the production of the high-
purity refractories for lining the reactors, a reaction space or for lining other fittings, feed
25 lines or discharge lines.

The high-purity silicon carbide can also be used as an energy source and/or as additive
for the production of high-purity steels.

30 The present invention therefore relates to a method for the production of pure to high-
purity silicon carbide by reacting silicon oxide, in particular purified silicon oxide
according to the above definition, in particular purified silicon dioxide, and a source of
carbon comprising at least one carbohydrate, in particular a source of pure carbon, at
elevated temperature, and in particular isolation of the silicon carbide. The invention

35  also relates to a silicon carbide or a composition containing silicon carbide obtainable by
this method and the pyiolysis and/or calcination product obtainable by the method



between 4 and 0.00001 Jug/g, preferably 3 to 0.00001 pg/g, especially preferably below 2 to
0.00001,ug/g, according to the invention below 1.5 to 0.00001 pg/g. Contamination with nickel (Ni) is in
particular between 4 and 0.00001,ug/qg, preferably 3 to 0.00001,ug/qg, especially preferably below 2 to
0.00001 pg/g, according to the invention 35below 1.5 to 0.00001 ,ug/g. Contamination with chromium
(Cr) is in particular between 4 and 0.00001 pg/g, preferably 3 to 0.00001 pg/g, especially preferably
below 210 45 0.00001 //gig, according to the invention below 1 to 0.00001 pg/g. According.to the
invention, a crystalline sugar, for example refined sugar, is used or a crystalline sugar is mixed with a
water-containing silicon dioxide or a silicic acid sol,%Uried and used in particulate form in the method.
Alternatively any carbohydrate, in particular sugar, invert sugar or syrup is mixed with a dry,
water-coataintopotaduetuesticon-exde msiliconsHpdtaianstisiedcid containing water or a silicic acid
sol or the silicon oxide components stated below, optionally dried and used in the method as particles,
preferably with a particle size from 1 nm to 10 mm. 10 Usually sugar with an average particle size of 1
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silicon oxide Oé,sili%é)n oxide component used s preferably an SiO, especially 30 referabliy an SiOx
with x =B SISO TN BHER hpHTSIE) TRASUIS0 SIS B PRSI AN oxide
in the fotnsatsyrogeatiic angiecijitatedsitieicraditk orgishatrixaoratsised; tarecampidokaibsin or
Sipgrnakic, arshisi skt 895 ROBle USRI ReNSSHHRRHSIRUFRACOHRIIZI SN QyasIZglass fibres,
for exargﬂggogptlg%%rgs %u%réz a%lass b?qfs or mmtuges of at Iiast two of g;e. aforementioned forms
of 35silicon oxide. T he A 3EY SPRE INSREGRFCSPh SORIRIE AR Gafisksiigyhgaride
phase or mixtures of these or other silicon carbide phases. All together, more than 150
polytypic phases of silicon carbide are generally known. Preferably the pure to high-
purity silicon carbide obtained by the method contains little if any silicon or is only
20  infiltrated with sificon to a slight extent, in particular in the range from 0.001 and
60 wt.%, preferably between 0.01 and 50 wt.%, especially preferably between 0.1 and
20 wt.% relative to the silicon carbide contain said matrices and optionally silicon.
According fo the invention, as a rule no silicon forms during the calcining or high-
temperatiure reaction, because there is no agglomeration of the particles and as a rule a
25  meltis not formed. Silicon would not form unless a melt forms. The further content of
silicon can be controlled by infiltration with silicon.

Pure or high-purity silicon carbide means a silicon carbide as was defined at the start of
the description under “Definitions”.

30
The pure to high-purity silicon carbides or high-purity compositions can be obtained by
using the reactants, the carbohydrate-containing source of carbon and the silicon oxide
used, as well as the reactors, reactor components, pipework, storage tanks for the
reactants, the reactor lining, jacketing and optionally added reaction gases or inert

35 gases with the necessary purity in the method according to the invention.



another in a manner known by a person skilled in the art. 46 Within the scope of the present invention,
"sol" means a colloidal solution, in which the solid or liquid substance is dispersed in extremely fine
distribution in a solid, liquid or gaseous medium (see also Rampp Chemie Lexikon [Rerripp's
Dictionary of Chemistry]). The particle size of the source of carbon comprising a carbohydrate and the
particle 5 size of the silicon oxide are in particular adjusted to one another, in order to provide good
homogenization of the components and prevent demixing before or during the process. Preferably a
porous silicic acid is used, in particular with an internal surface from 0.1 to 10800 m2/g, preferably
from 10 to 500 m2/g or from 100 to 200 m2/g, and ifdarticular with an average particle size of 1 nm or
larger or also from 10 nm to 10 mm, in particular silicic acid of high (99.9%) to ultrahigh (99.9999%)
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1 ppt or iower. The phosphorus content is preferably in the region of the limit of
15 analytical detection. Figures in ppm, ppb and/or ppt are to be understood throughout as
proportions by weight, in particular in mg/kg, pug/kg, ng/kg or in mg/g, pg/g or ng/g etc.

According fo the invention, carbohydrates or saccharides; or mixtures of carbohydrates
or suitable derivatives of carbohydrates, are used in the method according to the

20  invention as the source of carbon comprising at least one carbohydrate, in particular a
source of pure carbon. The naturally occurring carbohydrates, anomers of these, invert
sugar and synthetic carbohydrates can be used. It is also possible to use carbohydrates
that have been obtained biotechnologically, for example by fermentation. Preferably the
carbohydrate or derivative is selected from a monosaccharide, disaccharide,

25  oligosaccharide or polysaccharide or a mixture of at least two of the stated saccharides.
Especially preferably, the following carbohydrates are used in the method:
monosaccharides, i.e. aldoses or ketoses, such as trioses, tetroses, pentoses, hexoses,
heptoses, especially glucose and fructose, as well as oligo- and polysaccharides based
on said monomers, such as lactose, maitose, sucrose, raffinose, to name just a few,

30 and itis also possible to use derivatives of the stated carbohydrates, provided they
meet the stated purity requirements - even including cellulose, cellulose derivatives,
starch, including amylose and amylopectin, glycogen, the glycosans and fructosans, to
mention just a few polysaccharides. However, a mixture of at least two of the
aforementioned carbohydrates can also be used as carbohydrate or carbohydrate

35 component in the method according to the invention.



surface. Generally, with silicon oxides that are rather acid, we observe intensified agglomeration of the
particle as a result of pyrolysis. Therefore, for the production of pyrolysates and/or calcining products
with little agglomeration it may be preferable to use silicon oxides with neutral to basic surfaces in the
method, for example with pH 5 values between 7 and 14. According to the invention, silicon oxide
comprises a silicon dioxide, in particular a pyrogenic or precipitated silicic acid, preferably a pyrogenic
or precipitated silicic acid of high or highest purity, according to the invention a purified silicon oxide.
"Highest purity" 10means a silicon oxide, in particular a silicon dioxide in which the contamination of
the silicon oxide with boron and/or phosphorus or feg¥baoron-containing and/or phosphorus- containing
compounds for boron should be less than 10 ppm, in particular between 10 ppm and 0.0001 ppt, and

for phospbenas:oLtd bedemidian 0 APE RAEENA! BEMEERLLO PRI A-Q0!pRI The boron
greferabé{?between 6 ppm and Ippt, especially

content is rbefﬁra Ig/ betw?en 7. and 15é}£ ,
preferably HetW&aR ge OpR AT ’E % 1908 §F‘P JIagmHIE BRtES o WE hAR RAe & aRY Bht,
preferab§URiIgHRNEEGIOH ofrtaiinit af willilyeiea dete dtiorel aime pisdspioorushosptentust ahel/siticon oxides
shofuld Em@fmwerb@twe@mdt%lmrihénﬁalé%pé%lﬁﬁ%ﬁ@% hﬁao;ﬁﬁ@tslﬁ @@@%ﬂg&@%@ﬁﬂéw
prefera e or lower. The phosphorus.content is referably in the region
P T R e R B Ao e R el
produce®§rie! QetRiolayP it Tatt hdrinaigdy i eferably balave ShesditoR Bibxigiss Sbeurring in
crystallineanbodiifidediossoshe isrnaotgroite (chmlsadenlion-auasiaturauaBmentsvarBothioh
25quartzaygrtg g}l,t%,ng@%w%n(&pgﬁﬁgngﬂi?_rp]%\()getgé %@Qem%ﬁqﬂyiﬁ%%% in particular, if they satisfy
icic acids, in particular pr

the stated purity requirements. Moreover, S cipitated silicic acids or silica
gels, pyrogenic Si02, pyrogenic silicic acid or silica can preferably be used in the method and/or the
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at least caecctrbalfycisateimiae aptiobady-adiadss andiesureyldngninerid\asyleal porous silicon
dioxide igoquﬁ%}?gy‘_}éﬁ?%qﬁéqﬂgﬁ%g)aterial, in particular 5as extrudate or moulding, especially

t

preferably togethier with the source of carbon comprising a carbohydrate in an extrudate or moulding,
for example in a pellet or briquette. In general, all solid reactants, such as silicon dioxide, and
optionalYttrer seubod v edescvedateising atiteasttoalescatbalrgdeatestould be used in the method or

should e SGRMRgRHERyIBAIRE abAfEer s Al R RRRa blE SHHaes Rl P0GaATER of the

e perticEICAAFE B ENLER ISR BAGLIRE SULER G A GeAyaraT LA BSing o e

inv&htion. This particulate mixture is in particular packaged, in an especially preferred embodiment, as
a compositigrianiie dadheRanes BlapiaIRriRis MstbamEhaS e esPestivaPIaRpRions of silicon
oxide, "btained for example by crystallization of a solution or from a juice from sugar cane or

sugar beet by well-known methods, i.e. commercially available crystalline sugar, in

particular food-grade crystalline sugar, is especially preferred in the method according

25 to the invention. The sugar or the carbohydrate can, provided the impurity profile is

suitable for the method, naturally generally also be used in the method in liquid form, as

syrup, in the solid phase, i.e. also amorphous. Optionally a formulation andfor drying

step is then carried out beforehand.

30  The sugar can also have been purified beforehand with ion exchangers in the fiquid
phase, opticnally in demineralized water or another suitable solvent or solvent mixture,
optionally for removing particular impurities, which are less easily separated by
crystallization. The ion exchangers can be strongly acid, weakly acid, amphoteric,
neutral or basic ion exchangers. Selection of the appropriate ion exchanger, according

35  to the impurities to be removed, will be familiar as such to a person skilled in the art,
Next, the sugar can be crystaliized, centrifuged and/or dried or mixed with silicor: oxide



particular silicon dioxide and the source of carbon comprising at least one carbohydrate are based on
circumstances or requirements known by a person skilled in the ad, for example in a subsequent
process for silicon production, sintering process, process for production of electrode material or
electrodes. 20 In the method according to the invention, the carbohydrate can be used in a weight ratio
of carbohydrate to silicon oxide, in particular of silicon dioxide, in a weight ratio from 1000:0.1 to
1:1000 relative to the total weight. Preferably the carbohydrate or the carbohydrate mixture is used in a
weight ratio to the silicon oxide, in particular the 25silicon dioxide, from 100:1 to 1:100, especially
preferably from 50:1 to 1:5, quite especially preferaﬁiﬁ/ from 20:1 to 1:2, with preferred range from 2:1
to 1:1. According to a preferred embodiment, carbon is used in the method, via the carbohydrate, in
excess relativeitol therpiliatimatdre caacitd inldbe biliconlnxgde: Hotiesilicoaroaice 46 vsad dn Bxcess in
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of silicon carbide is not suts)é)ressed. Aé)so gﬁcor ing tog ,
of carboff CORPIRING SCLPHFRRAMLE 6 e LiREBR BORERCENHE SREBR oxide, in particular of the
silicon dioxide, is in a molar ratio from 1000:0.1 to 0.1:1000 relative to the total composition. 35When

using uspakersigliperonisntion PrelessadRBgeAhEIRIeRiRRID O iRt HES: MiR YR seurce of

carbon c ising.a,carbohydrate, to. moles of silicon, introduced via, 49 the siljcon gxide compound,
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pyrolysis products, for example coatings containing fractions of graphite and/or carbon black. Pyrolysis
is followed by calcining. The pyrolysis and/or calcining can take place successively in one reactor or

separatélyetomb b Hie caibeiardrirtrrerne cantorsiForéleasblen pgrilyeiy thikis, ploceriting fiest

reactor, the invention the carbohydrate or the carbohydrate mixture, has the following profile of
contamination with boron, phosphorus and aluminium and optionally with iron, sodium,
potassium, nickel and/or chromium. Contamination with boron (B) is in particular
between 5 and 0.00001 ug/g, preferably 3 to 0.00001 ug/g, especially preferably 2 to
0.00001 pg/g, according to the invention below 2 to 0.00001 ug/g. Contamination with
20 phosphorus (P) is in particular between 5 and 0.00001 ug/g, preferably 3 to
0.00001 ug/g, especiaily preferably below 1 to 0.60001 ug/g, according to the invention
below 0.5 to 0.00001 wg/g. Contamination with iron (Fe) is between 100 and
0.00001 pg/g, in particular between 55 and 0.00001 ug/g, preferably 2 to 0.00001 £1a/g,
especially preferably below 1 to 0.00001 ug/g, according to the invention below 0.5 to
25 0.00001 wg/g. Contamination with sodium (Na) is in particular between 20 and
0.00001 pg/g, preferably 15 to 0.00001 pg/g, especially preferably below 12 to
0.00001 pg/g, according to the invention below 10 to 0.00001 ug/g. Contamination with
potassium (K) is in particular between 30 and 0.00001 ug/g, preferably 25 to
0.00001 pg/g, especially preferably below 20 to 0.00001 ug/g, according to the
30 invention below 16 to 0.00001 ug/g. Contamination with aluminium (Al is in particular
between 4 and 0.00001 ug/g, preferably 3 to 0.00001 ug/g, especially preferably below
2 10 0.00001 pg/g, according to the invention below 1.5 to 0.00001 xg/g. Contamination
with nickel (Ni} is in particular between 4 and 0.00001 ug/g, preferably 3 to
0.00001 wg/g, especially preferably below 2 to 0.00001 ug/g, according to the invention
35  below 1.5 1o 0.00001 ug/g. Contamination with chromium (Cr) is in particular between 4
and 0.00001 pg/g, preferably 3 to 0.00001 ,ug/g, especially preferably below 2-to



and the subsequent calcining for example in a fluidized-bed microwave furnace. A person skilled in the
art is aware that the reactor fittings, vessels, feed and/or discharge lines, and furnace fittings
themselves must not contribute to contamination of the method products. 20 The method component
is in general designed so that the silicon oxide and the source of carbon comprising at least one
carbohydrate, intimately mixed, dispersed, homogenized or in a formulation, are fed to a first reactor
for pyrolysis. This can take place continuously or discontinuously. Optionally the substances used are
dried before 25they are fed into the reactor proper, preferably adhering water or residual moisture can
remain in the system. The complete technical and ifilustrial method component is divided into a first
phase, in which pyrolysis takes place, and another phase, in which calcining takes place. The reaction

can take(pfEiB0aligperRbiEs R tng Hosnis0GeRieierably statingdrgm 400 up to 3000C, with, in a
first pyrolysis step (low-temperature 30mode) a reaction taking place at lower temperatures, in

particular at 400 to 1400C and a subsequent calcining at higher temperatures (high-temperature
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of the pAlgHHNAISHIESBIHEEUEREyrolysis. Alternatively a drying step can be included for

solvent recovery.

20
Preferred raw materials as a source of carbon, in particular as a source of pure carbon,
are moreover all organic compounds known by a person skilled in the art that comprise
at least one carbohydrate and satisfy the purity requirements, for example solutions of
carbohydrates. The carbohydrate solution used can also be an agueous-alcoholic

25 solution or a solution containing tetraethoxysilane (Dynasylan® TEQOS) or a
tetraalkoxysilane, the solution being evaporated and/or pyrolysed before the pyrolysis
proper.

The silicon oxide or silicon oxide component used is preferably an SiO, especially

30 preferably an SiO, with x = 0.5 to 1.5, SiO, SiOy, silicon oxide (hydrate), aqueous or
water-containing SiO», a silicon oxide in the form of pyrogenic or precipitated silicic acid
moist, dry or calcined, for example Aerosil® or Sipernat®, or a silicic acid sol or gel,
porous or dense vitreous silica, quartz sand, quartz glass fibres, for example optical
fibres, quartz glass beads, or mixtures of at least two of the aforementioned forms of

35 silicon oxide. The particle sizes of the individual components are adjusted to one
another in a manner known by a person skilled in the art.

¥



If pyrolysis is carried out at increased pressures, the volatile reaction products may condense on the
silicon oxide particles and possibly react with one another or with 25reactive groups of the silicon
dioxide. For example, decomposition products of the carbohydrates that form, such as ketones,
aldehydes or alcohols, may react with free hydroxyl groups of the silicon dioxide particles. This greatly
reduces pollution of the environment with the process gases. The porous pyrolysis products obtained
are in this case somewhat more agglomerated. 30 As well as pressure and temperature, which can be
selected freely over a wide range depending on the desired pyrolysis product, and for which the
precise adjustment to one another is well known by4® person skilled in the art, the pyrolysis of the
source of carbon containing at least one carbohydrate can in addition be carried out in the presence of

35moistundttimpadisutaveod i esiduial sonistrerobihe eslugieprshy asdbingneeistiss, in Madarmeof
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10As a rBlecggrolysis takes place, in particular in the at least one first reactor, in the low- temperature
mode around 700C, usually between 200C and 1600C especially preferably between 300C and
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20 A preferred average particle size of the silicon oxide is in the range 10 nmfo 1 mm, in
particular from 1 to 500 ym. The particle size can be determined for instance by TEM
(transmission electron microscopy), SEM (scanning electron microscepy) or light
microscopy.

25 As suitable silicon oxides, generally consideration may be given to all compounds
and/or minerals containing a silicon oxide, provided they are of a purity suitable for the
method and hence for the product from the method and do not introduce unwanted
elements and/or compounds into the process or do not burn without residues. As stated
above, compounds or materials containing pure or high-purity silicon oxide are used in

30 the method.

According to the invention, a purified silicon oxide, corresponding to the above definition
and/or produced in accordance with the partial method described above, is especially
preferably used in the method for the production of silicon carbide.

35  When using the various silicon oxides, in particular the various silicas, silicic acids etc.,
agglomeration during pyrolysis may vary depending on the pH value of the particle



Depending on the pressure in the reactor, pyrolysis products or compositions with varying degree of
agglomeration and varying porosity can be produced in this step. As a 30rule, the pyrolysis products
obtained under vacuum are less agglomerated and have higher porosity than under normal pressure
or increased pressure. The pyrolysis time can be between 1 minute and usually 48 hours, in particular
between 15 minutes and 18 hours, preferably between 30 minutes and about 12 hours at the 35stated
pyrolysis temperatures. The phase of heating to the pyrolysis temperature is as a rule included here.
52 The pressure range is usually 1 mbar to 50 bar, in particular 1 mbar to 10 bar, preferably 1 mbar to
5 bar. Depending on the desired pyrolysis product, 4Ad in order to minimize the formation of
carbon-containing process gases, in the method the pyrolysis step can also take place in a pressure
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this step there is optionally evaporation of water of crystallization and sintering of the method products.

As a rule the calcining step (high-temperature step) follows the 15pyrolysis directly, although it can
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carbide spiaeres:atgangraklysiana slassrpierslisoncamise aatislassandierysessihenethod,
for Improye b NI, B RARNNES 58%8@9995&%%&%6%W“h Ol ARals0 I
mlcrowave urnaces n microwave furnaces, e microwaves cause excitation in thé quartz glass
particles 19RP& gng&OOm ppt, and for phosphorus should be less than 20 ppm, in particular
between 10 ppm and 0.0001 ppt. The boron content is preferably between 7 ppm and
15 1 ppt, preferably between 6 ppm and 1ppt, especially preferably between 5 ppm and
1 ppt or lower, or for example between 0.001 ppm and 0.001 ppt, preferably in the
region of the limit of analytical detection. The phosphorus content of the silicon oxides
should preferably be between 18 ppm and 1 ppt, preferably between 15 ppm and 1 ppt,
especially preferably between 10 ppm and 1 ppt or lower. The phosphorus content is

20  preferably in the region of the limit of analytical detection.

Silicon oxides such as quartz, quartzite and/or silicon dioxides produced in the usual
way are also advantageous. These can be the silicon dioxides occurring in crystalline
rmodifications, such as morganite (chalcedony), a-quartz (low quartz), -quartz (high

25  quartz), tridymite, cristobalite, coesite, stishovite or also amorphous 8iOs, in particular, if
they satisfy the stated purity requirements. Moreover, silicic acids, in particular
precipitated silicic acids or silica gels, pyrogenic SiO», pyrogenic silicic acid or silica can
preferably be used in the method and/or the composition. Usual pyrogenic silicic acids
are amorphous SiO; powders on average from 5 to 50 nm in diameter and with a

30 specific surface from 50 to 600 m*/g. The above list is not to be understood as final, it is
obvious to a person skilled in the art that other silicon oxide sources that are suitable for
the method can also be used in the method, if the silicon oxide source is of appropriate
purity or is after it has been purified.

35  The silicon oxide, in particular SiO; supplied and/or used can be pulverulent, granular,
porous, foamed, as extrudate, as moulding and/or as porous ytasses optionally together



25carbide particles, so that the particles are heated. Preferably the spheres and/or particles are well
distributed in the reaction system, to permit uniform heat transfer. The calcining or the
high-temperature region of the process usually takes place in the pressure range from 1 mbar to 50
bar, in particular between 1 mbar and 1 bar (ambient 30pressure), in particular at 1 to 250 mbar,
preferably at 1 to 10 mbar. The possible inert gas atmospheres are those already mentioned. The
calcining time depends on the temperature and the reactants used. As a rule it is between 1 minute
and can usually be 48 hours, in particular between 15 minutes and 18 hours, preferably between 30
minutes and about 12 hours at the stated calcining t8iperatures. The phase of heating 35to the
calcining temperature is as a rule to be included here. 53 The reaction of silicon oxide and the source
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in the method according to the invention, the carbohydrate can be used in a weight ratio
of carbohydrate to silicon oxide, in particular of silicon dioxide, in a weight ratio from
1000:0.1 to 1:1000 relative to the total weight. Preferably the carbohydrate or the
carbohydrate mixture is used in a weight ratio to the silicon oxide, in particular the

25  silicon dioxide, from 100:1 to 1:100, especially preferably from 50:1 to 1:5, quite
especially preferably from 20:1 to 1:2, with preferred range from 2:1 to 1:1. According to
a preferred embodiment, carbon is used in the method, via the carbohydrate, in excess
relative to the silicon to be reacted in the silicon oxide. If the silicon oxide is used in
excess in an advantageous embodiment, when selecting the ratio it is necessary to

30 ensure that the formation of silicon carbide is not suppressed.

Also according to the invention, the carbon content of the source of carbon comprising a
carbohydrate to the silicon content of the silicon oxide, in patticular of the silicon
dioxide, is in @ molar ratio from 1000:0.1 to 0.1:1000 relative to the total composition.

35 When using usual crystalline sugars, the preferred range of moles of carbon, introduced
via the source of carbon comprising a carbohydrafe, to moles of silicon, introduced via



35The high-temperature reaction can also take place in usual melting furnaces for the production of
steel or silicon, such as metallurgical silicon, or other suitable melting 54 furnaces, for example
induction furnaces. The design of said melting furnaces, especially preferably electric furnaces, which
use an electric arc as the energy source, is sufficiently familiar to a person skilled in the art and is not
part of this application. In the case of direct-current furnaces, they have a melting electrode and a
bottom 5electrode or as an alternating-current furnace usually three melting electrodes. Arc length is
controlled by an electrode controller. Arc furnaces are as a rule based on a reaction space made of

. refractory material. The raw materials, in particular #e pyrolysed carbohydrate on silicic acid/Si02, are
fed at the top, where the graphite electrodes for generating the arc are also arranged. These furnaces
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carbon apd/or silicon oxide and optionally silicon, thaﬁs obtainable by the method component
accordir?g‘?osfh%gfﬁ@éﬁlﬂ%n, in particular by the calcining step, and in particular is 20isolated. Isolation
means that after carrying out the method, the composition and/or the high-purity silicon carbide is
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oxide, inpartifdideehisitifritahoxidatfRmrHP Lkt 4808Ris takes place in a first reactor,

and the subsequent calcining for example in a fluidized-bed microwave furnace. A
person skilled in the art is aware that the reactor fittings, vessels, feed and/or discharge
lines, and furnace fittings themselves must not contribute to contamination of the
method products.

20
The method component is in general designed so that the silicon oxide and the source
of carbon comprising at least one carbohydrate, intimately mixed, dispersed,
homogenized or in a formulation, are fed to a first reactor for pyrolysis. This can take
place continuously or discontinuously. Optionally the substances used are dried before

25 they are fed into the reactor proper, preferably adhering water or residual moisture can
remain in the system. The complete technical and industrial method component is
divided into a first phase, in which pyrolysis takes place, and another phase, in which
calcining takes place. The reaction can take place at temperatures starting from 150°C,
preferably starting from 400 up to 3000°C, with, in a first pyrolysis step (low-temperature

30 mode) a reaction taking place at lower temperatures, in particular at 400 to 1400°C and
a subsequent calcining at higher temperatures (high-temperature mode), in particular at

1400 to 3000°C, preferably at 1400 to 1800°C. The pyrolysis and calcining can take

place immediately after one another in one process, or in two separate steps. For
example, the method product from pyrolysis can be packaged as a compaosition and

35 used later by a further processor for the production of silicon carbide or silicon.



55 Preferably the conductivity of the products from the method component, in particular the
high-density compressed pulverulent method component products, measured between two pointed
electrodes, is in the range K [M/Q.M2] =1 10-1to 1 10-6. A low conductivity, which is directly
correlated with the purity of the method product, is 5desirable for the respective silicon carbide method
component product. Preferably the compaosition or the pyrolysis and/or calcination product has a
graphite content from 0 to 50 wt.%, preferably 25 to 50 wt.% relative to the total composition.
According to the invention the composition or the pyrolysis and/or calcination product 10has a
proportion of silicon carbide from 25 to 100 wt.%, ind¥articular from 30 to 50 wt.%. relative to the total
composition. The invention also relates to a silicon carbide with a carbon matrix comprising coke
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relates to a silicon carblgéao tionally with carbon fractions an /or silicon ox or mixtures,
compnsﬁ&jgﬁi%ﬁ%%\?ﬁl é’ﬂ%n and/or silicon 25oxide, in particular silicon dioxide, with a content of
the impurities as defined above. According to one embodiment, the invention relates to the use of
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1600°C. The method product isclated according to the invention is high-purity silicon
15 carbide as defined below.

Pyrolysis proper (low-temperature step) takes place as a rule at temperatures below
about 800°C. Depending on the desired product, pyrolysis can be carried out at normal
pressure, in vacuum or also at increased pressure. If working in vacuum or at low

20  pressure, the process gases can be led away easily and highly porous, particutate
structures are obtained after pyrolysis. Under conditions in the region of normal
pressure there is usually increased agglomeration of the porous, particulate structures.
If pyrolysis is carried out at increased pressures, the volatile reaction products may
condense on the silicon oxide particles and possibly react with one another or with

25 reactive groups of the silicon dioxide. For example, decomposition products of the
carbohydrates that form, such as ketones, aldehydes or alcohols, may react with free
hydroxyl groups of the silicon dioxide particles. This greatly reduces pollution of the
environment with the process gases. The porous pyrolysis products obtained are in this
case somewhat more agglomerated.

30
As well as pressure and temperature, which can be selected freely over a wide range
depending on the desired pyrolysis product, and for which the precise adjustment to one
another is well known by a person skilied in the art, the pyrolysis of the source of carbon
containing at least one carbohydrate can in addition be carried out in the presence of

35  moisture, in particular of residual moisture of the educts, or by adding moisture, in the
form of condensed water, steam or hydrate-containing components, such as



56 The invention also relates to the use of silicon carbide or a composition or a pyrolysis and/or
calcination product obtainable by the method according to the invention as catalyst, in particular in the
production of silicon, preferably in the production of purified silicon, in particular in the production of
solar-grade silicon, in particular in the 5production of solar-grade silicon by reduction of silicon dioxide
at high temperatures. And optionally in the production of silicon carbide for semiconductor uses or for
use as catalyst in the production of ultrapure silicon carbide, for example by sublimation, or as reactant
in the production of silicon or in the production of silg on carbide, in particular from coke, preferably
from sugar coke, and silicon dioxide, preferably wit gLilicic acid, at 10high temperatures, or for use as

material of articles or as electrode material, in particular for arc furnace electrodes. The use as
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composidise esitrethingssilitodusindiderolyaipyrolysis and/or calcination product is isolated as reaction
product. The invention also relates to the use of a composition, in particular formulation, or a kit
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15 product is preferably obtained at temperatures around 1300 to 1500°C.

The method is as a rule carried out in the low-pressure range and/or under inert gas
atmosphere. Argon or helium are preferred as inert gas. Nitrogen may also be
advantageous, or if optionally silicon nitride is to form in addition to silicon carbide or n-

20  doped silicon carbide in the calcining step, which may be desirable depending on how
the process is conducted. In order to produce n-doped silicon carbide in the calcining
step, nitrogen can be added to the process in the pyrolysis and/or calcining step,
optionally also via the carbohydrates, such as chitin. The production of specially p-
doped silicon carbide may also be advantageous, and in this special exception the

25 aluminium content for example can be higher. Doping can be effected using aluminium-
containing substances, for example using trimethylaluminium gas.

Depending on the pressure in the reactor, pyrolysis products or compositions with
varying degree of agglomeration and varying porosity can be produced in this step. As a

30 rule, the pyrolysis products obtained under vacuum are less agglomerated and have
higher porosity than under normal pressure or increased pressure.

The pyrolysis time can be between 1 minute and usually 48 hours, in particular between
16 minutes and 18 hours, preferably between 30 minutes and about 12 hours at the

35  stated pyrolysis temperatures. The phase of heating to the pyrolysis temperature is as a
rute included here. '



57 comprising a carbohydrate, in particular a source of pure carbon, for example impregnated
therewith or the carbohydrate supported on Si02 etc. in the form of tablets, as granules, extrudate,
briquette, in particular as pellet or briquette, is in a container in the kit and optionally an additional
carbohydrate and/or silicon oxide as powder in a 5second container. The invention further relates to
the use of an article, in particular of a green product, formed material, sintered part, of an electrode, of
a heat-resistant component, comprising a silicon carbide according to the invention or a composition
according to the invention containing silicon carbide, and optionally further usual additives, processing
aids, pigments or binders in the complete method agéording to the invention. The invention therefore
relates to an article containing a silicon carbide according to the invention, or that is produced using
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the pyrolysis product is sold on. The temperature ranges of the pyrolysis and calcining
steps can optionally overlap somewhat. Calcining is usually carried out at 1400 to
2000°C, preferably between 1400 to 1800°C. If pyrolysis takes place at temperatures
below 800°C, the calcining step can aiso extend to a temperature range from 8060°C to

20 about 1800°C. High-purity silicon oxide spheres, in particular quartz glass spheres
and/or silicon carbide spheres or generally quartz glass and/or silicon carbide particles
can be used in the method, for improved heat transfer. Preferably these heat
exchangers are used with rotary kilns or also in microwave furnaces. In microwave
iurnaces, the microwaves cause excitation in the quartz glass particles and/or silicon

25 carbide particles, so that the particles are heated. Preferably the spheres and/or
particles are well distributed in the reaction system, to permit uniform heat transfer.

The calcining or the high-temperature region of the process usually takes place in the

pressure range from 1 mbar to 50 bar, in particular between 1 mbar and 1 bar (ambient
30  pressure), in particular at 1 to 250 mbar, preferably at 1 to 10 mbar. The possible inert

gas atmospheres are those already mentioned. The calcining time depends on the

temperature and the reactants used. As a rule it is between 1 minute and can usually be

48 hours, in particular between 15 minutes and 18 hours, preferably between 30

minutes and about 12 hours at the stated calcining temperatures. The phase of heating
35 to the calcining temperature is as a rule to be included here.



correspondingly less CO is released per Si formed. Gas pollution, which limits the process decisively,
is thus advantageously reduced. Thus, process intensification is advantageously possible by adding
SiC. 10According to another especially preferred embodiment, the silicon oxide purified by
précipitation, in particular silicon dioxide, is reacted at elevated temperature, where silicon carbide and
another source of pure carbon is added to the silicon oxide or silicon carbide and a source of pure
carbon, in particular a second source of pure carbon, in a composition containing silicon oxide, or is
reacted. In this variant the concentration of 15silicon carbide can be lowered to such an extent that it
functions more as reaction starter and/or reaction aééelerator and less as a reactant. Preferably, about
1 mol silicon dioxide can also be reacted with about 1 mol silicon carbide and about 1 mol of a second
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mperatures reached are also directly depen he reactors used. The stated

that of
temperatures are based on measurements with standard high-temperature temperature
sensors for example encapsulated (PtRhPt element) or alternatively from the colour
temperature by visual comparison with a spiral-wound filament.
20

All the reactors known by a person skilled in the art for pyrolysis and/or calcining may
be considered as reactors for use in the method according to the invention. Therefore
all reactors known by a person skilled in the art: laboratory reactors, pilot-plant reactors
or preferably large-scale industrial reactors, for example rotating-tube reactor or also a

25 microwave reactor, as used for the sintering of ceramics, can be used for the pyrolysis
and subsequent calcining for SiC formation and optionally graphitization.

The microwave reactors can be operated in the high-frequency range (HF range), high-
frequency range being understood within the scope of the present invention as 100 MHz

30 1o 100 GHz, in particular between 100 MHz and 50 GHz or also 100 MHz to 40 GHz.
Preferred frequency ranges are roughly between 1 MHz to 100 GHz, with 10 MHz to 50
GHz being especially preferred. The reactors can be operated in parallel. Especially
preferably, magnetrons of 2.4 MHz are used for the method.

35  The high-temperature reaction can also take place in usual melting furnaces for the
production of steel or silicon, such as metallurgical silicon, or other suitable melting



10a pure reactant, whereas the silicon carbide is also a reaction starter and/or reaction accelerator. As
the second source of carbon, consideration may be given in particular to sugars, graphite, coal,
charcoal, carbon black, coke, anthracite, lignite, activated carbon, petroleum coke, wood as wood chip
or pellets, rice husks or stalks, carbon fibre, fullerenes and/or hydrocarbons, in particular gaseous or
liquid, and mixtures of at 15least two of the stated compounds, provided they are of suitable purity and
do not contaminate the method with undesirable compounds or elements. The second source of
carbon is preferably selected from the stated compgynds. The contamination of the further or second
source of pure carbon with boron and/or phosphorus or boron-containing and/or

phosphorus containing compounds should be for boron below 2010 ppm, in particular between 10
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reactionaoeditdinéntthehe invention, in particular by the calcining step, and in particular is
20 isolated. Isolation means that after carrying out the method, the composition and/or the
high-purity silicon carbide is obtained and isolated, in particular as product. The silicon
carbide can moreover be provided with a passivation layer, for example containing
SiOs.

25 This product can then serve as reactant, catalyst, material for the production of articles,
for example filters, formed articles or green articles and can be used in other
applications familiar to a person skilled in the art. Another important application is use of
the composition comprising silicon carbide as reaction starter and/or reactant and/or in
the production of electrode material or in the production of silicon carbide with sugar

30 coke and silicic acid.

The invention also relates to the pyrolysis product and optionally calcining product, in
particular a composition obtainable by the method component according to the invention
and in particular the pyrolysis and/or calcination product isolated from the method, with

35  a content of carbon to silicon oxide, in particular of silicon dioxide, from 400:0.1 to
0.4:1000.



20 method: Per 1 mol of a silicon oxide, for example silicon monoxide, such as Patinal(r), about 1 mol
of a second source of pure carbon and silicon carbide in small amounts can be added as reaction
starters or reaction accelerators. Usual amounts of silicon carbide as reaction starter and/or reaction
accelerator are about 0.0001 wt.% to 25 wt.%, 25preferably 0.0001 to 20 wt.%, especially preferably
0.0001 to 15 wt.%, in particular 1 to 10 wt.% relative to the total weight of the reaction mixture, in
particular comprising silicon oxide, silicon carbide and a second source of carbon and optionally
further additives. 301t may also be especially preferg?le to add to the method, per 1 mol of a purified
silicon oxide, in particular silicon dioxide, about 1 mol of pure silicon carbide and about 1 mol of a
second source of carbon, in particular of pure carban. If a silicon carbide containing car_bogg%‘ié res or

similar cHRFYBLRRIE ChEIRRHE BB RIHERRIBBHGES (<88, e BRI BRR G BPESHd S RAFEEY on in
mol can higiedenetycorreppesringhy\Ren it nohef silicornisuiexitieiahais 2nesisofracsbebmelesource of

carbon an e arkisednsRllrareURis Rk headaeld a3 reagtion staraydraeggtion accelerator.
Usual amOl\Jlatts P\ff i}gicon. Fl cgrbidt as reac iog st rt&r andi[‘?r rﬁigti%%caerﬁ% are Sabout 0.0001
wt.% to Egn' ["f%' fé%’ﬁy]a. 689 6T ./?, e‘évbec a(ﬁ;%reye?a I)? 00748 W .%, in particular 1
to 16 wt965ERRIGS e the tesmerbighsibeanecariidio meliest & om prireelIBFbAbrising silicon oxide,

silicon carbide and a second source of carbon and optionally 5further additives. According to a
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reactantint and optionally a se source of carbon_can be present in s mounts.

Usual afmtiastdrene &l ofddotirdd eecaiivr 2 Hard o BEHHE (Rt 9151608 GRIP B ably 0.001
to 25 wtAscespieg)dtytipedferabii 0 Bk toc2Onwsits moitthegpactibityspreichiniBidatorbomdeein
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silicon dloxl?(ﬁe, sﬂmgg_&lgkr?ﬂl%e and zﬁsecond source of carbon and optionally further additives.
0

'15Stoichf gﬁ‘i&%ﬁ HRUIBPEIHEEN dioxide can be reacted with silicon carbide and/or a second
source of carbon according to the following reaction equations: Si02 + 2 C -> Si + 2 CO Si02 + 2 SiC

-> 3 Si A& Rvention also relates to a silicon carbide with a carbon matrix comprising coke

and/or carbon black and/or graphite or mixtures thereof and/or with a silicon oxide

15 matrix comprising silicon dioxide, silicic acid and/or mixtures thereof or with a mixture of
the aforementioned components, obfainable by the method according to the invention,
in particular according to one of Claims 1 to 10. In particular the SiC is isolated and
used further, as described below.
The overall content of the elements boron, phosphorus, arsenic and/or aluminium is

20 preferably below 10 wt.-ppm in the silicon carbide in accordance with the definition of
the invention.

The invention also relates to a silicon carbide optionally with carbon fractions and/or
silicon oxide fractions or mixtures, comprising silicon carbide, carbon and/or silicon
25  oxide, in particular silicon dioxide, with a content of the impurities as defined above.

According to one embodiment, the invention relates to the use of silicon carbide or a
compaosition or a pyrolysis and/or calcination product of the method in the production of
pure silicon, in particular in the production of solar-grade silicon. The invention reiates in

30 particular to the use in the production of solar-grade silicon by reduction of silicon
dioxide, in particular of purified silicon oxide, at high temperatures or in the production of
silicon carbide by reacting coke, in particular from sugar coke, and silicon dioxide, in
particular a silicic acid, preferably a silicic acid or SiO; — pyrogenic, precipitated or
purified by ion exchange — at high temperatures, as grinding material, insulator, as

35  refractory, such as heat-resistant tile, or in the production of articles or in the production
of electrodes. '



20or 5i02+SIC+C2Si+2COorSi02+05SiIC+1.5C15Si+2000rSi02+1.5SiIC+05C->
2.5 Si + 2 CO etc. 25Because the purified silicon dioxide can react in the molar ratio of 1 mol with 2
mol of silicon carbide and/or of the second source of carbon, there is the possibility of controlling the
method by means of the molar ratio of silicon carbide and the further or second source of pure carbon.
Preferably silicon carbide and the second source of carbon together should be used in the method or
be present in the method roughly in 30the ratio of 2 mol to 1 mol of silicon dioxide. Thus, the 2 mol of
silicon carbide and optionally the second source of carbon can be composed of 2 mol SiC to 0 mol of
the second source of carbon up to 0.00001 mol SicPfb 1.99999 of the second source of carbon (©).
The ratio of silicon carbide to the second source of carbon preferably varies within the stoichiometric
about 2 ot fowegritiioalsotheidieattd thelsibconsticxitedrbafcagcarsanpe sititn aiepliofgigable 1

Reaction; gifiopAlidie ingmel =Uisom FABIIe (6 I mBLSRcnding Eoh &f GaRAB{ Gy in mol No. 1
1 catalyst, in particular in the production of silicon, preferably in the production of purified
silicon, in particular in the production of solar-grade silicon, in particular in the
5  production of solar-grade silicon by reduction of silicon dioxide at high temperatures.
And optionally in the production of silicon carbide for semiconductor uses or for use as
catalyst in the production of uitrapure silicon carbide, for example by sublimation, or as
reactant in the production of silicon or in the production of silicon carbide, in particular
from coke, preferably from sugar coke, and silicon dioxide, preferably with silicic acid, at
10 high temperatures, or for use as material of articles or as electrode material, in
particular for arc furnace electrodes. The use as material of articles, in particular
electrodes, comprises the use of the material as material for the articles or also the use
of further processed material for the production of the articles, for example of sintered
material or of grinding materials,
15
Another object of the invention is the use of at least one carbohydrate, in particular a
pure carbohydrate, in the production of pure to ultrapure silicon carbide, in particular
silicon carbide that can be isolated as product, or a composition containing silicon
carbide or a pyrolysis and/or calcination product containing silicon carbide, in particular
20  in the presence of silicon oxide, preferably in the presence of silicon oxide and/or silicon
dioxide.

Preferably a selection from at least one carbohydrate and a silicon oxide, in particular a
purified silicon dioxide, in particular without further components, is used for the

25  production of silicon carbide, and the silicon carbide, a composition containing silicon
carbide or a pyrolysis and/or calcination product is isolated as reaction product.

The invention also relates to the use of a composition, in particular formulation, or a kit
comprising at least one carbohydrate and silicon oxide, in particutar of purified silicon

30 oxide, in the method according to the invention. Therefore the invention also relates to a
kit, containing separated formulations, in particular in separate containers, such as
vessels, bags and/or cans, in particular in the form of an extrudate and/or powder of
silicon oxide, in particular of purified silicon oxide, preferably of purified silicon dioxide,
optionally together with pyrolysis products of carbohydrates on SiO, and/or the source

35  of carbon comprising at least one carbohydrate, in particular for use in accordance with
the foregoing. It may be preferable if the silicon oxide directiy with the source of carbon



2 0 No. 2 No. 11 1.99999 to 0.00001I 0.00001 to 1.9999 where SiC + C together always come to
about 2 mol. For example, the 2 mol of SiC and optionally C together are composed of 2 to 0.00001
mol SIC and 0 to 1.99999 mol C, in particular from 0.0001 to 0.5 mol SIC and 1.9999to 51.5 Cto 2
mol, preferably 0.001 to 1 mol SiC and 1.999 to 1 C to 2 mol, especially preferably 0.01 to 1.5 mol SiC
and 1.99 to 0.5 C to 2 mol, in particular it is preferable in the method according to the invention to use
0.1to 1.9 mol SiC and 1.9 to 0.1 C to 2 mol per approx. 1 mol silicon dioxide. 10 As silicon carbides for
use in the method according to the invention or the composition according to the invention,
consideration may be given to preferably pure to ul&dpure silicon carbides in accordance with the
above definition, and generally all polytypic phases, and optionally the silicon carbide can be coated

with a passivatisigdpyersebohydrate, in particular a source of pure carbon, for example

10

15

20

25

30

35

impregnated therewith or the carbohydrate supported on SiO; etc. in the form of tablets,
as granules, extrudate, briquette, in particular as pellet or briquette, is in a container in
the kit and optionally an additional carbohydrate and/for silicon oxide as powder in a
second container.

The invention further relates to the use of an article, in particular of a green product,
formed material, sintered part, of an electrode, of a heat-resistant component,
comprising a silicon carbide according to the invention or a composition according to the
invention containing silicon carbide, and optionally further usual additives, processing
aids, pigments or binders in the complete method according to the invention. The
invention therefore relates to an article containing a silicon carbide according to the
invention, or that is produced using the silicon carbide according to the invention and its
use in the complete method according to the invention.

Use of SIC as activator in the reduction of the silicion dioxide with the source of

carbcn

As explained at the beginning, silicon carbide can also be added in the complete
method according to the invention for the production of pure silicon.

According to the invention, the economic effectiveness of the method for the production
of pure silicon is increased considerably by adding an activator, which performs the
function of a reaction starter, reaction accelerator and/or as a source of carbon.

At the same time the activator, i.e. reaction starter and/or reaction accelerator, should
be as pure and inexpensive as possible. Especially preferred reaction starters and/or
reaction accelerators should not themselves introduce any unwanted impurities or
preferably only impurities in the minutest amounts into the silicon melt, for the reasons
stated at the beginning.

The method according to the invention can be carried out in various ways, and
according to an especially preferred embodiment a silicon oxide, in particular silicon
dioxide, preferably a silicon dioxide purified by acid precipitation, is reacted at elevated
temperature, by adding silicon carbide to the process as a source of pure carbon or as
activator fo the silicon oxide, according to the invention to the silicon oxide purified by

‘precipitation, or silicon carbide (SiC) in a composition containing silicon oxide, it being



Si02. Individual polytypic phases with varying stability can preferably be used in the 15 method,
because for example the course of the reaction or the start of reaction in the method can be controlled
with them. High-purity silicon carbide is colourless and is preferably used in the method. Moreover, as
silicon carbide in the method or in the composition, it is possible to use commercial SiC
(carborundum), metallurgical SIC, SiC-binding matrices, open-pore or dense silicon carbide ceramics,
such as silicate- 20bound silicon carbide, recrystallized SiC (RSIiC), reaction-bound, silicon-infiltrated
silicon carbide (SiSiC), sintered silicon carbide, hot (isostatically) compressed silicon carbide (HpSiC,
HiPSIC) and/or liquid-phase-sintered silicon carbideb@.PSSiC), carbon fibre-reinforced silicon carbide
composites (CMC, ceramic matrix composites) and/or mixtures of these compounds, with the proviso
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between 20 ppmand 0:0 erabl the boron content in a silicon carbide is between 7 ppm
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lowdY, orfor@xiingpie Hetiesreor@dlafpmrafatredempptiprefdydinysiidbe ceglerpatifiwlinit of
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silicon c&AskIES aféiﬁbﬁ@itﬁs%aﬂﬁér@a@%ﬁ@ﬁﬁam@ﬂﬁméﬂémmﬁ@@mné mrerigetioanefin a
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starter and/or reaction accelerator and less as a reactant. Preferably, about 1 mol

silicon dioxide can also be reacted with about 1 mol silicon carbide and about 1 mol of a

second source of carbon in the method.

20 According to the invention, in the method for the production of silicon by reacting
purified silicon oxide at elevated temperature the silicon carbide is added to the silicon
oxide or optionally is added in a composition containing the purified silicon oxide, in
particular an electric arc is used as energy source. The purpose is for a silicon carbide
to be added as activator i.e. as reaction starter and/or reaction accelerator and/or as

25 source of carbon, i.e. as reactant, to the method and/or to be added in a composition to
the method.

The silicon carbide is thus fed to the method separately. Preferably silicon carbide is
added as reaction starter and/or reaction accelerator to the method or to the

30 composition. As silicon carbide itself does not decompose until temperatures of about
2700 to 3070°C are reached, it was surprising that it can be added to the method for the
production of silicon as reaction starter and/or reaction accelerator or as reactant or also
as heat-exchange medium. Entirely surprisingly, it was observed in an experiment that
after striking an electric arc, the reaction between silicon dioxide and carbon, in

35 particufar graphite, which starts and proceeds very slowly, on adding small amounts of
putverulent silicon carbide led within a short fime to a very marked increase in reaction.



possibility for elegant recycling of these products after use or of the waste or scrap arising in their
production. The only requirement to be met by the silicon carbides that 25are to be recycled is
sufficient purity for the method, and preferably silicon carbides that satisfy the above specification with
respect to boron and/or phosphorus are recycled. The silicon carbide can be added to the method a)
as pulverulent or granular material and/or as lumps and/or b) contained in a porous glass, in particular
guartz glass, in an extrudate and/or moulding, such as pellet or briquette, in particular in a formulation
30described above, optionally together with other a, éjitives. All reactants, i.e. the purified silicon oxide,
silicon carbide and optionally additional sources of éj re carbon, each separately or in compositions or
formulations, can be added to the method continuously or discontinuously. Preferably the silicon
carbide it35iague¢lie e waiewitsavednand sordeinglhthmetitod tbseextent secHitmatoai

especially geenamieal inxaasiienmidhedraiboddaaeliaves bheretag Srmay e @loR4 advantage if the
silicon carbide is added stepwise continuously, in order to maintain a continuous reaction acceleration

of the reaction. The reaction can be carried out in usual melting furnaces for the production of silicon,
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carbide, as pure silicon carbide or as ultrapure S|fjcon carbide or also as a mixture oﬂhese. In

mixturesCARIRICO A AN GLETRIR BrUSIARN ARIfIStc BERIPER ARG SPCPRHISOIERRfrateaN The
general rddessntheonsis cdntbirnmatetide diiesmoahbide ding sitvallecitbaimounideghamethod. The

method gaa@m%c})%qieéﬁ e ekl TRbiRmetiseBcabide-and Rylifisd silicopaxidenin daficilar
smign dIOXIdFZ‘ an %ion%g aﬁno%ger Sﬁ)urce Ofb?#re carbon are each fed s?paratgly to trile mt_athod, in
particula? fhe Al pACE B OFtNENY SREREH AR GBHE A RS TR Barbide
togethera®RR!plifed siltbercerittd prpertcliapgitorcdivtitiraind opiobally\@rotherstoute of pure
carbon isuytreNgtatianar@N charcoal, carbon black, coke, anthracite, lignite, activated
carbon, petroleum coke, wood as wood chip or pellets, rice husks or stalks, carbon
fibre, fullerenes and/or hydrocarbons, in particular gaseous or liquid, and mixtures of at
15 least two of the stated compounds, provided they are of suitable purity and do not
contaminate the method with undesirable compounds or elements. The second source
of carbon is preferably selected from the stated compounds. The contamination of the
further or second source of pure carbon with boron and/or phosphorus or boron-
containing and/or phosphorus-containing compounds should be for boron below
20 10 ppm, in particular between 10 ppm and 0.001 ppt, and for phosphorus below
20 ppm, in particular between 20 ppm and 0.001 ppt, in proportions by weight. Amounts
given in ppm, ppb and/or ppt are to be understood throughout as proportions by weight
in ma/kg, pugl/kg etc.

25  The boron content is preferably between 7 ppm and 1 ppt, preferably between 6 ppm
and 1 ppt, especially preferably between 5 ppm and 1 ppt or lower, for example
between 0.001 ppm and 0.001 ppt, preferably in the region of the limit of analytical
detection. The phosphorus content should preferably be between 18 ppm and 1 ppt,
preferably between 15 ppm and 1ppt, especially preferably between 10 ppm and 1 ppt

30  orlower. The phosphorus content is preferably in the region of the limit of analytical
detection. Generally this limit values are desirable for all reactants or additives of the
method, to be suitable for the production of solar-grade and/or semiconductor-grade
silicon.

35 A purified or high-purity silicon oxide defined above, in particular a purified or high-purity
silicon dioxide, is preferably used as silicon oxide.



20c) the purified silicon oxide, in particular silicon dioxide, together with a source of pure carbon in a
formulation, in particular in the form an extrudate or moulding, preferably as pellet or briquette, and/or
d) the silicon carbide in a composition with the additional source of pure carbon, is added or fed to the
method. This formulation can comprise a physical mixture, an 25extrudate or moulding or also a
carbon fibre-reinforced silicon carbide. As already mentioned for the silicon carbide, the silicon carbide
and/or silicon oxide and optionally at least one additional source of pure carbon can be fed to the
method as material to be recycled. The only requirement imposed on all compounds to be recycled
30is that they are of sufficient purity for forming a sifi€bn in the method, from which solar- grade silicon
and/or semiconductor-grade silicon can be produced. Similarly, in the method according to the

inventionjrikadiiiandeneifiegsticen puidrl isyalradensiRie, iatHee sHiromexidesgfsuiicient purity
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rofile of contamination with boron, aluminium, calcjum, irgn, nickel, phosphorus, titanium and/or zinc
Etated a[Ptcnghggéﬁm%loxﬁ]e In particular purHﬁed sdlijcon dioxide, anc?sihc%n carbide and

optionally a second source of carbon, in particular & second source of pure carbon, are
preferably used in the method in the following stated molar proportions and/or wt. %,
where the figures can relate to the educts and in particular to the reaction mixture in the

20  method:

Per 1 mol of a silicon oxide, for example silicon monoxide, such as Patinal®, about

1 mol of a second source of pure carbon and silicon carbide in small amounts can be
added as reaction starters or reaction accelerators. Usual amounts of silicon carbide as
reaction starter and/or reaction accelerator are about 0.0001 wt.% to 25 wt.%,

25  preferably 0.0001 to 20 wt.%, especially preferably 0.0001 to 15 wt.%, in particutar 1 to
10 wt.% relative to the total weight of the reaction mixture, in particular comprising
silicon oxide, silicon carbide and a second source of carbon and optionally further
additives.

30 It may also be especially preferable to add to the method, per 1 mol of a purified silicon
oxide, in particular silicon dioxide, about 1 mol of pure silicon carbide and about 1 mol of
a second source of carbon, in particular of pure carbon. If a silicon carbide containing
carbon fibres or similar compounds containing additional carbon is used, the amount of
a second source of carbon in mol can be lowered correspondingly. Per 1 mol of silicon

35  dioxide, about 2 mol of a second source of carbon and silicon carbide in small amounts
can be added as reaction starter or reaction acceterator. Usual amounts of silicon



25Advantageously, the molten silicon can undergo treatment with rare-earth metals, in order to
remove carbon, oxygen, nitrogen, boron or any other impurities that are present, from the molten
silicon. The invention also relates to a composition that is especially suitable for use in the
30aforementioned method for the production of silicon and whose quality is preferably suitable as
solar-grade silicon or for the production of solar-grade silicon and/or semiconductor-grade silicon, with
the composition containing silicon oxide and silicon carbide and optionally a second source of carbon,
in particular a source of pure carbon. Those stated above may be considered as purified silicon oxide,
in particular silicon 35dioxide, silicon carbide and optionally the second source of carbon, and
preferably they also meet the purity requirements stated there. 66 The silicon carbide can also be
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according to the invention, in this way it is possible for silicon carbides, silicon carbide ceramics, such
as hot plates, brake disk material, to be 10recycled again. As a rule, because of the production
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contamination with impurities can be avoided to the greatest possible extent. As a rule reactors are at

present § ' g r aphi o silican carbide, .The.electrodes of the reduction
irbces e S e e,

importart FRIRAHSHKTS! #@W@r?&?@%%@@ﬁtfﬂ@ﬁi@%m%my%ﬁﬁ@f&ies are usually

Si0;+2C > Si+2C0O
Si0,+28IC—»38i+2C0O
20 or
Si0;+SIC+C »28i+2CCor
SOz +05SIC+15C>15S8i+2C0Oor
SiO;+158iIC+0.5C = 258Si+2CO etc.

25 Because the purified silicon dioxide can react in the molar ratio of 1 mol with 2 mol of
silicon carbide and/for of the second source of carbon, there is the possibility of
controlling the method by means of the molar ratio of silicon carbide and the further or
second source of pure carbon. Preferably silicon carbide and the second source of
carbon together should be used in the method or be present in the method roughly in

30 the ratio of 2 molto 1 mol of silicon dioxide. Thus, the 2 mol of silicon carbide and
optionally the second source of carbon can be compesed of 2 mol SiC o 0 mol of the
second source of carbon up to 0.00001 mol SiC to 1.99899 of the second source of
carbon (C). The ratio of silicon carbide to the second source of carbon preferably varies
within the stoichiometric about 2 mol for reaction with about 1 mol silicon dioxide in

35 accordance with Table 1:



contaminated with boron, phosphorus, aluminium, and iron. According to one embodiment, the
invention therefore relates to a reactor that is suitable in particular for use with induction, direct-current
and/or alternating-current 35furnaces, preferably it is suitable for the production of silicon, according to
the invention for the production of pure silicon, where the, reactor can correspond to reactor 1 and/or
67 2 described below. The reactor according to the invention is characterized in that it has silicon
carbide electrodes or silicon-infiltrated silicon carbide electrodes. The silicon-infiltrated silicon carbide
of the electrodes has the advantage that it ". in particular by the reaction of Si02, preferably of purified
silicon dioxide, and the pyrolysis and/or 5calcining &¥at least one carbohydrate-containing source of
carbon, preferably a source of pure carbon, in particular of the following purity: The content of boron,
phosphotugiarsenic, aluminium, iron, sodium, potassium, nickel, and chromium is, for pure silicon
carbide, for e element preterably below 5 ppinde T00.01 ppt (Ry weight), and for high-purity Sjlicon
carbide i%%%ﬁ%blar belo N.géﬁggpnpr%gt)g 1 ppt,p Espééﬁ(l':(i:glrﬂyc r'ﬁgl%%%v)%e gé:%% arbide obtained gfter
reaction of a silicon oxide Bh®@! source of pure cafbBi®¥ydrate, in particulabpuitied’ sEgaprotionally
with carbon and/or SiyOz matrices, has a purification profile for SiC as dgfingdjat the start of the
descriptign, 45 An espec a{ly preferred pure to h g?-purlty silicon ca_rbldelé)r a high-purity compaosjtion

Aantianalhi-cmall nte nf cilied

contains orconsistsof silicon-carbide;carbon;siticon-oxide-and-optionally-smal-ameunts-ef-silicon,
and the hgh4purity silicon tarbide or the high-purity®888osition in particQ8PRE4 a profile of
contantination with boror), phosphorus, arsenic, ptominium, 20iron, sodiug, potassium, nickel,
chromiugye, swphur, barium, zirconium, zinc, titariBrBO%LFium, magnesiunil, er, chromium, cobalt,
zinc, vanadium; mangangese and/orfead of befow106-ppm-for-pure-silicon-carbide;preferably-ef-below
20 ppm to 0.001 ppt for high-purity silicon carbide"’,"@%lﬁ?‘egifglyfﬁeferably between 10 ppm and 0.001
ppt relative to the high-purity complete compositidogatitee digbysurity silicon carbide. 25 Especially
prefera;bly the silicon carbide is obtained from thiecrc%gtitgrég()@wm@q silicon oxide and a pure
carbohydrate source, in particular purified sugar as described above. During the reactionmthesiticon
content can be controlled by the reaction conditions or also by adding separate silicon. Preferably the
silicon cafigxaspiedilted pyoind Simetsbantiesahids tabethkeioanheprshesibnfdt sii6di06ambide.
mol SiC and 0 to 1.99899 mol C, in particular from 0.0001 to 0.5 mol SIC and 1.9999 to

5 1.5Cto 2 mol, preferably 0.001 to 1 mol SiC and 1.999 to 1 C to 2 mol, especially
preferably 0.01 to 1.5 mol SiC and 1.99 to 0.5 C to 2 mol, in particular it is preferable in
the method according to the inventionto use 0.1t0 1.9 mol SiIC and 1.9t0 0.1 Cto 2
mol per approx. 1 mol silicon dioxide.

16 As silicon carbides for use in the method according to the invention or the composition
according fo the invention, consideration may be given fo preferably pure o ultrapure
silicon carbides in accordance with the above definition, and generally all polytypic
phases, and optionally the silicon carbide can be coated with a passivating layer of
Si0,. Individual polytypic phases with varying stability can preferably be used in the

15 method, because for example the course of the reaction or the start of reaction in the
method can be controlled with them. High-purity silicon carbide is colourless and is
preferably used in the method. Moreover, as silicon carbide in the method or in the
composition, it is possible to use commercial SiC (carborundum), metallurgical SiC,
SiC-binding matrices, open-pore or dense silicon carbide ceramics, such as silicate-

20 bound silicon carbide, recrystallized SiC (RSIC), reaction-bound, silicon-infiltrated silicon
carbide (SiSiC), sintered silicon carbide, hot (isostatically) compressed silicon carbide
(HpSIC, HiPSIC) and/or liquid-phase-sintered silicon carbide (LPSSIC), carbon fibre-
reinforced silicon carbide composites (CMC, ceramic matrix composites) and/or
mixtures of these compounds, with the proviso that the contamination is so slight that

25 the silicon produced is suitable for the production of solar-grade silicon and/or
semiconductor-grade silicon. The aforementioned silicon carbides can also be added to -



The attainable purity of the silicon carbide or of the silicon-infiltrated silicon carbide as electrode
material corresponds to the purities presented above. Preferably the silicon carbide is pure to
ultrapure. For improvement of mechanical stability, the silicon- 35infiltrated silicon carbide electrodes
or the silicon carbide electrodes can be reinforced with carbon fibres. According to the invention, the
reactor for carrying out the method 68 according to the invention is used for the production of pure
silicon. A pure to high-purity silicon carbide or silicon-infiltrated silicon carbide, optionally containing
carbon, in particular as electrode material or for Iiniré a reactor or a device, 5is characterized in that its
content of impurities corresponds to the ranges for SIC defined at the start of this description, in
particular the total of the aforementioned impurities is less than 5 ppm, preferably less than 4 ppm,
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below 1 to 0.00001,ug/g, according to the inv 00.00001 ,ug/g. Aluminium between
4 and 0.000001 iug/g, preferably 3 to 0.00001 ,ug/g, especially preferably below 2.5 to 0.00001 pg/g,
according® deatavénsgtorbel dheZticorocatidsgtyitahia oettheendtbodhnd 0 D900y, preferably
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0.00001 espesial r p@é ding the Invention belov_v 16 to
0.0000183%9? Nicke?ﬁ{\fisggé%\?é%% Z’%%%%OB%%%&E , rg%%%%%{/ 830585%%'“1 %B%r especially
35prefel§f%{/%l5’é%%5"’1%e@.@&f& PREIFUELHEhGRE e Yidh h&isaeies & the limit of
15 analytical detection. The phosphorus content of a silicon carbide should preferably be
between 18 ppm and 1 ppt, preferably between 15 ppm and 1 ppt, especially preferably
between 10 ppm and 1 ppt or lower. The phosphorus content is preferably in the region

of the limit of analytical detection.

20  As silicon carbides are being used increasingly as composite for example for the
production of semiconductors, brake disk material or heat shields and other products,
the method according to the invention and the composition or formulation offer a
possibility for elegant recycling of these products after use or of the waste or scrap
arising in their production. The only requirement to be met by the silicon carbides that

25  are to be recycled is sufficient purity for the method, and preferably silicon carbides that
satisfy the above specification with respect to boron and/or phosphorus are recycled.
The silicon carbide can be added to the method a) as pulverulent or granular material
and/or as lumps and/or b) contained in a porous glass, in particular quartz glass, in an
extrudate and/or moulding, such as pellet or briquette, in particular in a formulation

30 described above, oplionally together with other additives.

All reactants, i.e. the purified silicon oxide, silicon carbide and optionally additional
sources of pure carbon, each separately or in compositions or formulations, can be
added to the method continuously or discontinuously. Preferably the silicon carbide is
35 added in the amounts and in the course of the method to an extent such that an
especially economical execution of the method is achieved. Therefore it may be of



0.00001 Jug/g, 69 - Chromium (Cr) between 4 and 0.000001 pg/g, preferably 3 to 0.00001 ,ug/g,
especially preferably below 2 to 0.00001 pg/g, according to the invention below 1 to 0.00001 jig/g.
Minimal contamination with the respective elements is preferred, especially preferably 5below 100
ppm, quite especially preferably below 10 ppb or below 1 ppb. Another disadvantage of reactors
currently in use is the multiple lining with ordinary refractory bricks, from which impurities can be

10 The invention also relates to a reactor (0), in particular for use with industrial furnaces, for example
microwave, induction, direct-current and/or alternatfj-current furnaces, preferably for the production
of silicon or pure metals and/or alloys, in particular pure silicon, where said reactor (0) can also
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particular with pure to high-purity silicon carbide or high-purity gr has“an ou?ermost layer (7),
which fumﬁ%ﬁg’ﬁs an insulating and/or diffusion 25barrier against impurities, in particular at high
temperatures, and optionally has, on the outside, a mechanically stable outermost layer (8). According

to the inyentiRitiBiecieasiovs usserionsasving prbtheymetind scerrdinaiodieipventaninighe
productign 8{&%% s%%on.ePJ%ferag)% the rrﬁ{acftor can be u]sed for -3Qreduction @nd/or melting of metallic
compoulids or mixtures thereor optiona ReFrESER 5P PRI Q)i bR Rl icPMetals or
alldys, tia@iaigeter a0 rfm T teavidhasa.deiny deraitg silicabledditesuatioprafeablinelting of
pure to Highplatiéd wefalshmetalividsricdbeysigustistureadhesaetal rule is: the more

contaminated the silicon carbide, the smaller its amount in the method.

The method can be carried out so that
15 &) the silicon carbide and purified silicon oxide, in particular siticon dioxide, and
optionally another source of pure carbon are each fed separately to the method, in
particular the reaction space, and optionally are then mixed together and/or
b) the silicon carbide together with purified silicon oxide, in particular silicon dioxide, and
optionally another source of pure carbon in a formulation and/or
20 ¢} the purified silicon oxide, in particular silicon dioxide, together with a source of pure
carbon in a formulation, in particular in the form an extrudate or moulding, preferably
as pellet or briquette, and/or
d) the silicon carbide in a composition with the additional source of pure carbon, is
added or fed to the method. This formulation can comprise a physical mixture, an
25 extrudate or moulding or also a carbon fibre-reinforced silicon carbide.

As already mentioned for the silicon carbide, the silicon carbide and/or silicon oxide and
optionally at least one additional source of pure carbon can be fed to the method as
material to be recycled. The only requirement imposed on all compounds to be recycled

30  Is that they are of sufficient purity for forming a silicon in the method, from which solar-
grade silicon and/or semiconductor-grade silicon can be produced.

Similarly, in the method according to the invention, in addition to purified silicon oxide it

is also possible to use silicon oxides of sufficient purity that are to be recycled. Quartz
35  glasses are suitable, for example cullet. To take just a few, these can be Suprasil, SQ 1

Herasil, Spektrosit A. The purity of these quartz glasses can be determined for example

¥



70 layer comes into direct contact with the silicon melt or the hot reactants. A high-purity graphite or
high-purity silicon carbide preferably has an impurity profile preferably has the aforementioned impurity
profile, as defined above. All ancillary components and connecting points or connecting parts of the
reactor to the complete installation (device) 5can have this first layer (7) of high-purity refractory
material. The first layer is preferably segmented, to allow partial replaceability of burnt or spent
segments, for example of the high-purity graphite covering. Without segmentation, the entire first layer
would have to be replaced if a local area was damaged or consumed by the process. The
segmentation can be connectable by the groove/spbfhg principle. 10 The sandwich construction has
the advantage according to the invention that at high temperatures mobile contaminants, for example
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stated in proportions by weight. The range of impurities generally has no lower limit, but

20 is determined solely by the actual limits of detection of the analytical techniques.

According to the invention, pure silicon has the profile of contamination with boron,

aluminium, calcium, iron, nickel, phosphorus, titanium and/or zinc stated at the

beginning.

25  Advantageously, the molten silicon can undergo treatment with rare-earth metals, in
order to remove carbon, oxygen, nifrogen, boron or any other impurities that are
present, from the molten silicon.

The invention also relates to a composition that is especially suitable for use in the

30  aforementioned method for the production of silicon and whose quality is preferably
suitable as solar-grade silicon or for the production of solar-grade silicon and/or
semiconductor-grade silicon, with the composition containing silicon oxide and silicon
carbide and optionally a second source of carbon, in particular a source of pure carbon.
Those stated above may be considered as purified silicon oxide, in particular silicon

35  dioxide, silicon carbide and optionally the second source of carbon, and preferably they
also meet the purity requirements stated there.



The sandwich construction according to the invention can minimize the thermally induced diffusion of
impurities from external parts of the installation into the reaction 10space. Owing to consumption of the
refractory inner lining of the reactor or reaction space, it is preferable to adapt the reactor size so that it
cah be operated at power between 600 kW and below 1 MW. According to the invention, industrial
reactors, in particular in a 15production line of a device according to the invention, preferably industrial
reactors of arc furnaces, in each case have 100 kW to 1 MW, preferably between 600 kW and below 1
MW, especially preferably between 700 kw and 950 kW, especially preferably between 800 and 900
kW, in particular these furnaces are closed. To ens@f@ correspondingly desired high throughputs of
silicon, in particular solar-grade silicon, 20several reactors can be operated in parallel. Generally the
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The invention also relates to the use of the silicon produced by the method according to
the invention as base material for solar cells and/or semiconductors or in particular as
starting material for the production of solar-grade silicon.

20 Reactors suifable for use in the complete method according to the invention

The invention also relates to a reactor, a device and electrodes, suitable in particular for
the production of solar-grade silicon or semiconductor-grade silicon.

256 In order to be able to produce silicon of high purity it is necessary to develop reduction
furnaces, with which contamination with impurities can be avoided to the greatest
possible extent. As a rule reactors are at present lined with refractories, such as
graphite and/or silicon carbide. The electrodes of the reduction furnaces are also made
of graphite. Graphite has the necessary conductivity and heat resistance. An important

30  drawback of the materials is at present insufficient purity. Refractories are usually
contaminatea with boron, phosphorus, aluminium, and iron.

According to one embodiment, the invention therefore relates to a reactor that is
suitable in particular for use with induction, direct-current and/or alternating-current

35  furnaces, preferably it is suitable for the production of silicon, according to the invention
for the production of pure silicon, where the reactor can correspond to reactor 1 and/or



Preferably the projections and the recesses can join together positively. The disks or other shapes can
be produced by production of usual green compacts and sintering thereof. The production of green
compacts and sintering additives is well 15known by a person skilled in the art. It is decisive that in this
case the purity of the electrodes is not reduced by sintering additives. It is therefore necessary to
ensure that the sintering additives only contain unwanted elements within the stated limits or permit
the limit values to be observed in the electrodes produced. 20For use, the segmented electrodes, in
particular disk-shaped electrodes, can be inserted in a hollow part, with which they are connected
together in such a way that the electrodes comprisig the superposed disks have permanent
conductivity and stability. For example, a large number of disks in the hollow part can be in direct
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permits SASHFRISRIRG or FepBgifuingdhspelpeise@edy in the arc furnace, wherein segments of the
electrode made of silicon carbide or silicon- 35infiltrated silicon carbide, in particular with graphite
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10possietoasseipigin-purity silicon-infiltrated silicon carbide, preferably the electrodes consist of one

or more of the high-purity materials or a corresponding mixture, and the connectors can be made of
other materials. The invention also relates to a device, in particular an installation, preferably for the
l?éﬁ‘o
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contains or consists of silicon carbide, carbon, silicon oxide and optionally small
amounts of silicon, and the high-purity silicon carbide or the high-purity composition in
particular has a profile of contamination with boron, phosphorus, arsenic, aluminium,

20 iron, sodium, potassium, nickel, chromium, sulphur, barium, zirconium, zinc, titanium,
calcium, magnesium, copper, chromium, cobalt, zinc, vanadium, manganese and/or
lead of below 100 ppm for pure silicon carbide, preferably of below 20 ppm to 0.001 ppt
for high-purity silicon carbide, especially preferably between 10 ppm and 0.001 ppt
relative to the high-purity complete composition or the high-purity silicon carbide.

25
Especially preferably the silicon carbide is obtained from the reaction of a purified silicon
oxide and a pure carbohydrate source, in particular purified sugar as described above.
During the reaction the silicon content can be controlled by the reaction conditions or
also by adding separate silicon. Preferably the silicon carbide is produced by the

30 method presented above for the production of silicon carbide.

The attainable purity of the silicon carbide or of the silicon-infiltrated silicon carbide as
electrode material corresponds to the purities presented above. Preferably the silicon
carbide is pure to ultrapure. For improvement of mechanical stability, the silicon-

35 infiltrated silicon carbide electrodes or the silicon carbide electrodes can be reinforced
with carbon fibres. According to the invention, the reactor for carrying out the method



by the method according to the invention, said device having at least one reactor 1 for melting and
optionally for reduction, in particular of silicon oxide with at least one or more sources of carbon, with a
metal tap-hole and optionally a slag hole, in particular a reactor of sandwich construction according to
Claim 14 and in particular with silicon 20carbide or silicon-infiltrated silicon carbide electrodes
according to Claim 15, and optionally has at least one reactor 2 upstream of reactor 1, said reactor 2
serving for calcining and/or reduction, in particular of silicon oxide with at least one or more sources of
carbon. Reactor 2 can in particular be a microwave reactor optionally with a rotating-tube reactor
space or a fluidized bed. 25 The device is generallf8uitable as an industrial furnace, in particular is
also suitable for the reduction and/or melting of metallic compounds or mixtures of said metallic

compouadsoitipgrticter iitve stidiaileydher predpesianob puwiepte-bighcewrity metals, alloys and/or
mixtures thereof 30 According to the invention, each reactor 1 for the production of silicon has a power
from 600 kW to 1 MW, preferably the reactor has a power from 670 kW to 990 kW, better still a power
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regularly,required r the reactors or of the lining. Usually the aim Is tq provide ever
larger re he'i the reactors
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be 10reBIgt%d reqularn;{ asi @ﬂ) n%gotnecgr urse o h(:ontl uou %eratlop ver the
reactors are to (?poera ed in Subst ntlaly OXygen- 188 concﬁtr%r%r? FRiNATRE 6{}%'8?# ﬂ‘fﬁﬁhlte of
thé %Iecﬁd@@@"éﬁﬂj(ﬁ%ﬁ@mﬁé&f iiting, in particular of a segmented inner lining. 15According to the
invention, a device is therefore operated with at least one in particular with a large number of reactors,

for exarm%vgﬁbﬂ,&&g%mer@gw@rgaﬁmm A IEACIANIG AN WELEIOrS: Beegened reguiary

without having to shut' down the whole device when a féw reactors aré re tory material.
20Furth@?ﬁ](5‘r‘g§"|tai’§ 56 PRPI¥AD AN Y SRR R d O BEtharerhaFieddors. For rapid reduction,

the carbon monoxide that forms must be removed continuously and promptly from the reaction space.

ThesamoupicRbRIBERSS S3S[GaNPe-coRtRIRS-IBdhe-adyction sassivoioLL) g %@#éfétﬂg 8failicon by
means of @gﬁf@ﬁunt fS|I|con cg}{blde asg’fb%ator (2&@5 %urc of carbop. r}[% asl!ng he amount of
silicon car &S S RE A RUR TP il WS AHRESIISR TR S EBHProduction.
Moreover, BREYEmMEVE BP8H pi@ldess gases can be optimized, this is possible by adding porous
briquettes pRdipha B g A Bl (N CreR OO RPT il ple fha by erom. oheorEasleyS. in particular
reactors 1@5!}%8(3%3{%%%@%13/ below 1 to 0.00001 ug/g, according to the invention below 0.5 to
20 0.00001 pg/g.
- Aluminium between 4 and 0.000001 ug/g, preferably 3 to 0.00001 uglg, especially
preferably below 2.5 to 0.00001 pg/g, according to the invention below 2 to
0.00001 pg/g.
- Iron between 100 and 0.000001 ug/g, preferably between 60 and 0.00001 ug/g, in
25 particular between 10 and 0.000001 ug/g, preferably 5 to 0.00001 wg/g, especially
preferably 2 to 0.00001 pg/g, quite especially preferably below 1 to 0.00001 pg/g,
according to the invention below 0.5 to 0.00001 ug/g.
- Sodium {Na) between 20 and 0.000001 ug/g, preferably 15 to 0.00001 ug/g,
especially preferably below 12 to 0.00001 pg/g, according to the invention below 10
30 to 0.00001 ng/g,
- Potassium (K) between 30 and 0.000001 pg/g, preferably 25 to 0.00001 ug/g,
especially preferably below 20 to 0.00001 pg/g, according to the invention below 16
to 0.00001 waglg,
- Nickel (Ni) between 4 and 0.000001 pg/g, preferably 3 to 0.00001 ug/g, especially
35 preferably below 2 to 0.00001 pg/g, according to the invention below 1.5 to
0.00001 ug/g,



30sandwich construction described above, in order to stop thermally-induced diffusion of impurities, in
particular of boron, into the reaction space. Accordingly, it is further preferred that all parts of the
device or installation that are operated at high temperatures or are heated indirectly to high
temperatures have this sandwich construction. For example, in the production of silicon by reduction in
the arc furnace, 35 temperatures above 1800C are reached. 75 Preferably all parts of the device, in
particular all parts of the device that come in contact with the reactants and/or reaction products,
preferably the reactor 1, the reactor 2, the electrodes, ancillary components of the device, connectors
and/or pipework, in particular that are operated at h‘?ggn temperatures or are heated indirectly, also by
5contact with hot gases, are lined with high-purity refractory material, in particular with high-purity

silicon carb{cierormitigh-{Sinityedragehité . ohccOrdit 6 the/o) vertiombay pasts o0& deylge that come in

contact witts 2 éeneaniscadiphraaariondioshists ILRRTIELAEIINSHROM Oxlf, Priayies of carbon,
process 10@3@5@ (1r re?cnon products, such as reactor 1 for melting and optionally for reduction of
silicon oxide" % iéﬁﬁ@a metal tap-hole and optionally a slag hole, in particular electrodes, and
optionallitéiiteakcontareaetiirpwifistivarsiactiotos| ¢ rsaitbrisautefe?rednangdoiadsl pimifeg admg/or

redugtiomebsilicon pyide yuitle akleash Mo i ENIbR, IUIERES OTFR BB INgdvith high-purity
refractory material, in particular with high-purity 15silicon carbide or high-purity graphite. Preferably
lining with silicon-infiltrated silicon carbide and/or with graphite-containing and/or silicon
carbide-é1HIRN R ventAgreafikcarie soasitat pire uRgileinet miajinte [riterabie soditensilicon
carbide tebhechiyidghipitrandsubstantatiyideeesiiare aarbandbatiisdgidrungindhermilicensarbide.

20A sangwieh.cansiry tm%tgr@ﬁ%?ﬁ Mgﬁ%?{?&%ﬂﬁﬁ\p{ﬁg%l? for all parts of the device that are

operated at high tempeératures, or are heate y, for example by hot process gases, with the
sanldwich construction for example for a feed line, discharge line or a connector being lined internally
with a firshkayergmyat high-miaitgsrﬁiraakemytma(ﬁé}ja?m jmnmmiaqlmwistb Imfgh-ipdrit;t@idomaaési,den or
high-purit gsaphisf ANEHAYING FRANAIBET QHIEE RYSEABhMMCR RS Aminsuiating Apdiprdiffusion

barrier agai esfta.m Poriti S, a_nd 0 ttionagy .?utside of the afor merg#oneﬁ layer has a mechanlcal!y stable
outermogﬁ yerb&ﬁp). Aé%%r%ﬁﬂa%(g%? vEITShIh B HigE ffy% (8 W‘%I/a‘f%r‘?&ﬂ?Elﬁ‘éd’r?@arblde,
silicon- silicon, where said reactor (0) can also correspond to a reactor 1 and/or 2 defined
15 below, with at least the reaction space (1) of the reactor (0) or of the reactors (0} for
meiting and optionally for reduction, in particular of silicon oxide with at least one or
more sources of carbon, having a metal tap-hole and optionally a stag hole
- has a sandwich construction with at least two layers, in particular the sandwich
construction is made up of a first inner fayer (7), another outer layer (6} and
20 optionally an outermost layer (8),
- the reaction space (1) or the reactor (0) being lined internally with a first layer
(6) of high-purity refractory material, in particular with pure to high-purity silicon
carbide or high-purity graphite,
- has an outermost layer (7), which functions as an insulating and/or diffusion
25 barrier against impurities, in particular at high temperatures, and
- optionally has, on the outside, a mechanically stable outermost layer (8).

According to the invention, the reactor is used for carrying out the method according to
the invention for the production of pure silicon. Preferably the reactor can be used for

30 reduction and/or melting of metallic compounds or mixtures thereof optionally in the
presence of reducing agents or the like to metals or alloys, the reactor according to the
invention being especially suitable for reduction and/or meiting of pure to high-purity
metals, metalloids or alloys or mixtures thereof,

35 Afirst layer (7) of high-purity refractory material is to be understood as any material that
is suitabie for use at high temperatures and has the defined impurity profile. This first



30infiltrated silicon carbide, graphite, each optionally reinforced with graphite fibres and/or carbon
fibres. The total content of impurities, such as boron, phosphorus, aluminium, iron is in particular below
100 wt.-ppm, preferably below 10 wt.-ppm. High-purity refractory material according to the invention
has the impurity profile defined at the beginning or the purity defined above for pure to high-purity
silicon carbide or high-purity 35graphite. The impurities can be determined by ICP-MS, spectral
analysis or resistance measurement. 76 If reactor 1 is operated without reactor 2, a separate gas
outlet is required for removing the process gases. 5Reactor 2 can be designed as a reduction shatft, it
can for example be electrically heated, in particularm/ electrodes, which according to the invention
contain silicon-infiltrated silicon carbide or silicon carbide, projecting through the shaft walls, according
to an altéayativethes edudioscshafiteatithiaateiiidynarmsicoviay e Binmactaifos exampleinitis
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in the sandwich construction, the outermost layer (6) acts as an insulating and/or
diffusion barrier against impurities, in particular it prevents diffusion of boron at the high
reactor temperatures from outside into the high-purity refractory first layer, for exampie
20 of graphite, and thus into the silicon melt. The optional stable mechanical outer layer (8)
can be made of usual heat-resistant materials, which owing to the diffusion barrier
according to the invention are not subject to increased requirements with respect to

purity.

25  The outermost layer (6) with the function of an insulating and/or diffusion barrier can be
a vacuum or a hollow part with vacuum, for example a hollow part made of high-purity
glass, in particular quartz glass, which is preferably silvered and has a vacuum inside.
According to the invention the hollow part has a vacuum and is provided with an infrared
mirror on the side toward the reactor space, preferably coated therewith.

30  The vacuum can also be produced chemically, in particular as so-calied super-
insulation, whereas the holiow part, which corresponds to the outer layer (6), is silvered
on the side toward the reaction space, preferably with an infrared-reflecting material.

Alternatively the first layer and the outer layer can also be joined together tightly, to stop
35 gas entering or escaping, _iﬂ particular so as to be able to produce a vacuum in a cavity
formed between them. £'s-an aiternative to a vacuum, it is also possible to use a heat-



77 Any solid constituents present can be removed from the silicate solutions by filtration. Purified
silicon oxide is produced from the silicate solution by precipitation as described above. 5 Preferably,
however, crystalline sugar (source of pure carbon) is added to at least a portion of this silicon oxide, at
least partially in the moist state, and optionally a thermal black and siloxanes are added as binders.
The pasty mixture obtained is formed for example in an extruder and undergoes at least partial drying.
10 The briquettes obtained can then be pyrolysed, to obtain a source of pure carbon with active
carbon. The pyrolysed carbon (active carbon) is added to the subsequent process for the production of
silicon to improve the thermal and/or electrical cond{itctivity. 15Another portion of the briquettes can be
pyrolysed and calcined, to produce silicon carbide-containing briquettes. These silicon
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electrodes containing carban fibre, Fused silicon can b e metal tap-hole, and can if
required ﬁﬂﬁ@?g dﬁ%&%ﬁgli%{m HemibRmrRe %rﬁ@éﬁ%ﬁd?ﬁgéel‘fﬂﬁ ﬁﬂ'@qeam@dﬂb@lf BPfdioBolar-grade
silidédn. ER&@B@vice according to the invention and the reactor according to the invention are explained
below, without limiting the invention to these embodiments. 35 78

Owing to consumption of the refractory inner lining of the reactor or reaction space, it is
preferable to adapt the reactor size so that it can be operated at power between 600 kW
and below 1 MW. According to the invention, industrial reactors, in particular in a

15 production line of a device according to the invention, preferably industrial reactors of
arc furnaces, in each case have 100 kW to 1 MW, preferably between 600 kW and
below 1 MW, especially preferably between 700 kW and 950 kW, especially preferably
between 800 and 900 kW, in particular these furnaces are closed. To ensure
correspondingly desired high throughputs of silicon, in particular solar-grade silicon,

20 several reactors can be operated in parallel.

Generally the reactors can also be operated in paraliel if they are for example arranged
in a process line and are supplied with reactants continuously or discontinuously via a
preceding reactor for the production of silicon carbide or for pyrolysis of carbohydrates.

25 Correspondingly, feed with purified silicon oxide can take place in the process line
directly or indirectly via the silicon carbide or pyrolysis products.

The invention also relates to electrodes, for example (10), in particular for use with
induction, direct-current and/or alternating-current furnaces, in particular for the

30  production of silicon, preferably of pure siiicon, said electrodes containing silicon-
infiltrated silicon carbide or silicon carbide. In order to improve the mechanical
properties, the silicon carbide is preferably reinforced with carbon fibres. In addition, the
silicon carbide can have graphite components. The precise adjustment of the
composition of silicon carbide to silicon and/or graphite and/or carbon fibres depends in

35 the individual case on the respective desired process conditions, the desired
conductivity and the heat resistance. Electrodes of silicon-infiltrated silicon carbide



List of reference symbols: O reactor 1 reaction space 52 slag hole 3 metal tap-hole 4 waste gas/gas
outlet 5 electrode bushing 6 diffusion barrier, in particular with superinsulation (outermost layer) 107
reactor space lining (first layer) 8 reactor body carrier (mechanically stable outermost layer) 9 reactor
cover 10 electrode 11 tilting hydraulics 15 A reactor according to the invention 0, in particular as an arc
furnace, has a reaction space 1, into which the electrodes 10 project through the electrode bushing 5
in the reactor cover 9. Preferably the reactor has several electrodes, in particular three electrodes 10.
These electrodes 10 can be segmented, to permit continuous feed from 20outside of the reactor 0. To
allow the process gases that form, such as carbon fifonoxide, to escape, the reactor has a gas outlet
4. Preferably underneath the reactor, a separate hydraulic tilting system 11 is provided, which permits
reactor (ofatibadllted:sddhatdhetslagabatéoivredodiseiargeibibsoneh ibeisdaadigla td besfused silicon
producegis.gdischarged continuously or discontinuously from the reaction space 1 via 25the metal
tap-hole 3. The insulating and/or diffusion barrier (6) preferably comprises a glass body, which is
silvered toward the reaction space. The glass body (6) is especially preferably made of high-purity
quartz glas@ahdi’esi'@}prtb\%i@dmtmumsfracecbwﬁﬁmit@tmmma&tl@mLWMrrﬂfﬂhe reactor.
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10 can project into corresponding ' negatave recesses on the opposite flat side of the disks.

Preferably the projections and the recesses can join together positively.

The disks or other shapes can be produced by production of usual green compacts and
sintering thereof. The production of green compacts and sintering additives is well

15 known by a person skilled in the art. it is decisive that in this case the purity of the
electrodes is not reduced by sintering additives. It is therefore necessary to ensure that
the sintering additives only contain unwanted elements within the stated fimits or permit
the limit values to be observed in the electrodes produced.

20 For use, the segmented electrodes, in particular disk-shaped electrodes, can be
inserted in a holiow part, with which they are connected together in such a way that the
electrodes comprising the superposed disks have permanent conductivity and stability.
For example, a large number of disks in the hollow part can be in direct contact with one
another and joined firmly to the hollow part by tempering, to form an electrode. As an

25  alternative to recesses, the electrode segments can be screwed together or can be
joined together with plug-and-socket connections or by welding. The connectability of
said segmented electrodes is familiar as such to a person skilled in the art, and
attention must be paid to the purity of the connections used.

30  According to an alternative embodiment, the segmented electrodes are pushed into
hollow parts made of silicon, for example pure silicon tubes, and in particular joined
together positively, for example by means of a plug-and-socket connector or by spot
welding. This consiruction permits easy pushing or repositioning of spent electrodes in
the arc furnace, wherein segments of the electrode made of silicon carbide or silicon-

35 infiltrated silicon carbide, in particular with graphite and/or carbon fibres or with C
matrices, can be pushed continuously from above or outside of the furnace into the



be filled continuously or discontinuousiy. For discontinuous filling, the reactor cover 9 79 can be
opened. For continuous operation, the reactor can be provided with an additional feed line.  The
following examples explain the method according to the invention in more detail, Swithout limiting the
invention to these examples. Methods of measurement: Determination of the pH value of the
precipitation suspension 10 The method, based on DIN EN ISO 787-9, is used for determining the pH
value of an aqueous suspension of silicon dioxide or the pH value of a substantially Si02-free wash
liquid. Before carrying out the pH measurement, the pH meter (from Knick, type: 766 pH-Meter
15Calimatic with temperature sensor) and the pH elettrode (single-rod measuring cascade from
Schott, type N7680) are to be calibrated using the buffer solutions at 20C. The calibration function is to

be selectedicughetahtite vicibofier ”thlﬁonsvui@dtiﬂa}ug@ﬁb%ﬂy@%&@nﬁs&ﬂa@l@hﬂ&@@%pb
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dipped in the suspension. € pH-meter indicates a constant value, the pH value is read off from
the display. Determination of average particle size d50 of the high-puritv silicon dioxide for particle
sizes lesE @Y peaviigihettcerraFfraotd s rmsthaheint tboa&enastizsedw@éwlptibn The

applicatioarptlases difiaatoncsansingie dhedraunbates e domgetsminrtinmef Batisle sizes is
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all dlrectElygtr{!%q q??l%? g@?ﬁ %% pge'tir@trl%?ﬂte%p%? kie@f%%u §§1rp 8r§r?1allerp %%Cué ce}es ache larger the
scafter é}:@@ ieglg use high-purity silicon-infiltrated silicon carbide, preferably the electrodes

consist of one or more of the high-purity materials or a corresponding mixture, and the

connectiors can be made of other materials.

The invention also relates to a device, in particular an installation, preferably for the

15 production of silicon, especially preferably for the production of pure silicon, in particular
by the method according to the invention, said device having at least one reactor 1 for
meilting and optionally for reduction, in particular of silicon oxide with at least one or
more sources of carbon, with a metal tap-hole and optionally a slag hole, in particular a
reactor of sandwich construction according to Claim 14 and in particular with siiicon

20 carbide or silicon-infiltrated silicon carbide electrodes according to Claim 15, and
optionally has at least one reactor 2 upstream of reactor 1, said reactor 2 serving for
calcining and/or reduction, in particular of silicon oxide with at least one or more sources
of carbon. Reactor 2 can in particular be a microwave reactor optionally with a rotating-
tube reactor space or a fluidized bed.

25
The device is generally suitable as an industrial furnace, in particular is also suitable for
the reduction and/or melting of metallic compounds or mixtures of said metallic
compounds, in particular it is suitable for the production of pure to high-purity metals,
alloys and/or mixtures thereof.

30

According to the invention, sach reactor 1 for the production of silicon has a power from
600 kW to 1 MW, preferably the reactor has a power from 670 kW to 990 kW, better still
a power from 700 kW to 950 kW, according to the invention from 700 kW to 950 kW.

35 Reactor 2 can in contrast be of larger design. A microwave reactor can preferably be
used, as axplained at the beginning, in particular it operates in the high-frequency range



Procedure: After switching on, the laser diffraction instrument Coulter LS 230 requires a warming-up
time of 1.5 to 2.0 hours, in order to obtain constant measured values. The sample must be shaken
thoroughly before measurement. First the program "Coulter LS 230" is 5started with a double-click.
Check that "Use Optical Bench" is activated and that the display on the Coulter instrument shows
"Speed off'. Press the button "Drain" and keep it depressed until the water in the measuring cell has
drained away, then press button "On" on the fluid transfer pump and again keep it depressed, until the
water runs into the overflow of the instrument. Carr%out this operation twice. Then press "Fill". The 10
program starts on its own and removes any air bub f&s from the system. The speed is automatically
raised and lowered again. Set the pump power selected for the measurement. Before the
measurebsdwi dtnis! 68 ddbtaay th1éStdbtizh hdmtbizt npeasaratigntnadinee withadravthviug BEBS. To start
measurepgitsselect-iMeasurement” "Measuring cycle”. 15 a) Measurement without PIDS
Measurement time is 60 seconds, waiting time O seconds. Then the calculation model forming the
basis of laser diffraction is selected. Basically, a background measurement is carried out automatically
before eddnanesevedrmenanidgeatie isndrgiontde2Gmeassrbmishtihsus thie damplierptheaneasuring

cell, gintikaipRRConibatioN: ofsihie ity adsreprthed rd s i rRRAHREBY e AR B3R (PKf RRPearing
at the toB ﬁa' a“)éu%la'lfktﬂn "Read¥". The. rog\gan] now carries out all necessary steps i sel;2 d,
following {htheasurgme%taé%\se,% nera 8_5 aep’)"aﬁ{g%rsf?zaeco%?(i\gﬁ]oenvglf %@%i‘ggﬁgéﬁgy %33
Measurd &Rt eUnS Mvevrefaritsontarrobbareadaie bt avpenanabraatangniitordsize
distributiahdsédndhacesuitibe fenges Mersisrmest Higre is 9§ seeansisniwdingitisrel Haamthe
calculatigr. madel farming th I ifractian i icall

measure%}ent IS é)g%cagr?ﬁae%&bEﬁéﬁiﬁ%ﬁ%@gfé@gc@ R%%%ﬁ%ﬁgﬁt.%%ﬁﬁj% %ﬁ%ﬁ%ﬁd

meburd FRIACELITALIEM A8 ThFHROARMEEAAY s CaHie orriaiiaIshanespicsstMe%% ¥k ached.
This is répeneachyrshereiogram paithe O sabséaniighaothe topfrEmatindiickorid' Resieyizel he program
now cariiegroutadl RespRRaryrIRPaitsalbad ilowing thedPeasy SRBaHRAS &ﬁé‘%@;}ﬁ%ﬁt@émde

size diSt{ibUetH{‘nPJt e test 35sample. 81 Determination of average particle size d50 of the
"doughnﬂtﬂ- hapeg'or "toadstool cap"-shaped products 100 representative particles are selected and

the diameter of each patrticle [is
15 According fo the invention, a device is therefore operated with at least one in particular

with a large number of reactors, for example with 1 to 200, in particular reactors 1. A
reactor lining can therefore be renewed regularly, without having to shut down the whole
device when a few reactors are relined with refractory material.

20  Furthermore, it is easier to lead away the process gases in the smaller reactors. For
rapid reduction, the carbon monoxide that forms must be removed continuously and
promptly from the reaction space. The amount of process gas can be controlled in the
reduction reactor for the production of silicon by means of the amount of silicon carbide
as activator or as source of carbon. Increasing the amount of silicon carbide reduces

25  the amount of carbon monoxide in the reduction step in silicon production. Moreover,
the removal of the process gases can be optimized, this is possible by adding porous
briquettes and/or a smaller design of the reactors.

According to the invention, the reactors, in particular reactors 1 and/or 2, have the
30 sandwich construction described above, in order to stop thermally-induced diffusion of
impurities, in particular of boron, into the reaction space. Accordingly, it is further
preferred that all parts of the device or installation that are operated at high
temperatures or are heated indirectly to high temperatures have this sandwich
construction. For example, in the production of silicon by reduction in the arc furnace,
35 temperatures above 1800°C are reached.



5 measured] under a light microscope. As the particles can be of irregular shape, the diameter is
determined at the point with the largest diameter. The mean value of all particle diameters determined
corresponds to the d50 value.  Determination of the dynamic viscosity of silicate solutions with the
falling 10 sphere viscosimeter The dynamic viscosity of water glass is determined with the falling
sphere viscosimeter (Floppier Viscosimeter, from Thermo Haake). 15 Procedure The water glass
(approx. 45 cm3) is poured bubble-free into the falling tube of the falling sphere viscosimeter (Thermo
Haake, Falling Sphere Viscosimeter C) to below the end of the tube and then the sphere (Thermo
Haake, set of spheres type 800-0182, Sphere 203, &ensity 5K = 8.116 g/cm3, diameter dK = 15.599
mm, sphere-specific constant K = 0.09010 mPa*s*cma3/q) is inserted. The viscosimeter temperature is

adjustedraedaratdlya by angasistios @il atingiieinesiaplalboide w2RQ 08461 Betere thentact
measur i h r thoroughly mixing the water glass. After
a 15-miﬁ%@ﬁﬁﬁ?ﬁ@%ﬁiﬁ%@gﬁt @é&ﬁr%}ég{%g %@XSEB rgln%a e %#13:‘1;% h?(g: esal%%lc\éﬁ? ’1@8 position
defined éj‘fﬁ WY SMHEANSEURRRCRIP QSR R e SRTRRE e MRMOMPHRRIHOIEOIhe sphere is
brought teattieldtarting positperédedhet ingaserapenatuidedimnest fieafatingdihsotighatee measurement

sectipn ' [ ' - r {4 | the
botttgom %%%ﬁ_ac%?fg@g?dgg :OIOQ L;h? %@%ﬁ%ﬁ?jﬂ %%@%ﬁ%@%ﬁ:@?% ﬁlﬁ“ﬂfﬁ%@? %%@&r as a line
to the obSer8HHE HEAHRERER L ‘WI%HH E%hottom edge of the sphere reaches the lower
annular mark B, which must also appear as a line. By turning the measuring element through 180
again, thecsphengydronelackriadheipding sosteR el LM BRE vAHRENAREATYrement
nother By e g S 5 R e O SR wheests
caltlatéF HBhPIHE FHABRTRARSe BHhBS FaRvEP=KippRIe)iNg aBI Sstionaby fetast UCH®05010
mPa*s*@ifisim Spiueedemsigin® K rieild Ggfsm3 Densibp b male giass howa if géenea i travel time of
the sphetR.ctdes, and optionally at least one reactor 2 upstream of reactor 1, said reactor 2

serving for calcining and/or reduction of silicon oxide with at least one or more sources

of carbon, are lined with high-purity refractory material, in particular with high-purity

15 silicon carbide or high-purity graphite. Preferably lining with silicon-infiltrated silicon

carbide and/or with graphite-containing and/or silicon carbide-containing carbon fibres is

also possible. Alternatively it may be preferable for the silicon carbide to be of high

purity and substantially free from carbon that is not bound in the silicon carbide.

20 A sandwich construction with at least two layers is also preferable for all parts of the
device that are operated at high temperatures, or are heated indirectly, for example by
hot process gases, with the sandwich construction for example for a feed line, discharge
line or a connector being lined internally with a first layer (7) of high-purity refractory
material, in particular with high-purity silicon carbide or high-purity graphite, and having

25 another outer layer (6), which acts as insulating and/or diffusion barrier against
impurities, and optionally outside of the aforementioned layer has a mechanically stable
outermost layer (8).

According to the invention the high-purity refractory material is silicon carbide, silicon-

30 infiltrated silicon carbide, graphite, each optionally reinforced with graphite fibres and/or
carbon fibres. The total content of impurities, such as boron, phosphorus, aluminium,
iron is in particular below 100 wt.-ppm, preferably below 10 wi.-ppm. High-purity
refractory material according to the invention has the impurity profile defined at the
beginning or the purity defined above for pure to high-purity silicon carbide or high-purity

35 graphite. The impurities can be determined by ICP-MS, spectral analysis or resistance
measurement.



to an accuracy of one decimal place. 100 mPa*s corresponds to 1 poise. Determination of the
conductivity of the washing medium 15For determination of the electrical conductivity of an aqueous
suspension of silicon dioxide - or the electrical conductivity of a substantially Si02-free wash liquid - the
aqueous suspension/wash liquid is carried out at room temperature on the basis of DIN EN ISO
787-14. 20 Determination of flow velocity The flow velocity is determined using the volume flowmeter
P-670-M from the company POE-Group with water flow probe. The probe is positioned in a region of
the reactor that is defined width-wise by the reactor_semi-radius 5 cm and height-wise by the surface
of the feed/precipitation suspension to 10 cm below fhe surface of the feed/precipitation 25suspension.
Read the instructions for the instrument. Determination of content of impurities: Description of the
method for determination of trace elements in silica by high-resolution inductively coupled

plasm rasaABESIgmeUM (BN FRMS: et 19 4831 iSROUA0AGBOROERAN piphl gl sampe

materialtr}%)eanrgccusr}acg of 1 mgin a PFA beaker. Add 1 g mannitol solution (approx. 1%) and 25-3
hydrofluoric %mﬁ?%pgrosxe.%O%). After swirling briefly, heat the PFA beaker on a heating block to 110C,

so that the silicon 35contained in the sample as hexafluorosilicic acid and the excess hydrofluoric acid

f‘lo&my evapaate 2@@5@@&(@@% éymfme&;m gﬂiéiﬁ,qct%&ﬁﬁp@@%?{@)%g@&tﬁgaqﬁtgpps of 83t
ydroge ide sol. I 0) for abou ur and, make up to with ultrapure water.
For dete_lar‘:TE_%?‘?]%?tfiEogl1 __trac@gglgg%]r%)éﬁ&%go%@?nI%FF .E%Hﬁ?r%?ﬁ]?ﬁgv(? @Hﬁggﬁ%ﬂ 8LGRitions, transfer
each to APGREsVIEAE ADIHB o Gal iy preiseling Treugh thryahall wedmacsardaed and
make ugdmbGidmitivdilitte ritiictord (aprean B¥hdRieddsqtiomishtirsestersaaplersaldiigns at
various (Wi eEbR <Rk RIANUABUNRRPUL ATk S RIHERIRL UhaTheh ROk Mt hade
during measurement or in ?am le preparation. It is in prlnC|1p e also possible to work w?t‘ justone
sarjnople é%?u‘ﬁ@?% gases ieaving at the bottom of reactor 1 can be led through the fluidized

bed and thus contribute to heating of the silicon oxide and of the sources of carbon.

Preferred complete method for the nroduction of silicon

15 According o a general embodiment of the present invention, the method of reduction of
purified silicon dioxide can be carried out as foliows in a general process line.

Starting from for example purchased silicate solutions water glass, if the silicate
solutions are not already of sufficient purity, purification of the silicate solution can be

20  carried out. This can for example take place, in a first step, by diluting the silicate
solution with deionized water or distilled water, separating solid constituents by usual
filtration techniques, which are known by a person skilled in the art.

The diluted and filtered silicate solution can, in a special variant of the present method
25 for separation of phosphorus, be led over an ion-exchange column with molybdenum
salts. Alternatively a suitably diluted silicate solution can also be purified by a method of
EP 05004 467 B1 to a stable aqueous silica sol. The silica sol thus obtained must be
completely dissolved again before further acid precipitation and then undergoes
precipitation according to the invention in an acidifying agent.
30
Since every additional process step means additional expense, the method according to
the invention will preferably start from usual purchased silicate solutions and the
additional steps described previously can preferably be carried out when a sufficiently
clean silicate solution is not available or it is prepared by dissolving contaminated silicon
35 dioxides.



From multielement stock solutions (¢ = 10 mg/l), containing all the elements to be analysed except
indium, four calibration solutions are prepared (c = 0.1; 0.5; 1.0; 5.0 pg/l), once again with addition of
0.1 ml indium solution (¢ = 0.1 mg/l) to 10 ml final volume. In addition, blank-value solutions are
prepared with 0.1 ml indium solution (c = 150.1 mg/l) to 10 ml final volume. The contents of elements
in the blank-value, calibration and sample solutions are quantified by high-resolution inductively
coupled mass spectrometry (HR-ICPMS) and by external calibration. Measurement is effected with a
mass resolution (m/Am) of min. 20 4000 or 10000 fgr the elements potassium, arsenic and selenium.
The following examples will explain the present invé/ition in more detail but do not limit it in any way.
25 Comparative Example 1 Based on example 1 in WO 20071106860 Al, 397.6 g water glass (27.2
wit.% Si02rang8hannstiiNa2B) nese mhixan vitte A5A2:d grdeidhiz edivedtes ot hie ol e dilvatienglass was
then passed through a column with inside diameter of 41 mm and length of 540 mm, 30 filled with 700

ml (500g.dry.weight) of Amperlite IRA 743 in water, After 13.5 min, a pH value of over 10 was
measurg%%aﬂgcﬁugrirl%éo& )é't(,joeséstﬁgf L)’/C q};?&hﬁ‘gf ﬁ%ceae}ﬁesﬂﬁég]%hpé(r ESS '?@@B%%Q&%ﬁ?ﬁ? h the
column. WV%mple of a total of 981 g purified water glass, taken between the 50th and 74th minute,
wassused for the subsequent tests. 35 84 Table 1 below: Table 1: Contaminant Content in Water

glass befaradpnRXANEeE AR IRRS QMR PLEXELAPR AU PRI A 3 %t teast
portion of this silicon oxide, at least partially in the moist state, and optionally a thermal
black and siloxanes are added as binders. The pasty mixture obtained is formed for
example in an extruder and undergoes at least partial drying.

The briguettes obtained can then be pyrolysed, to obtain a source of pure carbon with
active carbon. The pyrolysed carbon (active carbon) is added to the subsequent
process for the production of silicon to improve the thermal and/or electrical
conductivity.

15 Another portion of the briquettes can be pyrolysed and calcined, to produce silicon
carbide-containing briquettes. These silicon carbide-containing briquettes are added to
the processes according to the invention later to reduce the proportion of carbon
monoxide in the actual reduction step to pure silicon. Other functions of the silicon
carbide are as an activator, a reaction accelerator and for improving conductivity,

20
For reduction of the purified silicon dioxide, preferably briquettes containing the purified
silicon dioxide, thermal black and/or sugar and briquettes from the aforementioned
pyrolysis and/or briquettes that have undergone pyrolysis and calcining are reduced to
pure silicon in an arc furnace at about 1800°C. The gas loading of the process with

25  carbon monoxide can be controlled directly by means of the addition of the content of
silicon carbide. According to the invention, the reaction is preferably carried out in an
arc furnace with a reactor of the stated sandwich construction, the inner lining of which
is of high-purity silicon carbide. The electrodes used are preferably segmented silicon-
infiltrated silicon carbide electrodes containing carbon fibre. Fused silicon can be

30 discharged at the metal tap-hole, and can if required undergo directional solidification.
The silicon obtained had the required purity for solar-grade silicon.

The device according to the invention and the reactor according to the invention are
explained below, without limiting the invention to these embodiments.

35
Thus, Fig. 7 shows a preferred embodiment of the reactor aceording to the invention,



Boron ppm <1 < 1 Calcium ppm 3 3 Iron ppm 8 7 Nickel ppm < 0.3 < 0.3 Phosphorus ppm <10 < 10
Titanium ppm
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List of reference symbols:

0 reactor

1 reaction space

2 slag hole

3 metal tap-hole

4 waste gas/gas outlet

5 electrode bushing

6 diffusion barrier, in particular with superinsulation (outermost layer)
7 reactor space lining (first layer)

8 reactor body carrier (mechanically stable outermost layer)
9 reactor cover

10 electrode

11 tilting hydraulics

A reactor according to the invention 0, in particular as an arc furnace, has a reaction
space 1, into which the electrodes 10 project through the electrode bushing 5 in the
reactor cover 9. Preferably the reactor has several electrodes, in particular three
electrodes 10. These electrodes 10 can be segmented, to permit continuous feed from
outside of the reactor 0. To allow the process gases that form, such as carbon
monoxide, to escape, the reactor has a gas outlet 4. Preferably underneath the reactor,
a separate hydraulic tilting system 11 is provided, which permits reactor 0 to be tilted so
that the slag that forms is discharged through the slag hole 2. The fused silicon
produced is discharged continuously or discontinuously from the reaction space 1 via
the metal tap-hole 3. The insulating and/or diffusion barrier (6) preferably comprises a
glass body, which is silvered toward the reaction space. The glass body (8) is especially
preferably made of high-purity quartz glass and/or is provided with an infrared-reflecting
layer toward the interior of the reactor. Preferably the glass body has a vacuum inside,
in particular a superinsulation, which is for example produced chemically. Toward the
reactor interior, the diffusion barrier (6, outermost layer) is provided with high-purity
siticon carbide or high-purity graphite, or also with suitably pure silicon carbide and/or
pure graphite, as reactor space lining (7). The reactor space lining forms the first layer
(7). Toimprove the economics of reactor operation and therefore increase the life of the
reactor space lining, the latter is segmented. The individual segments of the first layer
(7) can be joined together detachably, by a groove/spring principle. The reactor 0 can
be filled continuously or discontinuously. For discontinuous filling, the reactor cover 9



8 2 Zinc ppm <1 <1 Total for all measured elements ppm 66 57.5 5 The data in Table 1 show that the
step described in WO 2007/106860 Al as important in the purification of water glass on Amperlite IRA
743 with commercially available water glass does not show any marked purification effect and only
brings about a slight improvement in the case of the titanium content. 10 The purified water glass was
processed further, as in Example 5 in WO 2007/106860 Al, to Si02. For this, 700g of the water glass
was acidified with 10% sulphuric acid in a 2000 ml round-bottom flask, with stirring. The initial pH value
was 11.26. After adding 110g of sulphuric acid, the gel point was reached at pH 7.62, and 100g of
deionized water was added to restore the Stll‘lﬁblhtﬁgf the suspension. After adding a total of 1139
15sulphuric acid, a pH value of 6.9 was reached, and it was stirred for 10 minutes at this pH value.
Then it wesnfitteregbwith. & Buchnendonsedpithtidiametercelcis0omib d peopiesksrigbtaingasinamyery
poor filterapHity, After washing five times, with 500 ml deionized water each time, the conductivity was
140 pS/cm. The filter cake obtained was dried for 2.5 days at 105C in a circulating-air drying cabinet,
obtaining 25.4 g of 20dry product. The analytical results are given in Table 2. 85 Example 1
(accordingh®thmiingrekan 1808y paite thans {21 2 otdya Bif 2caihe: THOZMiIbSoiNaR:ahd70.1 g of

50%ssodiim dydiexigR SRIERR MRS RHHESR 409Ripikguartz-glass round-bottom flask with two-neck

Methods of measurement:

Determination of the pH value of the precipitation suspension
10 The method, based on DIN EN IS0 787-9, is used for determining the pH value of an
aqueous suspension of silicon dioxide or the pH value of a substantially SiQ»-free wash

liquid.

Before carrying out the pH measurement, the pH meter (from Knick, type: 766 pH-Meter
15 Calimatic with temperature sensor) and the pH electrode (single-rod measuring cascade
from Schott, type N7680) are to be calibrated using the buffer solutions at 20°C. The
calibration function is o be selected such that the two buffer solutions used include the
expected pH value of the sample (buffer solutions with pH 4.00 and 7.00, pH 7.00 and
pH 9.00 and if necessary pH 7.00 and 12.00).
20
in steps a) and d) of the precipitation process for the production of purified silicon
dioxide, determination of the pH value is carried out at 20°C. In step ¢ of this method,
the measurement is carried out at the respective temperature of the reaction solution.
For measurement of the pH value, the electrode is first rinsed with deionized water, then
25  with some of the suspension, and is then dipped in the suspension. When the pH-meter
indicates a constant value, the pH value is read off from the display.

Determination of average particle size dso of the high-purity silicon dioxide for
particle sizes less than 70 ym with the laser diffraction instrument Coulter LS 230

30
Description:
The application of laser diffraction according to the Fraunhofer model for determination
of particle sizes is based on the phenomenon that particles scatter monochromatic light
with different intensity pattern in all directions. This scatter depends on the particle size.
35 The smaller the particles, the larger the scatter ang_!_gs.



5adapter, ball condenser, Liebig condenser (each made of borosilicate glass) and 500 ml graduated
cylinder - for collecting the distillate. The sodium hydroxide solution was added to give an increased
Na20 content in the concentrated water glass. The solution was covered with nitrogen to prevent
reaction with carbon dioxide from the air and was then heated to boiling using a heating mantle. After
256 ml water had been distilled off, -10the Liebig condenser was replaced with a stopper and boiling
was continued under reflux for a further 200 min. Then the concentrated water glass was cooled under
a nitrogen atmosphere to room temperature and left to stand overnight. 1569 g of concentrated water
glass with a viscosity of 537 mPa*s (i.e. 5.37 poise)3as obtained. 15 2513 g of 16.3% sulphuric acid
and 16.1g of 35% hydrogen peroxide were put at room temperature in a 4000-ml quartz-glass
two-neckeghitasiwath precision glass stirrer and dropping funnel (each made of borosilicate glass).

Within 3 min, 100 mI of th evious ared once ed wa S (9.8 wt.% Na2Q, 30.9 wt.%
S|I02I der%ty f@ o/ Was aasc?eod\éwfp RSS! r{'HH?ﬂi o (%Iﬁré %%f?ar%%‘d"ﬁé|6\/\\/"frﬂ%2o
temperat‘ﬂf?eﬁaﬁﬁg ﬁeééﬁcﬁw%%ﬁa mﬁdﬁfﬁg@@ﬁmlﬂmhfﬂ@wmén@u%e%@smmm was
stirred fméu&b@%&&nlmmmy theselisohtainesonasielt tﬂé@%r&dﬁ/@&!@éﬁé@egw fecanting

off the s I It of eion z.ed w ter a d>5 96%

sulp urléé%u to t&(f?e%l B@Wiﬂ% stirrin rﬂ%g]tk@esesug) ecnaélgr? 1\}/vcc';bs hed e rggmt%? l%%Ild was left
to settle &I %%H@@HH%%@%%@M@ Sﬁﬁ%q/\‘iﬁghﬁ@eﬁﬁoﬁ&éwﬁ’@ réﬁféﬁlé@ﬂﬁl‘ﬂeﬁ?@
supernaifnepnbsbed artietteewstyr slightyekbascolgrativhat heaitoveswasieshrepeated)yanth 500 ml
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ecanted off and the
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ComparaiivenidAscaiday dadnewneationaitascBthe BXampiohEreaniitsd Akminium ppm
measurement.
Before the measurement, it is necessary to establish whether measurement will be with
or without PIDS. To start measurement, select "Measurement" "Measuring cycle”.
15
a) Measurement without PIDS
Measurement time is 60 seconds, waiting time 0 seconds. Then the calculation model
forming the basis of laser diffraction is selected. Basically, a background measurement
is carried out automatically before each measurement. After the background
20 measurement, put the sample in the measuring cell, until a concentration of 8 to 12% is
reached. This is reported by the program, with "OK" appearing at the top. Finally, click
on "Ready". The program now carries out all necessary steps itseif and, following the
measurement cycle, generates a particle size distribution of the test sample.

25 b} Measurement with PIDS
Measurements with PIDS are carried out when the expected particle size distribution is
in the submicron range.
Measurement time is 90 seconds, waiting time 0. Then the calculation model forming
the basis of laser diffraction is selected. Basically, a background measurement is

30  carried out automatically before each measurement. After the background
measurement, put the sample in the measuring cell, until a concentration of at least
45% is reached. This is reported by the program, with "OK" appearing at the top.
Finally, click on "Ready". The program now carries out all necessary steps itself and,
following the measurement cycle, generates a particle size distribution of the test

35 sample.
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Determination of average particle size dso of the "douaghnut”-shaped or "toadstool
cap”-shaped nroducts

100 representative particles are selected and the diameter of each particie [is
measured] under a light microscope. As the particles can be of irregular shape, the
diameter is determined at the point with the largest diameter. The mean value of all
particle diameters determined corresponds fo the dsy value.

Determination of the dynamic viscosity of silicate solutions with the failing

sphere viscosimeter

The dynamic viscosity of water glass is determined with the falling sphere viscosimeter
(Hoppler Viscosimeter, from Thermo Haake).

Procedure

The water glass (approx. 45 cm®) is poured bubble-free into the falling tube of the faliing
sphere viscosimeter (Thermo Haake, Falling Sphere Viscosimeter C) to below the end
of the tube and then the sphere (Thermo Haake, set of spheres type 800-0182, Sphere
3, density 8k = 8.116 g/cm®, diameter dx = 15.599 mm, sphere-specific constant K =
0.09010 mPa*s*cm®/g) is inserted. The viscosimeter temperature is adjusted accurately,
by means of a circulating thermostat (Jalubo 4) to 20+0.03°C. Before the measurement,
the sphere is passed once through the tube for thoroughly mixing the water glass. After
a 15-minute pause, the first measurement begins.

The measuring element locks in the 10° position defined at the base of the instrument.
By turning the measuring element through 180°, the sphere is brought to the starting
position for the measurement. The time 1t for falling through the measurement section A-
B is determined with a stopwatch. The start of the measurement time begins when the
bottom edge of the sphere touches the upper annular sighting mark A, which must
appear as a line to the observer. The measurement time ends when the bottom edge of
the sphere reaches the lower annular mark B, which must also appear as a line. By
turning the measuring element through 180° again, the sphere drops back fo the
starting position. After a 15-minute pause, a second measurement as described is
carried out. Repeatability is verified if the measured values do not differ from one
another by more than 0.5%.



Titanium PPm 57 0.4 Zinc ppm <3 0.1 Sodium PPm 6800 0.5 Potassium PPm 34 0.3 Total for all
measured elements ppm < 7837.3 <2.6 The results in Table 2 show that the silicon dioxide obtained
in the comparative example does indeed - as disclosed in WO 2007/106860 Al - have a low boron and
phosphorus content, but the other impurities are so high that the silicon dioxide is not suitable as

82

The dynamic viscosity of the water glass (nwe.) in mPa*s is calculated from the
numerical vaiue equation

NwaL=K* (Bk-Owar )t

5
Sphere constant: K= 0.09010 mPa*s*cm®/g
Sphere density: x=8.116g/cm’
Density of water glass: &we in glom®
t= travel time of the sphere, s
10

to an accuracy of one decimal place.
100 mPa’s corresponds to 1 poise.

Determination of the conductivity of the washing medium

15 For determination of the electrical conductivity of an agueous suspension of silicon
dioxide — or the electrical conductivity of a substantially SiC,-free wash liquid — the
aqueous suspension/wash liquid is carried out at room temperature on the basis of DIN
ENISQ 787-14.

20  Determination of flow velocity
The flow veiocity is determined using the volume flowmeter P-670-M from the company
PCE-Group with water flow probe. The probe is positioned in a region of the reactor that
is defined width-wise by the reactor semi-radius + 5 cm and height-wise by the surface
of the feed/precipitation suspension to 10 cm below the surface of the feed/precipitation
25 suspension. Read the instructions for the instrument.

Determination of content of impurities:
Description of the method for determination of trace elements in silica by high-resolution
inductively coupled plasma-mass spectrometry (HR-ICPMS) (similar to test report

30 A080007580)

Weigh 1-5 g of sample material to an accuracy of + 1 mg in a PFA beaker. Add 1 g
mannitof solution (approx. 1%) and 25-30 g hydrofluoric acid (approx. 50%). After
swirling briefly, heat the PFA beaker on a heating block to 110°C, so that the silicon

35 contained in the sample as hexafluorosilicic acid and the excess hydrofluoric acid slowly
evaporate. Dissolve the residue witt: 8.5 rnl nitric acid (approx. 65%) and a few drops of



5starting material for the production of solar-grade silicon. The silicon dioxide produced by the method
according to the invention has a total impurity content - for all measured elements - of only 2.6 ppm.
The levels of contamination with the critical elements for the production of solar-grade silicon are, as
10shown in Table 2, within an acceptable range. It can thus be seen that with the method according to
the invention - against the teaching of the prior art - it is possible to produce, without chelating agent or
the use of ion-exchange columns, from commercially available, concentrated water glass and
commercially available sulphuric acid, a silicon dioxide which, on the basis of its impurity profile, is
eminently suitable as 15a starting material for solar&tade silicon. Examples - Pyrolysis Comparative
Example 2 5 commercially available refined sugar was melted in a quartz glass under protective 20

gas and tehdweateioabowoleNC aphese. \vasgansisiesable feaming ehire (anetian Mixiwe, partially
escaplnqJ %53 (?V%qrematlon was also observed, and the pyrolysis 87 product adhered to the wall of
the reaction vesse Fig. 3a). Example 2 Commercially available refined sugar was mixed with
Si02(Sipernat(r) 100) in the weight 5ratio 20:1, melted and heated to about 800C 15. No caramel

formatiorr orasetdseivetiaond tn@of@@mmgrueptmr@(.)/@@mpdjﬂe ¢ontdininghpatBeiaisopitiolysis product
was pbialpaghondiabAdverianrausl sl el arhRre RSN TRNY (e nﬁ%ﬂu%t?@lue gifarLvessel. 10
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butifio foaming. A graphite- contalnlng, particulate pyrolysis product is obtained, which in particular
does noFadhensuitidhanwall siokiessiaatng (essed (g Blbttgnhisal misrogiaphiafithgpyrolysis
product Qo) EXAMRIE BRindium, four calibration solutions are prepared (¢ = 0.1; 0.5; 1.0:

5.0 ug/l), once again with addition of 0.1 mi indium solution (¢ = 0.1 mg/!) to 10 mi final

volume. In addition, blank-value solutions are prepared with 0.1 mi indium solution (c =

15 0.1 mg/l) to 10 ml final volume.

The contents of elements in the blank-value, calibration and sample solutions are

quantified by high-resolution inductively coupled mass spectrometry (HR-ICPMS) and

by external calibration. Measurement is effected with a mass resolution (m/Am) of min.
20 4000 or 10000 for the elements potassium, arsenic and selenium.

The following examples will explain the present invention in more detail but do not limit it
in any way.

25 Comparative Example 1

Based on example 1 in WO 2007/106860 A1, 397.6 g water glass (27.2 wt.% SiO, and
8.0 wt.% NapO) were mixed with 2542.4g deionized water. The diluted water glass was
then passed through a column with inside diameter of 41 mm and length of 540 mm,
30 filled with 700 mi (500g dry weight) of Amperlite IRA 743 in water. After 13.5 min, a pH
vaiue of over 10 was measured at column outlet, so that by this point of time the first
water glass had passed through the column. The sample of a total of 981 g purified
water glass, taken between the 50th and 74th minute, was used for the subsequent
fests.
35
The analytical data for the waterglass before and after purification are presented in



25The pyrolysis product is distributed on and presumably also in the pores of the Si02 particle. The
particulate structure is retained. Example 3b: Commercially available refined sugar was mixed with
Si02 (Sipernat0 100) at a weight 30 ratio of 5 to 1, melted and then heated first to about 800C and
then to about 1800C. Caramel formation is observed, but there is no foaming. A silicon carbide with
graphite components is obtained. Figs. 5 and 6 are micrographs of two samples of the calcined
product. Formation of silicon carbide was detected from XPS spectra and determination of the binding
energies. Furthermore, Si-0 structures were also detected. It was 35concluded from the metallic lustre
under a light microscope that there was formation ofgraphite. 88 Example 4: A fine-particulate
formulation of sugar, coated on Si02 particles, is reacted at elevated 5temperature in a rotary kiln with
Si02 sph&gsdar helatadistribution. For example produced by dissolving sugar in an aqueous silicic acid
solution with subsequent drying and if necessary homogenization. There was still residual moisture in
the system. About 1 kg of the formulation was used. The residence time in the rotary kiln depends on
dit of the fine-particulate 10formulation. The r tary kiln was equipped with a preheating
zone for GoyitertiresfdrmulationCtrgerthe |fovatalagiz sravelled Wg@@g@]@gggﬂgﬁi and calcining zone
with temperatures from 400C tg 1800C. T@gfé?élﬁ)%nce time ?1 % g(rylng step, pyrolysis and

ing step was about 17 hours. Throughout the process,the processgases hat formed, such as
steam and-CO,-could-berempved by sin from the 15rotary kiln. The $i02 used had a boron
content dfilesinthen 0.1 ppm, pismsphorus3df less than 0.1 pprafand an iron contént of less than about
0.2 ppmgHhs4ron content of t%ﬁygar was gdetermined prior to ﬁormulation at less than 0.5 ppm. 20
After pyrQlysis and calcining; the contents were-determined-agam, with-the-content of boron and
phosp%ﬁw@&m&%!gw 0.3 ppm,-and the irop-tantent had incregsed to 1 ppm. The

increaselidron content can onkyrre expldified by the product|coming in contact with through contact

with paytgekipe furnace that apgsrﬁontarrigaé%j <03
Phosphorus ppm <10 <10
Titanium ppm 8 2
Zinc ppm <1 <1
Total for all ppm 66 57.5
measured
elements

5 The data in Table 1 show that the step described in WO 2007/106860 A1 as important
in the purification of water glass on Amperlite IRA 743 with commercially available water
glass does not show any marked purification effect and only brings about a slight
improvement in the case of the titanium content.

10 The purified water glass was processed further, as in Example 5 in WO 2007/106860
A1, to SiOz. For this, 700g of the water glass was acidified with 10% sulphuric acid in a
2000 ml round-bottom flask, with stirring. The initial pH value was 11.26. After adding
110g of sulphuric acid, the gel point was reached at pH 7.62, and 100g of deionized
water was added fo restore the stirrability of the suspension. After adding a total of 1139

15 sulphuric acid, a pH value of 6.9 was reached, and it was stirred for 10 minutes at this
pH value. Then it was filtered with a Biichner funnel with diameter of 150 mm. The
product obtained had very poor filterability. After washing five times, with 500 ml
deionized water each time, the conductivity was 140 uS/cm. The filter cake obtained
was dried for 2.5 days at 105°C in a circulating-air drying cabinet, obtaining 25.4 g of

20 dry product. The analytical results are given in Table 2.



25with iron. Example 5: Example 4 was repeated, with a laboratory rotating-tube furnace being coated
30beforehand with high-purity silicon carbide. This was reacted at elevated temperature with Si02
spheres for heat distribution and a fine-particulate formulation containing sugar, coated on Si02
patrticles. For example prepared by dissolving sugar in an aqueous silicic acid solution with
subsequent drying and if necessary homogenization. There was still residual moisture in the system.
About 10 g of the formulation was used. 35 The residence time in the rotary kiln depends on the water
content of the fine-particulate formulatibn. The rotary kiln was equipped with a preheating zone for
drying the 89 formulation, then the formulation travéfled through a pyrolysis and calcining zone with
temperatures from 400C to 1800C. The residence time including the drying step, pyrolysis and

calciningestemywhs Bhatt drd hayies. fH dughetibile process, the process gases that formed, such as
steam and CO, could be removed by simple means from the 5rotary kiln. The Si02 used had a boron

content Qif less than 0.1 ppm, phos Qoru,s of less than 0.01 ppm and an iron content of less than about
0.2 ppm.'\gﬁggﬂﬁ’ﬁt@dﬁ@%&%ﬁ@% r e aBLAAY pridiaddandidioh aPfead%haadisnppm. 10
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6: A fine-particulate formulation of pyrolysed sugar on Si02-particles Is reacted at
elevated¥&mp %\({Ju%@'ﬁé are ?Lﬁ‘?’%g%%fnﬂnmb?oéfﬁwﬁlffgn{g'@pwgl%@@%ﬁﬁ?Qﬁa%oﬂ)‘l'gﬁar\é@%eforehand
by pyroly$ig @ thesivtasy: kilaraaapa i B Comfpotin thg obtire fitietc2Dpatticglats pyoyseldtformulation
\tﬁas usheﬂanméHWﬁa@NQG%@ﬁh@ Ciifg\féﬁﬂ@éﬁe%ﬁ@? Wzﬂ?ﬁ%?iﬂﬂ%?%ﬁ@’fgﬂmﬁg%ﬁ} aasily gscape

roug .are forme e particulate. structure of the Si articles, and i
withdrav%ﬁ%ﬁgﬁrr% %Egegreté%?t%in ép%%gg'ﬁh%%%é% _6” e%%%sé%ﬁgfe%%@%%ﬁﬁbaéﬁﬁ?@ g@é‘ﬂ%éjéff ‘and
higt purtfPdriSiGE MRS AR Ve fit RRfTHWIHE FealstBPBoRBDOE Theescritinicedvirdisperated with
1 to 12 keflufter thiurdmstitnn igh-phety sidaosmcarhidewasebiaingd Wil goaphitesesrenents, i.e.
in a carlpsgaHiXBs AR Y57AdAdEH RN FRMRRY O 65 S AN QR -1BARSRgrus of less than

concentrated water glass with a viscosity of 537 mPa*s (i.e. 5.37 poise) was obtained.

15 2513 g of 16.3% sulphuric acid and 16.1g of 35% hydrogen peroxide were put at room
temperature in a 4000-ml quartz-glass two-necked fiask with precision glass stirrer and
dropping funnel (each made of borosilicate glass). Within 3 min, 1000 m! of the
previously prepared concentrated water glass (9.8 wt.% Na2O, 30.9 wt.% SiO-, density
1.429 g/ml) was added dropwise, so that the pH vaiue remained below 1. The

20  temperature of the reaction mixture rose to 50°C and it turned a deep orange. The
suspension was stirred for a further 20 min and then the solid obtained was left to settle.

It was processed by decanting off the supernatant solution and adding a mixture of
500 ml deionized water and 50 ml of 96% sulphuric acid to the residue. While stirring,
25  the suspension was heated to boiling, the solid was left to settle and the supernatant
was again decanted. This washing process was repeated until the supernatant only had
an extremely slight yellow coloration. Then it was washed repeatedly with 500 m|
deionized water each time, until a pH value of the wash suspension of 5.5 was reached.
The conductivity of the wash suspension was now 3 yS/cm. The supernatant was
30  decanted off and the product obtained was dried overnight at 105°C in a circulating-air
drying cabinet. The analytical data for the product obtained are shown in Table 2 below:

Table 2

Contaminant Content in SiO; after Si0O; according to
i
| Comparative the invention after




300.15 ppm and an iron content of less than about 0.2 ppm. The iron content of the sugar was

determined prior to formulation at less than 0.7 ppm. After pyrolysis and calcining, the contents in the
silicon carbide were determined again and the content of boron and phosphorus was moreover less
than 0.17 ppm or less 35 than 0.15 ppm respectively, and moreover iron content was determined at
less than 0.7 ppm. 90 Example 7: Corresponding reaction of a pyrolysed formulation according to
Example 3 was carried 50ut in a microwave reactor. For this, about 0.1 kg of a dry, fine-particulate
formulation of pyrolysed sugar on SiO2-particles was reacted at frequencies above 1 gigawatt to silicon

carbide in a carbon matrix. The reaction time is dire2fly dependent on the power input and the

reactants. 10If reaction takes place starting from c
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®Manium ppm 57 0.4
Zinc ppm <3 0.1
Sodium ppm 6800 0.5
Potassium ppm 34 0.3
Total for all ppm <7837.3 <26
measured
elements
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15
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The results in Table 2 show that the silicon dioxide obtained in the comparative example
does indeed - as disclosed in WO 2007/106860 A1 ~ have a low boron and phosphorus
content, but the other impurities are so high that the silicon dioxide is not suitable as
starting material for the production of solar-grade silicon.

The silicon dioxide produced by the method according to the invention has a total
impurity content — for all measured elements - of only 2.6 ppm. The levels of
contamination with the critical elements for the production of solar-grade silicon are, as
shown in Table 2, within an acceptable range. It can thus be seen that with the method
according to the invention — against the teaching of the prior art — it is possible to
produce, without chelating agent or the use of ion-exchange columns, from
commercially available, concentrated water glass and commercially available suiphuric
acid, a silicon dioxide which, on the basis of its impurity profile, is eminently suitable as
a starting material for solar-grade silicon.

Examples - Pyrolysis
Comparative Example 2
o commercially available refined sugar was melted in a quartz glass under protective
gas and then heated to about 1600°C. There was considerable foaming of the reaction
mixture, partially-escaping — caramel formation was also observed, and the pyrolysis
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SiO2 (Aerosil OX 50) and C were reacted at a weight ratio of approx. 65:35 in the 30presence of SiC.
Procedure: an electric arc, which serves as the energy source, is struck in a known manner. Reaction
between Si02 and C begins insidiously. Gases evolved to be recognized. 1 wt.% of pulverulent SiC is
added, after a short time this leads to a marked increase in reaction, discernible from the occurrence
of luminous effects. After adding 35SiC, reaction continued for some time, with an intense, flickering
glow. The solid obtained on completion of the reaction was identified as silicon by SD/I-and EDX 91
analysis (energy-dispersive X-ray spectroscopy). Comparative Example 4 Si02 (Aerosil(r) OX 50) and
C were reacted in a tube as a 65:35 mixture at higf8Btemperature (> 1700C). The reaction barely
started, and there was no notable progress. No bright glow was observed. 92 Patent claims 1. Method

for the preddatioadHeruteisilivonvenmpriring teasadectien @f stigoggxide purified by precipitation from
agueous solution, preferably by precipitation of a 5silicon oxide dissolved in aqueous phase in an

acidifying agent, preferably a purified silicon dioxide, with one or more sources of pure carbon. 2.
Method %&%‘Fﬁ? 40 Claim 1, characterized in that 10the pH value during the precipitation in the

precipitaiomsuspénsiavisitdss thén| pueferakly lesethamni Si@siSpethat@efotably lessidightl, quite
espgcialiyefgrabhidred hianibatet Mehad: a0 €ing RS IRLNEIRIME AW observed,

and no foaming occurred. A graphite-containing, particulate pyrolysis product was

obtained, which advantageously did not adhere substantially to the wall of the reaction

vessel,
10 Exampiles: Pyrolysis and Caicining

Comparative Example 3;

Commercially available refined sugar was melted in a quartz giass and then heated to

about 1600°C. There is considerable foaming of the reaction mixture during heating and
15 some of it escapes from the quartz glass. At the same time, caramel formation is

observed. The pyrolysis product formed adheres to the wall of the reaction vessel (Fig.

3a).

Example 3a:

20  Commercially available refined sugar was mixed with SiO; (Sipernat® 100) at a weight
ratio of 1.25 to 1, melted and then heated to about 800°C. Caramel formation is
observed, but no foaming. A graphite-containing, particulate pyrolysis product is
obtained, which in particular does not adhere to the wall of the reaction vessel (Fig. 3b).
Fig. 4 is a micrograph of the pyrolysis product from Example 3a.

25  The pyrolysis product is distributed on and presumably also in the pores of the SiO;
particle. The particulate structure is retained.

Example 3b:
Commercially available refined sugar was mixed with SiO, (Sipernat® 100) at a weight
30 ratio of 5 to 1, melted and then heated first to about 800°C and then to about 1800°C.
Caramel formation is observed, buit there is no foaming. A silicon carbide with graphite
components is obtained. Figs. 5 and 6 are micrographs of two samples of the calcined
product. Formation of silicon carbide was detected from XPS spectra and determination
of the binding energies. Furthermore, Si-O structures were also detected. It was
35 concluded from the metallic lustre under a light microscope that there was formation of
graphite. '



15characterized in that the source of pure carbon or one of the sources of carbon comprises an
organic compound of natural origin, a carbohydrate, graphite, coke, coal, carbon black, thermal black,
unpyrolysed carbohydrate, in particular pyrolysed sugar, preferably in that a high-purity carbohydrate
or high-purity pyrolysed carbohydrate is used as the 20carbon source or as one of the carbon sources
is used in at least one method step of the complete method. 4. Method according to one of Claims 1 to
3, characterized in that 25carbon is obtained by pyrolysis of carbohydrates in a component step of the
method, using Si02, especially a silicon dioxide purified by acidic precipitation, as an antifoaming
agent in the pyrolysis. 5. Method according to one &fClaims 1 to 4, 30characterized in that high-purity
silicon carbide is prepared from silicon dioxide and carbohydrates in a component step of the method,
and this silicon carbide is preferably used for one or more of the following purposes: 35a) for lining
reactor C@Qﬁ?ﬂ%?é“@- b) for producing electrodes for the blast_ fl_Jrnace_p_roc_ess 93c)asa c_arbon
source for the feaction with the silicon dioxide purified by acidic precipitation d) as a reaction
accelerator for the reaction of another carbon source with the silicon dioxide purified by acidic
precipitafidiné&-Gafilattaid freartitigriabnegef Glamteiloto SiCEhpsagtesizad indbrid at silispinaxide,

Db S B By siioon.
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optionall§rsiitaeeassialey Anthoptoirtiosilitbrrandss still residual moisture in the system. About

1 kg of the formulation was used.
The residence time in the rotary kiln depends on the water content of the fine-particulate

10 formulation. The rotary kiln was equipped with a preheating zone for drying the
formulation, then the formulation travelled through a pyrolysis and calcining zone with
temperatures from 400°C to 1800°C. The residence time including the drying step,
pyrolysis and calcining step was about 17 hours. Throughout the process, the process
gases that formed, such as steam and CO, could be removed by simple means from the

15 rotary kiln.

The SiOz used had a boron content of less than 0.1 ppm, phosphorus of less than
0.1 ppm and an fron content of less than about 0.2 ppm. The iron content of the sugar
was determined prior to formulation at less than 0.5 ppm.
20
After pyrolysis and calcining, the contents were determined again, with the content of
boron and phosphorus being determined at below 0.1 ppm, and the iron content had
increased to 1 ppm. The increased iron content can only be explained by the product
coming in contact with through contact with parts of the furnace that are contaminated
25  with iron.

Example 5:

Example 4 was repeated, with a laboratory rotating-tube furnace being coated

30 beforehand with high-purity silicon carbide. This was reacted at elevated temperature
with Si0; spheres for heat distribution and a fine-particulate formulation containing
sugar, coated on SiO; particles. For example prepared by dissolving sugar in an
aqueous silicic acid solution with subsequent drying and if necessary homogenization,
There was still residual moisture in the system. About 10 g of the formulation was used.

35 The residence time in the rotary kiln depends on the water content of the fine-particulate
formulation. The rotary kiln was equipped with a preheating zone for drying the



b) in a formulation comprising the purified silicon oxide and optionally silicon carbide and optionally
silicon and/or 15c) in a formulation comprising at least one source of pure carbon and optionally silicon
carbide and optionally silicon, and the respective formulations optionally contain binders. 7. Method
according to one of Claims 1 to 6, 20characterized in that the reduction of the purified silicon oxide
with one or more sources of pure carbon takes place in an arc furnace, in a thermal reactor, in an
induction furnace, rotary kiln and/or in a microwave furnace. 258. Method according to one of Claims 1
to 7, characterized in that the reduction of the purified silicon oxide with one or more sources of pure
carbon takes place in a reaction space lined with hléﬂ -purity refractories and optionally the electrodes
used consist of high-purity material. 30 9. Method according to one of Claims Ito 8, characterized in
that moltEmrputetisiictimeis tbtmt&i:rned;laﬂm’nhrapéoealtyﬁsmiﬁq@fuﬁb@mmeim@iﬂg@w@; _ _
Formulafipiolor BRITLUIRL o4 the RINARAc oG ANRA! (RITR LR G R hiadized In that

|saformulat| n.according to the alternatives ') g)an /or ¢), and compri esa ap con oxide

together%’ﬁﬂ VR 20¢ SHRCUNRLAIER RS 2R ﬁlﬂ)B’ﬁwTri'HﬁﬂVShﬁHé ec@?‘%?@@%ﬁﬁ%ﬁf%‘?ﬁaﬂﬁl silicon,
5b) a pugasiiednedtidenaddwptioasbyesilicanddhldeand betienaiiesilicosinglat tesst o hesaikee of
pure;carpga@neiqptionally silicon carbide and optionally silicon

The Si0; used had a boron content of less than 0.1 ppm, phosphorus of less than
0.1 ppm and an iron content of less than about 0.2 ppm. The iron content of the sugar
was determined prior to formulation at less than 0.5 ppm.

i
<

After pyrolysis and calcining, the contents were determined again and the content of
boron and phosphorus was determined as less than 0.1 ppm, and moreover the iron
content was less than 0.5 ppm.

15 Example 6:

A fine-particulate formulation of pyrolysed sugar on SiO,-particles is reacted at elevated
temperature in an arc furnace. The formulation of pyrolysed sugar was prepared
beforehand by pyrolysis in the rotary kiln at about 800°C. About 1 kg of the fine-
20 particulate pyrolysed formulation was used.
During the reaction in the arc furnace, the process gas CO that forms can easily escape
through the interstices that are formed by the particulate structure of the SiO- particles,
and is withdrawn from the reaction space. The electrodes used were high-purity
graphite electrodes, and high-purity graphite was also used for lining the reactor bottom.
25  The arc furnace was operated with 1 to 12 kW.
After the reaction, high-purity silicon carbide was obtained with graphite components,
L.e. in a carbon matrix.

The 8i0; used had a boron content of less than 0.17 ppm, phosphorus of less than
30 0.15 ppm and an iron content of less than about 0.2 ppm. The iron content of the sugar
was determined prior to formulation at less than 0.7 ppm.

After pyrolysis and calcining, the contents in the silicon carbide were determined again
and the content of boron and phosphorus was moreover less than 0.17 ppm or less

35 than 0.15 ppm respectively, and moreover iron content was determined at less than
0.7 ppm.



and the respective formulation optionally contains a binder. 1011. Reactor and/or electrodes, in
particular for use with industrial furnaces, such as induction, direct-current and/or alternating-current
furnaces, characterized in that the reactor has silicon carbide or silicon-infiltrated silicon carbide
electrodes and/or in that the electrodes contain silicon carbide or silicon-infiltrated silicon carbide, the
15silicon carbide or silicon-infiltrated silicon carbide preferably being obtained by the method
according to Claim 5, 12. Reactor (0), preferably according to Claim 11, characterized in that 20at
least the reaction space (1) of the reactor or of the reactors (0) for melting and optionally for reduction,
in particular of silicon oxide with at least one or mofésources of carbon, has a metal tap-hole (3) and
optionally a slag hole (2) has a sandwich construction with at least two layers,  and the reaction
space (1) or the reactor is lined internally with a first layer (7) of 25high-purity refractory material, in
particuIaE%%ngrypurity silicon carbide or high- purity graphite, - an outermost layer (6), which acts
as an insulating and/or diffusion barrier against impurities, in particular at high temperatures, and
optionally has on the outside a mechanically stable outermost layer (8). 30 13. Device, in particular for
the prodGetiozspbsifiten;aitiientetiaeyiolyhat formulation according to Example 3 was carried

5 outin a microwave reactor. For this, about 0.1 kg of a dry, fine-particulate formulation of
pyrolysed sugar on SiOq-particles was reacted at frequencies above 1 gigawatt to
silicon carbide in a carbon matrix. The reaction time is directly dependent on the power
input and the reactants.

10 if reaction takes place starting from carbohydrates and SiO; particies, the reaction times
are correspondingly longer.

Example 8

16 Si0, (Aerosil® OX 50) and C (graphite) were reacted at a weight ratio of approx. 75:25
in the presence of SiC.
Procedure: an electric arc, which serves as the energy source, is struck in the known
manner. The reaction starts insidiously with the evolution of gaseous compounds
between SiOz and C. Then 1 wt.% of pulverulent SiC is added. After a very short time, a

20  very marked increase in reaction can be observed from the occurrence of luminous
phenomena. After that, the reaction continued aiter addition of SiC with an intense,
bright orange-coloured glow (approx. 1000°C). The solid obtained on completion of the
reaction was identified as silicon on the basis of its typically dark-brown colour (M. J,
Mulligan et al. Trans. Soc. Can. [3] 21 HI [1927] 263/4; Gmelin 15, Part B p. 1 [1959))

25  and by scanning electron microscopy {SEM).

Example 9

Si0, (Aerosil® OX 50) and C were reacted at a weight ratio of approx. 65:35 in the
30 presence of SIC.
rocedure: an electric arc, which serves as the energy source, is struck in a known
manner. Reaction between SiO; and C begins insidiously. Gases evolved to be
recognized. 1 wt.% of pulverulent SiC is added, after a short time this leads to a marked
increase in reaction, discernible from the occurrence of luminous effects. After adding
35  SiC, reaction continued for some time, with an intense, flickering glow. The solid
obtained on completion of the reaction was ideniified as silicon by SEMFand EDX



it comprises at least one reactor 1 for melting and optionally for reduction, in particular of silicon oxide
with at least one or more sources of carbon, with a metal 35tap-hole and optionally a slag hole, in
particular according to Claim 10 or 11 and in particular with electrodes according to Claim 10, and
optionally has at least one 95 reactor 2 upstream of the reactor 1, the reactor 2 serving for calcining
and/or reduction, in particular of silicon oxide with at least one or more sources of carbon. 14. Device
according to Claim 13 5characterized in that the reactor 1, the reactor 2, the electrodes, ancillary
components of the device, connectors and/or pipework that are operated at high temperatures or are
heated indirectly, are lined with high-purity refractor§material, in particular with high-purity silicon
carbide or high-purity graphite. 10 15. Use of at least one silicon oxide containing impurities for the
producticihafsitcamaromarisiagstue ﬁolﬂgy\/gwgtmopy)_ [) conversion of the silicon oxide containing
impurities to a silicate dissolved in 15aqueous phase, Il) addition of the silicate dissolved in aqueous
phase, to an aqueous, acid solution, with the impurities remaining in solution, and a precipitate of
purified SiRGParstive Bosmmird, 1) the silicon oxide thus obtained is reacted in the presence
of at leasiGng Aemsi® QUS6Arasdadensantkdaticnallyeysaddif 3 oh aiuastatairyh to silicon.

5 temperature (> 1700°C). The reaction barely started, and there was no notable
progress. No bright glow was observed.
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Patent claims

1. Method for the production of pure silicon comprising the reduction of silicon
oxide purified by precipitation from aqueous solution, preferably by precipitation of a
silicon oxide dissolved in agueous phase in an acidifying agent, preferably a purified
silicon dioxide, with one or more sources of pure carbon.

2. Method accerding to Claim 1,

characterized in that

the pH value during the precipitation in the precipitation suspension is less than 2,
preferably less than 1.5, especially preferably less than 1, quite especially
preferably tess than 0.5.

3. Method according to either of Claims 1 and 2,

characterized in that

the source of pure carbon or one of the sources of carbon comprises an organic
compound of natural origin, a carbohydrate, graphite, coke, coal, carbon black,
thermal biack, unpyrolysed carbohydrate, in particular pyrolysed sugar, preferably in
that a high-purity carbohydrate or high-purity pyrolysed carbohydrate is used as the
carbon source or as one of the carbon sources is used in at least one method step
of the complete method.

4. Method according to one of Claims 1 to 3,

characterized in that

carbon is obtained by pyrolysis of carbohydrates in a component step of the
method, using SiO», especially a silicon dioxide purified by acidic precipitation, as
an antifoaming agent in the pyrolysis.

3. Method according to one of Claims 1 to 4,

characterized in that

high-purity silicon carbide is prepared from silicon dioxide and carbohydrates in a
component step of the method, and this silicon carbide is preferably used for one or
more of the following purposes:

a) for lining reactor components
b} for producing electrodes for the blast furnace process
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c) as a carbon source for the reaction with the silicon dioxide purified by acidic
precipitation

d) as a reaction accelerator for the reaction of another carbon source with the
silicon dioxide purified by acidic precipitation.

6. Method according to one of Claims 1 to 5,

characterized in that

silicon oxide, preferably silicon dioxide, purified by precipitation is present together

with at least one source of pure carbon and optionally a silicon carbide, preferably

high-purity silicon carbide and optionally silicon,

a) in a formulation comprising the purified silicon oxide and at least one source of
pure carbon and optionally silicon carbide and optionally silicon and/or

b) in aformulation comprising the purified silicon oxide and optionally silicon
carbide and optionally silicon and/or

c) in a formulation comprising at least one source of pure carbon and optionally
silicon carbide and optionally silicon,

and the respective formulations optionally contain binders.

7. Method according to one of Claims 1 1o 6,

characterized in that

the reduction of the purified silicon oxide with one or more sources of pure carbon
takes place in an arc furnace, in a thermal reactor, in an induction furnace, rotary
kiln and/or in a microwave furnace.

8. Method according to one of Claims 1to 7,

characterized in that

the reduction of the purified silicon oxide with one or more sources of pure carbon
takes place in a reaction space lined with high-purity refractories and optionally the
electrodes used consist of high-purity material.

9. Method according to one of Claims 1 to 8,
characterized in that
molten pure silicon is obtained, which optionally is purified further by zone melting.

10. Formulation,
in particular for the metiiod according to one of Claims 110 8,
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characterized in that

it is a formulation according to the alternatives a), b) and/or ¢), and comprises

a) a pure silicon oxide together with at least one source of pure carbon and
optionally a silicon carbide and optionally silicon,

b) a pure silicon oxide and optionally silicon carbide and optionally silicon,

c) atleast one source of pure carbon and optionally silicon carbide

and optionally silicon

and the respective formulation optionally contains a binder.

11. Reactor and/or electrodes, in particular for use with industrial furnaces, such as
induction, direct-current and/or alternating-current furnaces,

characterized in that

the reactor has silicon carbide or silicon-infiltrated silicon carbide electrodes and/or
in that the electrodes contain silicon carbide or silicon-infiltrated silicon carbide, the
silicon carbide or silicon-infiltrated silicon carbide preferabiy being obtained by the
method according fo Claim 5.

12. Reactor (0}, preferably according to Claim 11,

characterized in that

at least the reaction space (1) of the reactor or of the reactors (0) for melting and

optionally for reduction, in particuiar of silicon oxide with at least one or more

sources of carbon, has a metal tap-hole (3) and optionally a slag hole (2)

- has a sandwich construction with at least two layers,

- and the reaction space (1) or the reactor is lined internally with a first layer (7) of
high-purity refractory material, in particular with high-purity silicon carbide or high-
purity graphite,

- an outermost layer (8), which acts as an insulating and/or diffusion barrier against
impurities, in particular at high temperatures, and

- optionally has on the outside a mechanically stable outermost layer (8).

13. Device, in particular for the production of silicon,

characterized in that

it comprises at least one reactor 1 for melting and optionally for reduction, in
particular of silicon oxide with at least one or more sources of carbon, with a metal
tap-hole and optionally a slag hole, in particular according to Claim 10 or 11 and in
particular with electrodes according to Claim 10; and optionally has at least one
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reactor 2 upstream of the reactor 1, the reactor 2 serving for calcining and/or
reduction, in particular of silicon oxide with at least one or more sources of carbon.

14. Device according to Claim 13

characterized in that

the reactor 1, the reactor 2, the electrodes, ancillary components of the device,
connectors and/or pipework that are operated at high temperatures or are heated
indirectly, are lined with high-purity refractory material, in particular with high-purity
silicon carbide or high-purity graphite.

15. Use of at least one silicon oxide containing impurities for the production of

silicon,

comprising the following steps,

f} conversion of the silicon oxide containing impurities to a silicate dissolved in
agueous phase,

It) addition of the silicate dissolved in aqueous phase, to an aqueous, acid
solution, with the impurities remaining in solution, and a precipitate of purified
silicon dioxide is obtained,

It} the silicon oxide thus obtained is reacted in the presence of at ieast one or more
sources of carbon, and optionally by addition of an activator, to silicon.



