Novel process for producing silicon The present invention relates to an

i nproved process for producing silicon, preferably solar silicon, using
novel hi glwe 2b1srdary gr aphi t e noul di ngs, especi al |y gr apbirter2ebecissodes,
and to an industrial process for production thereof. The production of
solar silicon fromsilicon dioxide and carbon at high tenperature is known.
This process is 10 preferably perfornmed in a light arc furnace with
graphite el ectrodes. Since the solar silicon nust have a very high purity,
the el ectrodes or other furnace constituents nust not introduce any
inmpurities into the silicon nelt. In addition to the el ectrodes, many ot her
constituents of the furnace are 15 therefore al so produced from graphite.
The main constituent of graphite electrodes is typically petrol eum coke,
which is produced fromdistillation residues frommneral oil. In addition,
graphite, coke fromh oal 20 and carbon b] ack e al so used. The

bi nders used are pit %%efd?r%$§%sp RhoPTPRLTHRT aFtt- e ural resins. The

fillers are m xed vigorously and honmogeneously with the binders and shaped
to green bodies in extruders or in isostatic presses. This is followed by
the cal Bhnapiorent tmecyteen boliess wie heexthusdord 25refedxyfen at
tenperat ures of 600- 1200C, an h|t| ation |n the te eratyu range of
1800- 30%5%& in ?hSl%:%)%cr)%’e ot g\%lg lIzl Seop"iljrl lll “the'materia j|i(ra;k(1:lral%1ses
cond depabl yy Syheeh vt ¢ tivahl yimd, |@@p@¢ia:esye<y1a@pmat@ elbet psopey tiws of
the el ectrode are determ ned by: WD 2011/ 057947PCT/ EP2010/ 066833 2 the
raw mate?ial sefetteteliPECeShel AR PAFEFE @ sFBRT4°Pr oporti ons t hereof in

the formulation, the type, the amount and the state of the binder,

the heating rates and tenperatures in the course of 5cal cination and

gr aphi tTzatpornduct hen i opreghat | ®nl ofon her el €1 hedoand: gx apghi 2n¢ed

naterlaégrbon at high temperature is known. This process is

10 preferably performed in a light arc furnace with graphite

electrodes. Since the solar silicon must have a very high
purity, the electrodes or other furnace constituents must not
introduce any impurities into the silicon melt. In addition to
the electrodes, many other constituents of the furnace are

15 therefore also produced from graphite.

The main constituent of graphite electrodes is typically
petroleum coke, which is produced from distillation residues
from mineral oil. In addition, graphite, coke from hard coal
20 and carbon black are also used. The binders used are pitches,
or else phenol resins and furfural resins. The fillers are
mixed vigorously and homogeneously with the binders and shaped
to green bodies in extruders or in isostatic presses. This is
followed by the calcination of the green bodies with exclusion
25 of oxygen at temperatures of 600-1200°C, and graphitization in
the temperature range of 1800-3000°C, in the course of which
the purity of the material increases considerably since
virtually all impurities evaporate. The properties of the

electrode are determined by:

30



In addition to the el ectrode material, a reducing agent is 10 required in
the production of solar silicon fromsilicon dioxide. For this purpose, the
use of sugenroamsaareduci ng agent with a | ow proporti on eCrierpuvniotésss (US
4,294,811, WD 2007/106860) or as a bimader (US 4,247,528) is known. The
sugar is pyrolysed in situ in the furnace or in a preceding 15step. For

i nstance, US 5,882,726 discloses a process for preparing a carbon-carbon
conposition wherein a pyrolysis of a lownelting sugar is carried out. 20
GB 733 376 discloses a process for purifying a sugar solution and for
pyrolysis at 300 to 400C. Li kew se known is the pyrolysis of sugar at
hi gh tenperature 25 in order to obtain an el ectron-conductive substance (WO
2005/ 051840). In the industrial scale pyrolysis of carbohydrates, however,
there can be problens resulting fromcaranelization and foam WO

2011/ 057947P /EP2010/0668§? 3_formatiaon, which can consi.derabl.y disrupt
the conduct “afd "FUnAPHG - FEL15FGEEes * - Fr ﬁé?etﬁggefﬁ?gl ol €t Tof the

present i nventd ot 0oh dPrQves St the processnd 04t pypduci ng silicon by
reduction of silicon dioxide with carbon. A specific object was to inprove

t he appar at #&echarPaet éliespiresinsuchct hae shé teosts ther iReleproduct i on of the
i gh Ut LY SEPALALYSCONIULY UBH S oreauiiad 21 g | aver e but e Trpur ties

are at the same tine St the sane Tevel as inthe known
prodesses. |dawasna: fan thed spechfticzobject to devel op novel materials for

hi gh- purity apparatus constituents and a process for production thereof.
15 Further Obffecf®IRIIEH 18F e “Hot-1St £PF 1ERP! PEt 19 &Fe tevicdent

materials.

In addition to the electrode material, a reducing agent is
10 regquired in the production of solar silicon from silicon

dioxide. For this purpose, the use of sugar as a reducing

agent with a low proportion of impurities (US 4,294,811,

WO 2007/106860) or as a binder (US 4,247,528) 1s known. The

sugar is pyrolysed in situ in the furnace or in a preceding

15 step.

For instance, US 5,882,726 discloses a process for preparing a
carbon-carbon composition wherein a pyrolysis of a low-melting
sugar is carried out.

20
GB 733 376 discloses a process for purifying a sugar solution

and for pyrolysis at 300 to 400°C.

Likewise known is the pyrolysis of sugar at high temperature
25 in order to obtain an electron-conductive substance

(WO 2005/051840) .

In the industrial scale pyrolysis of carbohydrates, however,

there can be problems resulting from caramelization and foam



fromthe overall context of the description, exanples and clains which

fol | ow These objects are achieved in accordance with the invention 20
accor di ngvoaotins7get ails in the clains, the descripti onpeminrpkohobdsens and
t he exanples. It has thus been found 8hat, surprisingly, pyrolysis of

car bohydrates can give carbon materials fromwhich high-purity 25 graphite
nmoul di ngs for furnaces, especially light arc furnaces, can be obtai ned.
Car bohydrates, preferably sugars as starting material have the advantage
that they are obtainable virtually anywhere in the 30 world in sufficient
anounts with nearly the sanme purity. In W 2011/ 057947PCT/ EP2010/ 066833 4
addition, sugar by its nature has very |ow contam nation by boron and
phosphorus. Therefore, the purification conplexity of the reactants is
reduced significantly conpared to the reactants used in the prior art.
Finally, sugar is very 5 inexpensive raw material which, as conpared with
fossi | § AP Hat @t aFBLCR TR rGURDF GO SHRI W 1F1 Hor of oF - SUUCSLTHT be

avai | ablenhmmsubfichent-apospts in the future. In a specific enbodiment,

t he carbohydrate, preferably the 10 sugar, is pyrolysed in the presence of
a silicon oxide, preferably Si02, especially precipitated silica and/or
fumed sili Ll i e | t he
sili coni %x‘?%séa%%%érfe%séesgﬁh%% Bam ?%?%?P%ﬁ %1?%&&%%@9@?&@@%%?& and
hend&e athé noltstssal £pr ocessud ong pyt 0l ysh sbilSrefucar bohyflr at esce@an now be
operated. in a sipple and econom cally viable manner w thout troubl esone

f oam f ot hef+Sh. "Eut t et ot e, £ a5kttt ¢ orPi FCtaf ahet ¢ ZatP o0 fas @l so

obser veg,h 04 hes Perd pLPBOLEs 0f -4 hey P ocess according to-the.invention. 20
It has also been found that, in the pyrolysis of carbohydrates in the

pr esencerofusilieont okieesigpreferabl yrsititon dboxideyent pyrotysied product
(al so referred fo herel natler, as. pyrolvsate) s, obtgined,  whigh, can be
processed further i na 25 particut arty ad%an?ageous manner to %rap?nite
moulodi ngs, 1 paef erlabdl yarge aphvé e £4 ech rogeskn I spaddos slss graphivie £1 ect r odes
doped with silicon oxides, preferably silicon dioxide, and/or silicon

car bi defU¥itabutPHet htC bt ota Paret el B Ve hebr yorthesS appf i th#its are of

the vieyuthey 4fi5aS0:SOPLOGE POULASs | Mnr &7 SEEDLL 8! 4 PTPRbL QD phn STl T con i
thereof.

15 Further objects which are not stated explicitly are evident
from the overall context of the description, examples and

claims which follow.

These objects are achieved in accordance with the invention
20 according to the details in the claims, the description which

follows and the examples.

It has thus been found that, surprisingly, pyrolysis of
carbohydrates can give carbon materials from which high-purity
25 graphite mouldings for furnaces, especially light arc

furnaces, can be obtained.

Carbohydrates, preferably sugars as starting material have the
advantage that they are obtainable virtually anywhere in the

30 world in sufficient amounts with nearly the same purity. In



WD 2011/ 057947PCT/ EP2010/ 066833 5 nmelt of the light arc furnace over the
formation of silicon carbide, and thus enabling achi evenent of a higher
yi el d of wol2oois7addi tionally having a higher purity. 5pChaErpriesessss
invention therefore provides a process for producing silicon, preferably
solar silicon, by reduction of silicon dioxide wth carbon, characterized
inthat it is performed in a light arc furnace and in that at |east parts
of the furnace or of the electrodes are produced froma graphite 10
material which is in turn obtained froma carbon material which is obtained
by pyrolysis of at |east one carbohydrate, preferably at |east one sugar.
The remai ning portions of the graphite noul di ngs may consi st 15 of the
materials used customarily for production of such parts; these materials
are preferably in highly pure form such that the graphite noul di ngs

referab ave the spectrum of urities defj ned bel ow, 20. Th resent
P vent i T e oS BurhetT Hin T RE dEs GRetr | bt e pat. ehar Ber ol ved

in thatpdhen PYEQ! MsbspRbrtdie TREBORYEE At end Splﬁ)ﬁffi)&é@ijoﬂl ncéhe ok esence of
at least one silicon oxide. 25 The present invention al so provides graphite

moul di g5, tipe eferabiyt frous dw@sc@fﬁ %l@mgﬁ;cmtlymm@re%m preferably
graph'tﬁe%g&ﬁ{gdﬁ g CNIarag §£f§95 aH‘;Z, Q&%&»Cbe n, doped W th
oxi de, ! or

silicon oxi pre erably siTicon n a pafrticul ar
enbadi nemt xpéhesee ar &w hhghe plal tyhi MO 204 14 Ob7OAJPGT] BP20104 066833 6 5
graphi te nou| di ngs, which have the follown rofile of urities: a.

al uni ni BT TES3!§ hah® of SReiRP L 0P B pph | p?]%?% BFS "[’:)Je%@ve%‘hngl P and 0 0001

ppt . especi al iy bet yeens 8; ppon angh 0u0091; pptnprefenabl y between 0.8 ppm and
0. 0001 ppt, nore

In a specific embodiment, the carbohydrate, preferably the
10 sugar, is pyrolysed in the presence of a silicon oxide,
preferably Si0,, especially precipitated silica and/or fumed
silica and/or silica gel. One advantage of this process is
that the silicon oxide suppresses the foam formation effect in
the pyrolysis, and hence an industrial process for pyrolysis
15 of carbohydrates can now be operated in a simple and

economically viable manner without troublesome foam formation.

Furthermore, a reduction in caramelization was also observed
in the performance of the process according to the invention.
20
It has also been found that, in the pyrolysis of carbohydrates
in the presence of silicon oxides, preferably silicon dioxide,
a pyrolysis product (also referred to hereinafter as
pyrolysate) is obtained, which can be processed further in a
25 particularly advantageous manner to graphite mouldings,
preferably graphite electrodes. This affords graphite
electrodes doped with silicon oxides, preferably silicon
dioxide, and/or silicon carbide. Without being bound to a
particular theory, the applicants are of the view that the

30 doping results in preferential formation of silicon in the



preferably between 0.6 ppm and 0.0001 ppt, even better between 0.1 ppm and
0. 0001 ppt, nost preferably between 0.01 ppm and 0. 0001 ppt, even greater
pref erenceoleimg7u® given to from 1l ppb to 0.0001 ppt; PCh/EP2i10/066333 €SS
than 10 ppmto 0.0001 ppt,especially sn the range from5 ppmto 0.0001 ppt,
preferably in the range from3 ppmto 0.0001 ppt or nore preferably in the

range from 10 ppb to 0.0001 ppt,even nore preferably in the 15

range from

1 ppb to 0.0001 ppt; c¢. <calciumless than or equal to 2 ppm preferably

bet ween 2 ppm and 0.0001 ppt, especially between 0.3 ppm and

0. 0001

ppt, preferably between 0.01 ppm and 0. 0001 ppt,

10

15

20

25

melt of the light arc furnace over the formation of silicon
carbide, and thus enabling achievement of a higher yield of

silicon additionally having a higher purity.

The present invention therefore provides a process for
producing silicon, preferably solar silicon, by reduction of
silicon dioxide with carbon, characterized in that it is
performed in a light arc furnace and in that at least parts of
the furnace or of the electrodes are produced from a graphite
material which is in turn obtained from a carbon material
which is obtained by pyrolysis of at least one carbohydrate,

preferably at least one sugar.

The remaining portions of the graphite mouldings may consist
of the materials used customarily for production of such
parts; these materials are preferably in highly pure form,
such that the graphite mouldings preferably have the spectrum

of impurities defined below.

The present invention likewise provides the process described
above, but characterized in that the pyrolysis of the
carbohydrate is performed in the presence of at least one

silicon oxide.

The present invention also provides graphite mouldings,
preferably mouldings of a light arc furnace, more preferably
graphite electrodes, characterized in that, they have been
doped with silicon oxides, preferably silicon dioxide, and/or

SiC. In a particular embodiment, these are high-purity



nore preferably between 1 ppb and 0.0001 ppt; 20 d. iron less than or
equal to 20 ppm preferably between 10 ppm and 0. 0001 ppt, especially
bet ween Ow6 2ppimsagad 0. 0001 ppt, preferably between 0. 0Obpcpmre@naod339001
ppt, nore preferably between 0.01 ppnsand 0. 0001 ppt, and nost preferably
from1l ppb to 0.0001 ppt; 25 e. nickel less than or equal to 10 ppm
preferably between 5 ppm and 0. 0001 ppt, especially between 0.5 ppm and
0. 0001 ppt, preferably between 0.1 ppm and 0. 0001 ppt, nore

graphite mouldings, which have the following profile of

impurities:

a. aluminium less than or equal to 5 ppm, preferably between
5 5 ppm and 0.0001 ppt, especially between 3 ppm and
0.0001 ppt, preferably between 0.8 ppm and 0.0001 ppt, more
preferably between 0.6 ppm and 0.0001 ppt, even better
between 0.1 ppm and 0.0001 ppt, most preferably between
0.01 ppm and 0.0001 ppt, even greater preference being
10 given to from 1 ppb to 0.0001 ppt;

b. boron less than 10 ppm to 0.0001 ppt, especially in the
range from 5 ppm to 0.0001 ppt, preferably in the range
from 3 ppm to 0.0001 ppt or more preferably in the range
from 10 ppb to 0.0001 ppt, even more preferably in the

15 range from 1 ppb to 0.0001 ppt;

c. calcium less than or equal to 2 ppm, preferably between
2 ppm and 0.0001 ppt, especially between 0.3 ppm and
0.0001 ppt, preferably between 0.01 ppm and 0.0001 ppt,
more preferably between 1 ppb and 0.0001 ppt:

20 d. 1iron less than or equal to 20 ppm, preferably between
10 ppm and 0.0001 ppt, especially between 0.6 ppm and
0.0001 ppt, preferably between 0.05 ppm and 0.0001 ppt,
more preferably between 0.01 ppm and 0.0001 ppt, and most
preferably from 1 ppb to 0.0001 ppt;

25 e. nickel less than or equal to 10 ppm, preferably between
5 ppm and 0.0001 ppt, especially between 0.5 ppm and
0.0001 ppt, preferably between 0.1 ppm and 0.0001 ppt, more
preferably between 0.01 ppm and 0.0001 ppt, and most
preferably between 1 ppb and 0.0001 ppt;

30 f. phosphorus less than 10 ppm to 0.0001 ppt, preferably



preferably between 0.01 ppm and 0.0001 ppt,and nost preferably between 1
ppb and 0.0001 ppt; 30 f. phosphorus less than 10 ppmto 0.0001

ppt, pr ef ewalby/0sW@72011/ 057947PCT/ EP2010/ 066833 7 bet weenTAEPp@0ioessd3 0. 0001
ppt, especially fromless than 3 ppmto 0.0001 ppt, preferably between 10
ppb and 0.0001 ppt and nost preferably between 1 ppb and 0.0001 ppt; 5
gtitaniumless than or equal to 2 ppm preferably fromless than or equal
to 1 ppmto 0.0001 ppt, especially between 0.6 ppm and 0. 0001 ppt,
preferably between 0.1 ppm and 0.0001 ppt, nore preferably between 0.01 ppm
and 0.0001 ppt, and nost preferably between 1 ppb and 100. 0001 ppt; h. zinc
| ess than or equal to 3 ppm preferably fromless than or equal to 1 ppmto
0. 0001 ppt, especially between 0.3 ppm and 0.0001 ppt, preferably between
0.1 ppm and 0.0001 ppt, nore preferably between 0.01 ppm and 0.0001 ppt,

and nost 15preferably betwe and 0. 0001 ur ties can be
oo ned DE Gt Gs o Yot SEE o PP A0C e bl LIRS AT, 2

(i nductively SOHPL &) SPEEL NOFE! NyrerdBSS] sRect ot 1y/ opti£ah el ectron 20
spectronetry) and AAS (atom c absorption spectroscopy). The inventive

graphite | &0 Wy seipk efed abd it Havef arztat Y dofwear bbrekd &idi con (cal cul ated
as silicon &I@&dpeg QT 400: 0.1 to 0.4:1000, nore preferably of 400:0.4 to
4:10; even nore

9 g. titanium less than or equal to 2 ppm, preferably from less

than or equal to 1 ppm to 0.0001 ppt, especially between
0.6 ppm and 0.0001 ppt, preferably between 0.1 ppm and
0.0001 ppt, more preferably between 0.01 ppm and

0.0001 ppt, and most preferably between 1 ppb and

10 0.0001 ppt;

h. =zinc less than or equal to 3 ppm, preferably from less than
or equal to 1 ppm to 0.0001 ppt, especially between 0.3 ppm
and 0.0001 ppt, preferably between 0.1 ppm and 0.0001 ppt,
more preferably between 0.01 ppm and 0.0001 ppt, and most

15 preferably between 1 ppb and 0.0001 ppm.

Impurities can be determined, for example - but not
exclusively - by means of ICP-MS/OES (inductively coupled
spectrometry - mass spectrometry/optical electron

20 spectrometry) and AAS (atomic absorption spectroscopy) .

The inventive graphite mouldings preferably have a ratio of

carbon to silicon (calculated as silicon dioxide) of 400:0.1

to 0.4:1000, more preferably of 400:0.4 to 4:10; even more
25 preferably of 400:2 to 4:1.3 and especially of 400:4 to 40:7.

The process according to the invention is notable more
particularly in that the graphite mouldings are produced from
a carbon material which has been obtained by pyrolysis of at

30 least one carbohydrate, preferably at least one sugar, the



25 preferably of 400:2 to 4:1.3 and especially of 400:4 to 40:7. The
process according to the invention is notable nore particularly in that the
graphi t e woubdiosgsi7ar e produced froma carbon material woir@Er2@®6d38EN

obtai ned by pyrolysis of at 30 | east ®ne carbohydrate, preferably at | east
one sugar, the WD 2011/057947PCT/ EP2010/ 066833 8 pyrolysis in preferred
variants having been perfornmed in the presence of at |east one silicon

oxi de. The process according to the invention allows the pyrolysis of 5 the
carbohydrate to be perforned at very |low tenperatures. Thus, it is

advant ageous, since it is particularly energy-saving (lowtenperature
node), in the process according to the invention to |ower the pyrolysis
tenperature of 1600C to 1700C to bel ow 800C. For instance, the process
according to 10 the invention in a first preferred enbodi nent, is operated

r ef er abl t a tenperature of 250C to 800C, re preferabl at 300 to
BOOC. | ovEhC 167 65 pr Rl BF ShT b &t %50t 10-700¢Y il Bepaal 1Y Prar o abl§ at 400

to 600G dhis-Process isaexceptiopalbynenergy-efficient and additionally
has the 15 advantage that caranelization has reduced and the handling of

t he gaseous reaction products is facilitated. However, it is also possible

bet ween: 800 SACE 20 A5000 br £ pr ot oL ABTY- botuibbn 600 dnd HE00E Toven mor e
prefer abhy @irdOPItod 500 Gbanckespectd@l dy @k ri 000w t oedd®BC utds general , a

pyrol ysis groduct wi th a higher grgﬁhite content |s obtained, which reduces
or elimmatestt heS sHOSEYLRATOeXpehthi tTr et b7 RRetYrapht tY Z28F6%Y 25 The

processg agcok di NGyt Gebherd DYLOLHOR] 5 Advant agegusly perdofimd underc
protective gas and/or reduced pressure (vacuum). For instance, the process

accor di hgveotidre taveereéontihs muvahy ageoushyepetfioe netl kE0&° pressure of 1
nhar to, 1o bar 30(anblent, pressure) eppeci al Lo of d-d Qs 10-008%: ng VB,
10 the invention in a first preferred embodiment, is operated
preferably at a temperature of 250°C to 800°C, more preferably
at 300 to 800°C, even more preferably at 350 to 700°C and
especially preferably at 400 to 600°C. This process 1is
exceptionally energy-efficient and additionally has the
15 advantage that caramelization has reduced and the handling of

the gaseous reaction products is facilitated.

However, it is also possible in principle, in a second
preferred embodiment, to perform the reaction between 800 and
20 1700°C, more preferably between 900 and 1600°C, even more
preferably at 1000 to 1500°C and especially at 1000 to 1400°C.
In general, a pyrolysis product with a higher graphite content
is obtained, which reduces or eliminates the subsequent
expenditure for the graphitization.
25
The process according to the invention is advantageously
performed under protective gas and/or reduced pressure
(vacuum) . For instance, the process according to the invention
is advantageously performed at a pressure of 1 mbar to 1 bar

30 (ambient pressure), especially of 1 to 10 mbar.



9 Appropriately, the pyrolysis apparatus used is dried before comencenent
of pyrolysis and purged to virtually free it of oxygen by purging with an
i nert gaswo=uolhosasi7ni trogen or argon or helium The dur acir@apab/opsssdl ysi s
in the process according 5 to the invention is generally between 1 m nute
and 48 hours, preferably between 1/4 hour and 18 hours, especially between
1/2 hour and 12 hours at said pyrolysis tenperature; the heating tinme until
attai nment of the desired pyrolysis tenperature may additionally be within
the sane order of 10 nagnitude, especially between 1/4 hour and 8 hours.
The present process is generally perforned batchw se, but it can also be
performed continuously. A C based pyrolysis product obtained in accordance
with the 15 invention conprises charcoal, especially with proportions of
graphite and in the specific enbodi nent also with proportions of silicon

oxi de. The rolysis product optionally conprises proportions of other

car bon FORHEDT SHLR B CoReDYEMAYT 5° peRR A EaF O | §STOW§ it HHUr 1ETRES for
exanpl e SNPURESH Of o B, p Pro 205 A5 @l Ahrgdhecproftteaof vimpacitiessfor A,
B, Ca, Fe, Ni, P, Ti and Zn of the pyrolysis product nost preferably

cor r espoAdset oY hieu py iy | €l def ametn@bover$ orSthie g aphitedwpubdi mysen The
car bohydly 3l &) coIPORRNt g Lsed, Nk NS, P OGess Arcodipg, 10,25 108 & yenti on
are prereraply nobnosacc arldes, I .'e. aldoses or ket ses, SsucC as '’ 0ses,

t et boses, Pent bsesnt hexosesgehept DEeshe patdn cul mf hyt gl acdses amduf s uct ose,

but al so corresPonding oligg- and poI%saccharides based on sai d nononers,
such asPYaktodRly neptdee? Slerioer #aff1HosRULsSt o> F0°ame! Y use % ¢ 2w or

der i vati yes,dher 20§ 12 UpotOs Sharshia MO 2004/ 057947PCT/EP20104,066833 10

i ncludi ng anyl ose and anyl opectin, the glycogens, the glycosans and
fruct osladsting ot aereujust atfewpelysatchae i desired mvpatyscsl arly pure

pyrolysis product is required, t rocess _according to.the pnvention is
DY et BT Yo ROt 12 By S T Oha Ty BarT g The SYOTeneltt chba

carfigohyls gt esudy, actpeat BNy WSt ge@anl / DM exehanges , hour »hi The case t he
carbohydrate is dissolved in a sujtable solvent, advantageously water, nore
pr ef er abF §S et off 2@ Bri A0 Hepd Mkt vl Poeto WAt @roa palRei #y itUt htbugh a col um

filled With a0 LOPrEXEHRNGS,f £5LHus Py ef erably an anionic or cationic resin,

concentrating the resulting solution, for exanple by renoving sol vent
fractions by heating - especially under reduced pressure - and obtai ning

th drate thus. 15. i fied t ly i tall] f f
Rlpfept ot R T SIS e b we F S SR TS R
fracti ongsveeans @Smphi €bs i Aehteeaf) | 4588001 OV GEOH b &i8b REYi odhieo per son

skilled in the art is aware of various ion exchangers for renoval of

di f f er ef¥arlohse 32di 50 possi PPC QPR REIPle 2 bSeonheetPEORYUF @i @nt
nunber i ON: han S i i i - Si ity of
The sUgar Sof Lty on AT or HaE bl S Lo e T oot S by eahe of T bact
exchangerspohoeverofidthsr atstopostobhe, t ouehphoycotderameassr es known to
those skilled jn the art.in order to purify 25 the carbohydrate starting
it or i FSEE EANDF BE HEF o1 koL © b 1T oh S eI ST e, B F)

el egt r oghem gal1 purid i a8+ 0ne nBt hogdsur chi st @graphig, neihods, ni, p,

Ti and Zn of the pyrolysis product most preferably corresponds

to the profile defined above for the graphite mouldings.

The carbohydrate components used in the process according to
25 the invention are preferably monosaccharides, i.e. aldoses or
ketoses, such as trioses, tetroses, pentoses, hexosesg,
heptoses, particularly glucose and fructose, but also
corresponding oligo- and polysaccharides based on said
monomers, such as lactose, maltose, sucrose, raffinose - to

30 name just a few or derivatives thereof - up to starch,



WO 2011/ 057947PCT/ EP2010/ 066833 11 car bohydrate conponent in the process
according to the invention. Particular preference is given in the process
accor di ngvoaotins7e4mventi on to a crystalline sugar avail abir@Epeonoeesssomi cal |y
vi abl e anmbunts, as sugar as can be obtoai ned, for 5 exanple by
crystallization of a solution or a juice fromsugar cane or beet in a
manner known per se, i.e. conventional crystalline sugar, for exanple
refined sugar, preferably a crystalline sugar with the substance-specific
melting point/softening range and a nmean particle size of 1 mto 10 10 cm
nore preferably of 10 mto 1 cm especially of 100 mto 0.5 cm The
particle size can be determ ned, for exanple - but not exclusively - by
nmeans of screen analysis, TEM SEMor |ight mcroscopy. However, it is also
possi ble to use a carbohydrate in dissolved form for exanple - but not 15
exclusivelf -.in aqfﬁous solutiog, in mhich?cas the solvent admttedly
evapor at €S WOt oF Y 69E° r ApT dF Y)Y bEPor B At t B ANEhYCOTC T he Betual pyrol ysis

t emper agrw@@sé\mtam eferabbyand he pyolihe Phst npurdligsifoicMharBiea, Fe,
Ni, P, Ti and Zn of the carbohydrate conponent corresponds to the profile
defined 20 above for the graphite nouldings. Silicon oxide in the context

of the ese i i i ref i re = 0, o]
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cal cined, for exanple Aerosil(r) or Shgﬁrnat(r%, or a silica sol or gel,

por ous ordHeheedstYiREr yf B E%%r?%oﬁ P CHoraTt ZC YT RARRYF T pres, PYof exanpl e

l'ight guiderfdbr essiQyaLt z; gh asscib r, OfnMixidres, 0f @teleast two of the
af orenenti oned conponents. The 30 material is nost preferably a silicon

di oxi decarWh 2@1at 957947 PCT ER2O 104 066838t dl21¢ nse heeptocess according to
the i nvention reffrence IS given to_usin ilicon_dioxides having an

it er et SUr 1aeEo S B BT o 1 TG00 we) o Pbr & bt &1 &by of 10'to 500
Mg, espethatdyi bedfwdletp 400s 184 git Therdnyleraatodimspeci fée wurface area
can be determi ned for exanple by the BET nethod (DIN I SO 9277).
an ion exchange resin, preferably an anionic or cationic
resin, concentrating the resulting solution, for example by
removing solvent fractions by heating - especially under
reduced pressure - and obtaining the carbohydrate thus
15 purified advantageously in crystalline form, for example by
cooling the solution and then removing the crystalline
fractions, means of which include filtration or centrifuging.
The person skilled in the art is aware of various ion
exchangers for removal of different ions. It is possible in
20 principle to connect a sufficient number of ion exchanger
steps in series to achieve the desired purity of the sugar
solution. Alternatively to purification by means of ion
exchangers, however, it is also possible to employ other
measures known to those skilled in the art in order to purify
25 the carbohydrate starting materials. Examples here include:

addition of complexing agents, electrochemical purification

methods, chromatographic methods.

However, it is also possible to use a mixture of at least two

30 of the aforementioned carbohydrates as the carbohydrate or



Preference is given to using silicon dioxides having a nean particle size
of 10 nmto 1 nmm especially of 1 to 500 m 10 Here, too, neans of

det er mi niwg 20twospawrti cl e size include TEM (transel ect r orCHiEPL@B0O6§3Y) , SEM
(scanning el ectron mcroscopy) or light mcroscopy. The silicon oxide used
in the process according to the 15 invention advantageously has a high
(9999 to ultra-high (99.9999% purity, and the total content of inpurities,
such as conpounds of B, P, As and Al, shoul d advant ageously be 10 ppm by
wei ght, especiallyl ppm by weight. Especially preferably, the silicon

di oxi de used, for Al, B, Ca, Fe, N, 20 P, Ti and Zn has a profile of
inpurities which corresponds to the profile defined above for the graphite
nmoul dings. In the specific enbodi nent of the process according to the

i nvention carbohydrate can be used relative to defoaner, i.e. 25 silicon
oxi de conponent, calculated as, Si02, in a wight ratio of 1000:0.1 to

0. 1: 10007 HHEY Mot Ght CRBRPOEIDF  Har bishyRlf &t &° S oRpoRERt Y o 31 FECon oxi de
conmponent&ahi pf ef exabl yu ber agiaist echt® 80050ydnton lide PPEEPseferably to
500:1 to 100:13, nost preferably to 250:1 to 100:7. WD . .

2011/ 057947 PCTHEPR0 10719668331 1B0ThieC car pony e bt ene odpomentvablaphe in

car bohy C en ilic X1 ent , : fe ly be
pyr ol ys%%géﬁmbggmg%? ¥%?%P%r££§u§{érﬁ x%%r%?éggvégg?fggi%%i%ga %Igé%bsfs(?%l eto
subjbect et dep caribphyty at £1 0 z 4 hieom X us esefucasboby di ai €1 @ndf bosi $hgon oxi de

before the p roI%S|s,to a shapi ng ﬁrocess. For this purpose, all shaping
pr ocessedkn ot tHose BEiPFedFINE RS artScah: be epYoyet RSt t abl e

processgsys{ o exanphga bri eketiing,1 EXFEHSH O, s PELSSI PBe s AbL €)1 1T,
pel l etization, granulation and further processes known per se are 10

suf fi ci enr$yaivelhe ksiownr tol thoslee skib$ean¢stirecafic maloider to obtain

st abl e nopul di n it is possible, for exanple to add c rPoQXdrate sol uti on
a%01nt/s tenln% r ng@ and’a.,.mean particle /s17 of. 1] %o
or nol asses of "Tignosul phohate or "pentaliguor™ (waste Tiquor from

perfOaer yt hemf aho p& ostketdé O 1 Pro pol ymet €b specs) odspd ©f a BXanpt e1 pol ywi nyl
al cohol , 15 pol yet hyl ene oxi de, pol yacryl ate, pol yurethane, polyvinyl
acet at et ° st yt efie- btk adPehel C5¢ yf efe- @t yPat €St rat et | B2 exSXJrPHE xT ur es

ther eofpas Lbe Ok adet iy o1 of eropos. iss dbven:toohisiig b gh, pubut yshiingers. 20

The apparatus used for the pertormance of the pyrolysis step of the process
accor di hgolho therésweny i odhowmaysr f ort exanpl €0 besanbleaductisn-heat ed vacuum
reactor, i.n which case éhe rfag%0£ may pe constrfctg in stainless steel

Ton, 78"

and, witHPRGEIT TS theltBARETS coVRf e UPP 1T nedWr th°a suitabl e inert
subist anegs 11251 01y exampl gqhé ghs pssityi Sh C 18 dMNBch highe puiié tyo gwant z gl ass
or silica glass, high-purity carbon or graphite, ceramc.

admittedly evaporates more or less rapidly before attainment

of the actual pyrolysis temperature. Most preferably, the

profile of impurities for Al, B, Ca, Fe, Ni, P, Ti and Zn of

the carbohydrate component corresponds to the profile defined

20 above for the graphite mouldings.

Silicon oxide in the context of the present invention is
preferably Si0Ox where x = 0.5 to 2.5, preferably Si0O, SiOj,
silicon oxide (hydrate), aqueous or water-containing S$i0O;, in
25 the form of fumed or precipitated silica, moist, dry or
calcined, for example Aerosil® or Sipernat®, or a silica sol or
gel, porous or dense silica glass, quartz sand, quartz glass
fibres, for example light guide fibres, quartz glass beads, or
mixtures of at least two of the aforementioned components. The

30 material is most preferably a silicon dioxide.



However, it is also possible to use other suitable reaction vessels, for
exanpl e an induction furnace with a vacuum chanber to accommobdate a

corr esporaiongiwosasiyi on cruci ble or 30 trough. WO PCT/EP2010/066833

2011/ 057947PCT/ EP2010/ 066833 14 In general, the pyrolysis step of the
process according to the invention is perfornmed as follows: The reaction
interior and the reaction vessel are suitably 5 dried and purged with an
inert gas which nay be heated, for exanple to a tenperature between room
tenperature and 300C. Subsequently the carbohydrate or carbohydrate m xture
to be pyrolysed, or in the specific enbodinent additionally, the silicon
oxi de as a defoaner conponent, is introduced as a 10 powder or as a

nmoul ding into the reaction chanber or the reaction vessel of the pyrolysis
apparatus. The feedstocks can be m xed intimtely beforehand, degassed
under reduced pressure and transferred into the prepared reactor under
protective gas. The reactor nmay already be preheated slightly. 15
Subsequentiye phCcLEHPEEAEHE NG aNo bEnE U $n €ONE | NUOUIEL Ye OFc ST EPM SEnT O the
desired pyrolysis tenperature and the pressure can be reduced in order to
be abl et ougendvel t heoyadeoxsdeleclonposy t #onl prodiet ssestaps nyr¢a opt t he
reactio 1 Xtu . b api i . _Especj al .a.re 0 e
additio@'g}%éoég?ﬁﬁc%ﬁ’dﬁ%%%?5?$9$§é§ﬁ a%faggo%g %%Osﬁrégédigéé% %%ﬁ?y
avoibd fean d otored d @nmi hgt hehe eact ¢ oma M Xt useec Aftersttheayrotysi sameacti on
has ended, the pyrolysis product can be thernallg aftertreated for a

cert ai n°%i FelCHIVAME abebuet i ate LY ebperZf Tree FrOE neP Hnke® f foM 1000 to
1500C. 25 In general, this affords a pyrolysis product or a conposition

whi ch conpri ses high-purity carbon. WD 2011/ 057947PCT/ EP2010/ 066833 15

0. 4: 1000y e horene ef erabvyn of © 4091109 451 bidor1 01 exvede porev pref @raddy of 400: 2
to 4:1.3a£a{1dC gpgfég]ly 95 400E§ {om40:e7S égfg{?ingftf %Qe5€§a£hite cont ent
of the %yro?ysis prod%ct, 5% he pyrdpysi produc¥ can directly be processed
f urfitheryé ee jroudb dj NESaby Pf ogessesi knownche phosecskisled imciheartym or is

already in the formof npouldings in the case of shaping before the
pyr0|y5(§¥anselectron microscopy), SEM (scanning electron microscopy)

or light microscopy.

The silicon oxide used in the process according to the
15 invention advantageously has a high (99%) to ultra-high
(99.9999%) purity, and the total content of impurities, such
as compounds of B, P, As and Al, should advantageously be
< 10 ppm by weight, especially £ 1 ppm by weight. Especially
preferably, the silicon dioxide used, for Al, B, Ca, Fe, Ni,
20 P, Ti and Zn has a profile of impurities which corresponds to

the profile defined above for the graphite mouldings.

In the specific embodiment of the process according to the
invention carbohydrate can be used relative to defoamer, i.e.

25 silicon oxide component, calculated as Si0,, 1n a weight ratio
of 1000:0.1 to 0.1:1000. The weight ratio of carbohydrate
component to silicon oxide component can preferably be
adjusted to 800:0.4 to 1:1, more preferably to 500:1 to
100:13, most preferably to 250:1 to 100:7.

30



10 However, it may al so be necessary to performa graphitization step. This
step can |likew se be perfornmed by nethods known to those skilled in the
art. Prefwoablwyostdae pyrol ysis product, optionally togetirer/prito/oess3d bi nder
and/ or further conponents, is m xed vidgorously and honogeneously and
subjected to a shaping. It is possible to use all nethods specified above
for the production of the sugar noul dings. Preference is given to shaping
green bodies in extruders or in isostatic presses or in die presses or in
20 extrudate presses. According to the graphite content of the pyrolysis
product, there is an optional calcination of the green bodies with

excl usi on of oxygen at tenperatures of 600-1200C and/or an optional
graphitization in the tenperature range of 1800-3000C. 25 Suitable binders
are preferably those which are cokeable at tenperatures between 300 and

800C, for exanple al gi nates, cellul ose derivatives or other carbohydrates,
o ef er a1 MANGRSEIRART dECTARER e % (et oses Dot HESeete gaPaeTge arf or 30
mannos e 18dds 1 €0 T &f £iab ymobh gosaceharh dese su6hy ase SUEFO5@sed WO, _

2011/ 057947PCT/ EP2010/ 066833 16 mal t ose and/ or | actose, but al so pol yvi nyl

al coholpopdtyef hiyin epie dXi denipolyacryded et pol yur et hbde, Ppotiviaytoacet at e,
styrene; e - | at e I at ex 1 S ereof or
organos?‘l?%i%% %r?eefg%l%%%@;ﬁigg{g%vﬁl %%Qggﬁéﬂﬁé hégh?%%??%n{/é ‘inj{n&(;earl%(,@ i.e.

bi nder ssinhl e¢by dotdA heByrLashdepyNbl vy s Tio amdsinp hiay ep o s f | | Bo of
impurities which correSfonds to the grofile defined above for_ the graphite
moul di niget S 10X FRRSYr apht t P HOUI i MHRCPBSCToMT et bP Graphi Tt t°Antext ent

of 30 t0,d00% byaMebghimpiofeqt heuPYLOl ¥ShSopLoduct pepd-potobe fully
graphitized. The graphite noul dings as the carbon source conprise

excl usivel gkeheifal | gxorupaenl yoyeaphivi zedb pyt bhysiseptoducttibut it is

al so pogsiple. 10, add furtner. graphitized of 1o nop-grapnitized carbon
sources®Via the Bi nder or Via the Further conp&%ents. e further

com@onest Sf 1 bisn PI €f vs 8Dl yn conpPt b Sehate | easl1enei carhonasource sirdéerent
fromthe inventive pyrolysis product. This may conprise, for_exanple carbon
bl acks Bf @REF VAt etPeE? bBP b1 20ke VariantISdtothar £0hl SO REFI aht's, or

gr aphi t§<§d°&?ﬂ,{>ﬁ§5d£§£@°§oﬁ?@%‘n&'§ M £0s 2 eofoi‘i’&'ié%l&??ﬁﬁ% bp the

course of calc ion or In the course of graphitization o noul di ngs.
More prépeniabl yquat? Constét Lemtisr of rétheognagphi yeh moud di pgsdudorod , B, Ca,
Fe, N, P, Ti and %n have. a pr file of inpurities ifh
or’'polymer dispersion or example'polyvinyl alcohol,
15 polyethylene oxide, polyacrylate, polyurethane, polyvinyl
acetate, styrene-butadiene, styrene-acrylate, natural latex,
or mixtures thereof as the binder; preference is given to

using high-purity binders.

20 The apparatus used for the performance of the pyrolysis step
of the process according to the invention may, for example, be
an induction-heated wvacuum reactor, in which case the reactor
may be constructed in stainless steel and, with regard to the
reaction, 1is covered or lined with a suitable inert substance,

25 for example high-purity SiC, SisNs3, high-purity gquartz glass or
silica glass, high-purity carbon or graphite, ceramic.

However, it is also possible to use other suitable reaction
vessels, for example an induction furnace with a vacuum
chamber to accommodate a corresponding reaction crucible or

30 trough.



25 corresponds to the profile defined above for the graphite noul dings. WO
2011/ 057947PCT/ EP2010/ 066833 17 SiC, such that it is possible in this way

t o obt ai wpnodustsizdoped with silicon oxides and/or sil pcorEPc@nbbadss. The
nmoul dings are preferably el ectrodes ou el ectrode 5 constituents, or
constituents of the furnace, preferably those constituents which cone into
contact with the nelt. In summary, the process according to the invention
for producing solar silicon thus preferably conprises the 10 follow ng step
d) and optionally one or nore of steps a) to c) and e) to f): a) purifying
at | east one carbohydrate solution or a carbohydrate as descri bed above
15b) m xing at | east one carbohydrate solution with at |east one silicon
oxi de, preferably at |east one silicon dioxide c) producing noul di ngs from
car bohydrate or carbohydrate and silicon oxide as descri bed above 20d)

rolyzing the carbohydrate solution as_descri bed above e roduci
D A e SR DY B By P ot R Er R e A el DT e T

gr aphi t{zi&e 8sSn descrd ped-aboves 251 Thesdefinitions of metal | urgi cal
silicon and solar silicon are comon know edge. For instance, solar silicon

has a silicon content of greater than or equal to 99.999% by weight. WO
2011/ 05?1%3?&5&?5 .1014%@6?8%§ 84 The, present ”\Ygé‘%éf’”aié §&SP%£&£ d and
illustrated in detait y the exanpl es and conparative exanpl es ich
f ol 150w, diMd ¢doaitd restgedt v high tdve Snudbiecdasath ech ofia ¥ hiee | wendd onfor
example to a temperature between room temperature and 300°C.
Subsequently the carbohydrate or carbohydrate mixture to be
pyrolysed, or in the specific embodiment additionally, the
silicon oxide as a defoamer component, is introduced as a
10 powder or as a moulding into the reaction chamber or the
reaction vessel of the pyrolysis apparatus. The feedstocks can
be mixed intimately beforehand, degassed under reduced
pressure and transferred into the prepared reactor under
protective gas. The reactor may already be preheated slightly.
15 Subsequently, the temperature can be run up continuously or
stepwise to the desired pyrolysis temperature and the pressure
can be reduced in order to be able to remove the gaseous
decomposition products escaping from the reaction mixture as
rapidly as possible. Especially as a result of the addition of
20 silicon oxide, it 1is advantageous to very substantially avoid
foam formation in the reaction mixture. After the pyrolysis
reaction has ended, the pyrolysis product can be thermally
aftertreated for a certain time, advantageously at a
temperature in the range from 1000 to 1500°C.
25
In general, this affords a pyrolysis product or a composition

which comprises high-purity carbon.

In addition, the pyrolysis product may have a ratio of carbon

30 to silicon oxide (calculated as silicon dioxide) of 400:0.1 to



5 Exanpl es Conparative exanple 1 Commercial refined sugar was nelted in a
quartz bottle under 10 protective gas and then heated to about 1600C. In
t he cour swoabitdsrsy the reaction m xture foanmed signifi eamBrPo1@ncbssO®NE
escaped - caranelization was |ikew setsobserved, and the pyrolysis product
remai ned stuck to the wall of the reaction vessel. 15 Exanple 1 Commerci al
refined sugar was mxed with Si02 (Sipernat(r) 160) in a weight ratio of
20:1 (sugar:Si02), nelted and heated to about 20 800C. No caranelization
was observed, nor did any foam formation occur. Wat was obtained was a
graphite-containing particulate pyrolysis product, which advantageously
essentially did not adhere to the wall of the reaction vessel. Figure 1
shows an el ectron m crograph of the pyrolysis product 25 from Exanple 1.
WO 2011/ 057947PCT/ EP2010/ 066833 19 O ai ns 1. Pr ocess for producing silicon,

prefer r silicon, ducti il i oxi de with carbon,

char act@ %/Z]('Sa@(g(?h I%?]ﬁ%tp??f?ga}ﬁ n@@o (51 % Wg 1% CYH? fR%ESand i n t hat
at Iea%r@@éwbp;( thesfurnace 011 Oi ihe @é}e@@wﬂw &F e4 P oduceds §rom a
graphite material which is in turn obtained froma carbon material which is

obt ai ned by pyrolysis of at |east one car bohydrate pref erably at |east one
sugar cess C 0 | t he
pyr ol ys%%%]fdfﬁ(g %gr%ﬁ% %{%129?% %%qu orrred |pﬁ% gg}%?ie ene #Q&%t‘l east one
si | i&ommarpiﬁropygier@bé@u@i @A 50 oreniof v shd | goncels oxd degrniose ps ef er abl y
f f
or a %ggglg{ngs by processes known to those skilled in the art, or

is already in the form of mouldings in the case of shaping

before the pyrolysis.

10 However, it may also be necessary to perform a graphitization
step. This step can likewise be performed by methods known to

those skilled in the art.

Preferably the pyrolysis product, optionally together with a

15 Dbinder and/or further components, 1is mixed vigorously and
homogeneously and subjected to a shaping. It is possible to
use all methods specified above for the production of the
sugar mouldings. Preference is given to shaping green bodies
in extruders or in isostatic presses or in die presses or in

20 extrudate presses. According to the graphite content of the
pyrolysis product, there is an optional calcination of the
green bodies with exclusion of oxygen at temperatures of
600-1200°C and/or an optional graphitization in the
temperature range of 1800-3000°C.

25
Suitable binders are preferably those which are cokeable at
temperatures between 300 and 800°C, for example alginates,
cellulose derivatives or other carbohydrates, preferably
monosaccharides such as fructose, glucose, galactose and/or

30 mannose and more preferably oligosaccharides such as sucrose,



precipitated silica or of a silica gel. 3. Process according to Claim1l or
2, characterized in that 20t he carbohydrate conponent used is at |east one
crystal | iwe 28ugare474. Process according to any of C ai neCi/HPe018/066833
characterized in that 25carbohydrate wmnd silicon oxide (each calculated in
total) are used in a weight ratio of 1000:0.1 to 0.1:1000. 5. Process
according to any of Clains 1 to 4, characterized in that WO

2011/ 057947PCT/ EP2010/ 066833 20 the pyrolysis is perforned in a reactor

wi th exclusion of oxygen. 6. Process according to any of Clains 1 to 5,
5characterized in that the pyrolysis is perforned at a tenperature bel ow
800C, preferably at 300 to 800C, even nore preferably at 350 to 700C and
especially preferably at 400 to 600C or at a tenperature between 800 and
1700C, nore preferably between 10900 and 1600C, even nore preferably at

1000 to 1500C anqd?sgegiall¥ at. 1000. to 1400C, 71 R{OC@Sf according to any
of O aiMT1°T% &)IChar it ered’ih that Polyvinyl alcohol,
polyethylene oxide, polyacrylate, polyurethane, polyvinyl
acetate, styrene-butadiene, styrene-acrylate, natural latex,
or mixtures thereof or organosilanes. Preference is given to
5 using high-purity binders, i.e. binders which, for Al, B, Ca,
Fe, Ni, P, Ti and Zn have a profile of impurities which
corresponds to the profile defined above for the graphite

mouldings.

10 The graphite mouldings may consist of graphite to an extent of
30 to 100% by weight, i.e. the pyrolysis product need not be
fully graphitized. The graphite mouldings as the carbon source
comprise exclusively the fully or partly graphitized pyrolysis
product, but it is also possible to add further graphitized or

15 non-graphitized carbon sources via the binder or via the
further components. The further components thus preferably
comprise at least one carbon source different from the
inventive pyrolysis product. This may comprise, for example
carbon blacks or activated carbon or coke variants or charcoal

20 variants, or graphites or other carbon compounds which are
converted to coke in the course of calcination or in the
course of graphitization of the mouldings. More preferably,
all constituents of the graphite mouldings, for Al, B, Ca, Fe,
Ni, P, Ti and Zn have a profile of impurities which

25 corresponds to the profile defined above for the graphite

mouldings.

In the graphitization of SiO,-containing pyrolysis products,

the Si0, can react fully or partly with carbon to give Si0O or



15t he pyrolysis is perfornmed at a pressure between 1 nbar and 1 bar and/or
in an inert gas atnosphere. 8. Process according to any of Cainms 1 to 7,
char act erwpedios7d4hat 20t he car bohydrate or a car bohydr ate/mRreoib0ses3dr a

m xture of a carbohydrate and a silicon oxide is subjected before the
pyrolysis to a shaping process, preferably bricketting, extrusion,
conpression, tableting, pelletization, granulation, and the resulting

nmoul ding is pyrolysed. 25 9. Process according to any of Clains 1 to 8,
characterized in that t he carbohydrate is subjected before pyrolysis
to at | east one purification step, preferably by neans of at |east one

30i on exchanger. WO 2011/ 057947PCT/ EP2010/ 066833 21 5 10. Process accordi ng
to any of Clains 1 to 9, characterized in that
thecarbohydrateconponentsand/orthesiIiconoxide conponent is used in pure or

i oty pure form preferably wiiha content, of; a alu nium|ess than or

doped with silicon oxides and/or silicon carbides.

The mouldings are preferably electrodes or electrode
5 constituents, or constituents of the furnace, preferably those

constituents which come into contact with the melt.

In summary, the process according to the invention for
producing solar silicon thus preferably comprises the
10 following step d) and optionally one or more of steps a) to c)

and e) to f):

a) purifying at least one carbohydrate solution or a
carbohydrate as described above
15 b) mixing at least one carbohydrate solution with at least
one silicon oxide, preferably at least one silicon
dioxide
c) producing mouldings from carbohydrate or carbohydrate and
silicon oxide as described above
20 d) pyrolyzing the carbohydrate solution as described above
e) producing mouldings, preferably electrodes, from the
pyrolysed carbohydrate

f) graphitizing as described above.

25 The definitions of metallurgical silicon and solar silicon are
common knowledge. For instance, solar silicon has a silicon

content of greater than or equal to 99.999% by weight.



between 5 ppm and 0. 0001 ppt, especially between 3 ppm 10 and 0. 0001

ppt, preferably between 0.8 ppm and 0. 0001 ppt,nore preferably between 0.6
ppm and wO0.2000k79apt , even better between 0.1 ppm and 0. POPEPPE®/06688% t
preferably between 0.01 ppm and 0. 000B ppt, even greater preference being
given to from1l ppb to 15 0.0001ppt; b. boron less than 10 ppmto 0.0001
ppt,especially in the range from5 ppmto 0.0001 ppt, preferably in the
range from 3 ppmto 0.0001 ppt or nore preferably in the range from 10 ppb
to 0.0001 ppt,even nore preferably 20

The present invention is explained and illustrated in detail
by the examples and comparative examples which follow, without

restricting the subject matter of the invention.

5 Examples

Comparative example 1

Commercial refined sugar was melted in a quartz bottle under
10 protective gas and then heated to about 1600°C. In the course
of this, the reaction mixture foamed significantly and some
egscaped - caramelization was likewise observed, and the
pyrolysis product remained stuck to the wall of the reaction
vessel.
15
Example 1

Commercial refined sugar was mixed with Si0O, (Sipernat® 160) in
a weight ratio of 20:1 (sugar:5i0;), melted and heated to about
20 800°C. No caramelization was observed, nor did any foam
formation occur. What was obtained was a graphite-containing
particulate pyrolysis product, which advantageously
essentially did not adhere to the wall of the reaction vessel.
Figure 1 shows an electron micrograph of the pyrolysis product

25 from Example 1.



in the range from1 ppb to 0.0001 ppt; <c¢. <calciumless than or equal

ppm preferably between

and 0. OWORoppisyqaref er abl y bet ween 0. 01 ppm and 0. 0001 pppIEP20M066833

preferably between 1 ppb and 0.0001 ppt; 25 d. iron |ess than or equal

20 ppm preferably between 10 ppm and 0. 0001 ppt, especially between 0.6

ppm and

0. 0001 ppt, preferably between 0.05 ppm and 0. 0001 ppt, nore

preferably between 0.01 ppm and 0. 0001 ppt, and

10

15

20

25

Claims

Process for producing silicon, preferably solar silicon, by
reduction of silicon dioxide with carbon, characterized in
that it is performed in a light arc furnace and in that at
least parts of the furnace or of the electrodes are
produced from a graphite material which is in turn obtained
from a carbon material which is obtained by pyrolysis of at

least one carbohydrate, preferably at least one sugar.

Process according to Claim 1,

characterized in that

the pyrolysis of the carbohydrate is performed in the
presence of at least one silicon oxide, preferably of a
form of silicon dioxide, more preferably of a fumed or

precipitated silica or of a silica gel.

Process according to Claim 1 or 2,
characterized in that
the carbohydrate component used is at least one crystalline

sugar.

Process according to any of Claims 1 to 3,
characterized in that
carbohydrate and silicon oxide (each calculated in total)

are used in a weight ratio of 1000:0.1 to 0.1:1000.

Process according to any of Claims 1 to 4,

characterized in that

to 2

2 ppm and 0. 0001 ppt, especially between 0.3 ppm

to



nost preferably from1 ppb to 0.0001 ppt; 30 e. nickel less than or equal

to 10 ppm preferably between

WO 2011/ 057947PCT/ EP2010/ 066833 22 5 ppm and

0. 0001 ppwo 2espsed4al |y between 0.5 ppm and 0. 0001 ppt, pcefEreabloyssbet ween
0.1 ppm and 0.0001 ppt, nore preferabdoy between 0.01 ppm and 0. 0001 ppt,
and nost preferably between 1 ppb and 0.0001 ppt; 5f. phosphorus |ess than
10 ppmto 0.0001 ppt, preferably between 5 ppm and 0. 0001 ppt, especially
fromless than 3 ppmto 0.0001 ppt, preferably between 10 ppb and 0. 0001
ppt and nost preferably between 1 ppb and 0.0001 ppt; 10g. titaniumless
than or equal to 2 ppm preferably fromless than or equal to 1 ppmto

0. 0001 ppt,

especially between 0.6 ppm and 0. 0001 ppt, preferably between

0.1 ppmand 0.0001 ppt, nore preferably between 0.01 ppm and 0. 0001 ppt,
and nost preferably between 151 ppb and 0.0001 ppt; h. zinc less than or

equal
especially

m pr ef er abl fro | ess_than or equal to to. 0.0001 t,
R s o e et TooL Tote s b e b Rebl o0 Som oo

0. 0001 ppt,ogp@@npreferably betmeen 200. 01 ppm and 0. 0001 ppt, and nost
preferably between 1 ppb and 0.0001 ppt, and nost preferably with a sum of
t he abovenenti oned inpurities of less than 10 ppm preferably less than 5

ppm nofe pg %5gg@l %agbt fqyﬁgﬂgg £ @gegerably | ess 25t han 3

ppm especia
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pre era
characterized 1n that

ppm and very

the pyrolysis is performed at a temperature below 800°C,
preferably at 300 to 800°C, even more preferably at 350 to
700°C and especially preferably at 400 to 600°C or at a
temperature between 800 and 1700°C, more preferably between
900 and 1600°C, even more preferably at 1000 to 1500°C and
especially at 1000 to 1400°C.

Process according to any of Claims 1 to 6,
characterized in that
the pyrolysis is performed at a pressure between 1 mbar and

1 bar and/or in an inert gas atmosphere.

Process according to any of Claims 1 to 7,

characterized in that

the carbohydrate or a carbohydrate mixture or a mixture of
a carbohydrate and a silicon oxide is subjected before the
pyrolysis to a shaping process, preferably bricketting,
extrusion, compression, tableting, pelletization,

granulation, and the resulting moulding is pyrolysed.

Process according to any of Claims 1 to 8,

characterized in that

the carbohydrate is subjected before pyrolysis to at least
one purification step, preferably by means of at least one

ion exchanger.



especially preferably 1 ppmto 3 ppm WD 2011/ 057947PCT/ EP2010/ 066833 23
in that they have been doped with silicon oxides, 5 preferably with silicon
di oxi de, angd/20r1/067947con car bi de. 12. G aphite noul di ngs acrmpden®edses Cl ai m
11, characterized in that they have thie follow ng profile of inpurities: a.
alum niumless than or equal to 5 ppm preferably between 5 ppm and 0. 0001
ppt, especially between 3 ppm 10 and 0. 0001 ppt, preferably between 0.8 ppm
and 0. 0001 ppt, nore preferably between 0.6 ppm and 0. 0001 ppt, even
better between 0.1 ppm and 0.0001 ppt, nost preferably between 0.01 ppm and
0. 0001 ppt, even greater preference being given to from1l ppb to

10. Process according to any of Claims 1 to 9,
characterized in that
the carbohydrate components and/or the silicon oxide
) component is used in pure or highly pure form, preferably

with a content of:

a. aluminium less than or equal to 5 ppm, preferably
between 5 ppm and 0.0001 ppt, especially between 3 ppm
10 and 0.0001 ppt, preferably between 0.8 ppm and
0.0001 ppt, more preferably between 0.6 ppm and
0.0001 ppt, even better between 0.1 ppm and 0.0001 ppt,
most preferably between 0.01 ppm and 0.0001 ppt, even
greater preference being given to from 1 ppb to
15 0.0001 ppt:

b. boron less than 10 ppm to 0.0001 ppt, especially in the
range from 5 ppm to 0.0001 ppt, preferably in the range
from 3 ppm to 0.0001 ppt or more preferably in the
range from 10 ppb to 0.0001 ppt, even more preferably

20 in the range from 1 ppb to 0.0001 ppt;

c. calcium less than or equal to 2 ppm, preferably between
2 ppm and 0.0001 ppt, especially between 0.3 ppm and
0.0001 ppt, preferably between 0.01 ppm and 0.0001 ppt,
more preferably between 1 ppb and 0.0001 ppt:

25 d. diron less than or equal to 20 ppm, preferably between
10 ppm and 0.0001 ppt, especially between 0.6 ppm and
0.0001 ppt, preferably between 0.05 ppm and 0.0001 ppt,
more preferably between 0.01 ppm and 0.0001 ppt, and
most preferably from 1 ppb to 0.0001 ppt:

30 e. nickel less than or equal to 10 ppm, preferably between



15 0.0001ppt; b.
range from5 ppmto 0.0001 ppt, preferably in the range from3 ppmto

0. 0001 ppvoanimmre7preferably in the range from 10 ppb PoTEPIOODL6ESPE , even
nore preferably 20
| ess than or equal
ppt, especially between 0.3 ppm and 0. 0001 ppt, preferably between 0.01 ppm

and 0. 0001 ppt,

10
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11.

boron |l ess than 10 ppmto 0.0001 ppt, especially in the

in the range from2l ppb to 0.0001 ppt; <c¢. calcium

to 2 ppm preferably between 2 ppm and 0.0001

nore preferably between 1 ppb and 0.0001 ppt; 25

5 ppm and 0.0001 ppt, especially between 0.5 ppm and

0.0001 ppt, preferably between 0.1 ppm and 0.0001 ppt,

more preferably between 0.01 ppm and 0.0001 ppt, and

most preferably between 1 ppb and 0.0001 ppt:

f. phosphorus less than 10 ppm to 0.0001 ppt, preferably

between 5 ppm and 0.0001 ppt, especially from less than

3 pepm to 0.0001 ppt, preferably between 10 ppb and

0.0001 ppt and most preferably between 1 ppb and
0.0001 ppt:

g. titanium less than or equal to 2 ppm, preferably from

less than or equal to 1 ppm to 0.0001 ppt, especially

between 0.6 ppm and 0.0001 ppt, preferably between

0.1 ppm and 0.0001 ppt, more preferably between

0.01 ppm and 0.0001 ppt, and most preferably between

1 ppb and 0.0001 ppt;

h. =zinc less than or equal to 3 ppm, preferably from less

than or equal to 1 ppm to 0.0001 ppt, especially

between 0.3 ppm and 0.0001 ppt, preferably between

0.1 ppm and 0.0001 ppt, more preferably between

0.01 ppm and 0.0001 ppt, and most preferably between

1 ppb and 0.0001 ppt,

and most preferably with a sum of the abovementioned

impurities of less than 10 ppm, preferably less than 5 ppm,

more preferably less than 4 ppm, even more preferably less

than 3 ppm, especially preferably 0.5 to 3 ppm and very

especially preferably 1 ppm to 3 ppm.

Graphite mouldings, preferably mouldings of a light arc

furnace,

more preferably graphite electrodes, characterized



d. iron less than or equal to 20 ppm preferably between

10 ppm and

0. 0001 ppt, especially between 0.6 ppm and 0. 0001 ppt, preferably between
0. 05 ppmwocoD/BOAT ppt, nore preferably between 0.01 pporardoi0o636i

ppt,and nost preferably from 1l ppb t®30.0001 ppt; 30 e.

ni ckel 1ess than

or equal to 10 ppm preferably between WO 2011/057947PCT/ EP2010/ 066833 24
5 ppm and 0. 0001 ppt, especially between 0.5 ppm and 0.0001 ppt, preferably
between 0.1 ppm and 0. 0001 ppt, nore preferably between 0.01 ppm and 0. 0001
ppt, and nost preferably between 1 ppb and 0.0001 ppt; 5f. phosphorus |ess
than 10 ppmto 0.0001 ppt, preferably between 5 ppm and 0. 0001 ppt,
especially fromless than 3 ppmto 0.0001 ppt, preferably between 10 ppb
and 0.0001 ppt and nost preferably between 1 ppb and 0.0001 ppt; 10g.

titaniumless than or equal to 2 ppm preferably from

in that they have been doped with silicon oxides,

preferably with silicon dioxide, and/or silicon carbide.

12. Graphite mouldings according to Claim 11,

5 characterized in that

they have the following profile of impurities:

a. aluminium less than or equal to 5 ppm, preferably

between 5 ppm and 0.0001 ppt, especially between 3 ppm

10 and 0.0001 ppt, preferably between 0.8 ppm and

0.0001 ppt, more preferably between 0.6 ppm and

0.0001 ppt, even better between 0.1 ppm and 0.0001 ppt,

most preferably between 0.01 ppm and 0.0001 ppt, even

greater preference being given to from 1 ppb to

15 0.0001 ppt:

b. boron less than 10 ppm to 0.0001 ppt, especially in the

range from 5 ppm to 0.0001 ppt, preferably in the range

from 3 ppm to 0.0001 ppt or more preferably in the

range from 10 ppb to 0.0001 ppt, even more preferably

20 in the range from 1 ppb to 0.0001 ppt;

c. calcium less than or equal to 2 ppm, preferably between

2 ppm and 0.0001 ppt, especially between 0.3 ppm and

0.0001 ppt, preferably between 0.01 ppm and 0.0001 ppt,

more preferably between 1 ppb and 0.0001 ppt:

25 d. diron less than or equal to 20 ppm, preferably between

10 ppm and 0.0001 ppt, especially between 0.6 ppm and

0.0001 ppt, preferably between 0.05 ppm and 0.0001 ppt,

more preferably between 0.01 ppm and 0.0001 ppt, and

most preferably from 1 ppb to 0.0001 ppt:

30 e. nickel less than or equal to 10 ppm, preferably between



| ess than or equal to 1 ppmto 0.0001 ppt, especially between 0.6 ppm and
0. 0001 ppt, preferably between 0.1 ppm and 0.0001 ppt, nore preferably

bet ween OWORopposramd 0. 0001 ppt, and nost preferably betreeamr2dibbeqspdb and
0.0001 ppt; h. zinc less than or equal4d to 3 ppm preferably fromless than
or equal to 1 ppmto 0.0001 ppt, especially between 0.3 ppm and 0. 0001 ppt,
preferably between 0.1 ppm and 0.0001 ppt, nore preferably between 200.01
ppm and 0. 0001 ppt, and nost preferably between 1 ppb and 0.0001 ppt. 13.
G aphite noul dings according to Caim11 or 12, characterized in that

25t hey have a ratio of carbon to silicon (calculated as silicon dioxide)
of 400:0.1 to 0.4:1000, nore preferably of 400:0.4 to 4:10; even nore
preferably of 400:2 to 4:1.3 and especially of 400:4 to 40:7.

5 ppm and 0.0001 ppt, especially between 0.5 ppm and
0.0001 ppt, preferably between 0.1 ppm and 0.0001 ppt,
more preferably between 0.01 ppm and 0.0001 ppt, and
most preferably between 1 ppb and 0.0001 ppt:

5 f. phosphorus less than 10 ppm to 0.0001 ppt, preferably
between 5 ppm and 0.0001 ppt, especially from less than
3 pepm to 0.0001 ppt, preferably between 10 ppb and
0.0001 ppt and most preferably between 1 ppb and
0.0001 ppt:

10 g. titanium less than or equal to 2 ppm, preferably from
less than or equal to 1 ppm to 0.0001 ppt, especially
between 0.6 ppm and 0.0001 ppt, preferably between
0.1 ppm and 0.0001 ppt, more preferably between
0.01 ppm and 0.0001 ppt, and most preferably between

15 1 ppb and 0.0001 ppt;

h. =zinc less than or equal to 3 ppm, preferably from less
than or equal to 1 ppm to 0.0001 ppt, especially
between 0.3 ppm and 0.0001 ppt, preferably between
0.1 ppm and 0.0001 ppt, more preferably between

20 0.01 ppm and 0.0001 ppt, and most preferably between
1 ppb and 0.0001 ppt.

13. Graphite mouldings according to Claim 11 or 12,
characterized in that
25 they have a ratio of carbon to silicon (calculated as
silicon dioxide) of 400:0.1 to 0.4:1000, more preferably of
400:0.4 to 4:10; even more preferably of 400:2 to 4:1.3 and
egspecially of 400:4 to 40:7.



