WO 2011/ 057938PCT/ EP2010/ 066800 1 Process for pyrolysis of carbohydrates
The present invention relates to an industrial process for pyrolysis of
car bohydrwoesii/ssgpeci al |y of sugar, to the 5 pyrolysis pcodped1onhisso

obtai nable and to the use thereof, preferably in the production of silicon,
nore preferably solar silicon, fromsilica and carbon at high tenperature.
It is known that carbohydrates, for exanple nono-, oligo- and 10

pol ysacchari des, can be pyrolysed in gas chromatographs. US 5, 882, 726

di scl oses a process for preparing a carbon-carbon conposition, wherein a
pyrolysis of a |lowmelting sugar is perforned. 15 GB 733 376 discloses a
process for purifying a sugar solution, and for pyrolysis at 300 to 400C
It is |ikew se known that sugar can be pyrolysed at high 20 tenperature in
order to obtain an el ectron-conductive substance (W 2005/051840). In the

i ndustrial scale rol ysis of. carbohydrates, there e problens as a
Lesﬂlt Lf caranelPia??%ﬁgéﬁdfP5aRVF8¥¥ﬁf?oﬁ? Egr&ﬁpgaxégﬁsgonsiderably

di srupt the nmanagenment and the running of the process. DE 10 2008 042 498
proposes solving this problemby adding a silica to the carbohydrate before
the pyrolisi presging sinhveataeni nglastes débPoamer lawd sieileg | arended tior

reduce car | jzation. A _disad e of this oce is. VO
20111 057058PCT EP20107 0BBB00 ST REE oA pyP By ere or odict SESHtam st ed i ¢ h
t he $§il iwardsyoid aipredivand, taceor dbbgitablee as®e afo t heepynobysitse pr@puct ,
has to be purified again. , .

preferably inn the production of silicon, more preferably solar

silicon, from silica and carbon at high temperature.

It is known that carbohydrates, for example mono-, oligo- and

10 polysaccharides, can be pyrolysed in gas chromatographs.

US 5,882,726 discloses a process for preparing a carbon-carbon
composition, wherein a pyrolysis of a low-melting sugar 1is
performed.

15
GB 733 376 discloses a process for purifying a sugar solution,

and for pyrolysis at 300 to 400°C.

It 1is likewise known that sugar can be pyrolysed at high
20 temperature in order to obtain an electron-conductive

substance (WO 2005/051840).

In the industrial scale pyrolysis of carbohydrates, there may
be problems as a result of caramelization and foam formation,
25 which can considerably disrupt the management and the running
of the process. DE 10 2008 042 498 proposes solving this
problem by adding a silica to the carbohydrate before the
pyrolysis, said silica acting as a defoamer and being intended

to reduce caramelization. A disadvantage of this process 1is



51t is also known that sugars and ot her substances can be used as reducing
agents with a small proportion of inpurities (US 4,294,811, WO

2007/ 106880)20vo52938bi nders (US 4, 247,528) in the producPCBEPRI10066360
silicon. 10 It was an object of the present invention to provide an

i nproved process for pyrolysis of carbohydrates, especially of sugar, in
which foam formation is reduced or is ideally avoided, and which has the

di sadvant ages of the prior art processes only to a reduced degree, if at

all. 15 It was a specific object of the present invention to provide an
equi val ent to wood chips in silicon production, which neets the purity and
stability requirenents in solar silicon production but still fulfils the

function of the wood chips, 20 nanely that of preventing conglutination of
the charge. Further objects which are not stated explicitly are evident
fromthe overall context. of the description, exanples and clai ns. which
fol l'ow I The oBj/ects are Bohteved PROGEEOPAaRGe WALR thESi ivetfon L5
accordi ngpt i dde detiai edordikeg descehpt i@r, dhecpxamies and tdhe shad ns.
WO 2011/ 057938PCT/ EP2010/ 066800 3 Thus, it has been found that,

sur pri silmg yto aerlitiont ofd et Phous carbon to the carbohydrate to be
pyrol ysed can reduce or entirely suppress the foamformation effect. In
this way, a pyrolysis product is obtained which consists virtually 5
conpbet eity o £agdbomand thurs hases vty daveasdulcordents ddni Sod susedr eat
advant age conpared to £%£olysates which are produced with siljcas as

def oanerds HHEFIRRMIVE yFoty satEL tarky bRl Yo

hi gh-purjty prosgucis:, b Theo Prosesso acseord ng 4@ theinventi pns £an now be
used to operate industrial processes for pyrolysis of carbohydrates in a
si npl e aritk exornbng iciedt o iable ke wi t hout troubl esome foam formation
and wi thout troublesone silica inpurities in the end product. 15
Furthernore, it has been found in the perfornmance of the process according
to tile iMverd am tdtaiecarafretha gt arecan iesnteduceth gsrsuppr essed. 20 In a
specific enbodinment, that of in situ pyrolysis in netallurgical processes,
the procker Ao HFID te Tventson Addi o4y ey thePdvahntage t hat

the gases,doF med, 1,@achit O Dath ki SignOf 5 dihe; dBldgude - o £ PIEYLN
congl utination. 25 The process according to the invention allows

per f or mecel &fd t henpywiol ofsisr attiverdl § ol aerperatof eshe TUQT idrt s
ooy To ST R Py S yai & nBor WU 1 % e B bkess. accordi ng to the
i nvgstion from 1600C to 1700C down
It was a specific object of the present invention to provide
an equivalent to wood chips in silicon production, which meets
the purity and stability requirements in solar silicon
production but still fulfils the function of the wood chips,

20 namely that of preventing conglutination of the charge.

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

25
The objects are achieved in accordance with the invention
according to the details in the description, the examples and

the claims.



WO 2011/ 057938PCT/ EP2010/ 066800 4 to bel ow 800C. Thus, the process
according to the invention, in a first enbodi nent, is operated preferably
at a tenpeEparuwes7sB 250C to 800C, nore preferably at 300CTEP3QOCs686en Nnor e
preferably at 350 to 700C and especially preferably at 400 to 5 600C. This
process is extrenely energy-efficient and additionally has the advantage
that caranelization is reduced and the handling of the gaseous reaction
products is facilitated. 10 However, it is also possible in principle, in a
second preferred enbodi nent, to performthe reaction between 800 and 1700C,
nore preferably between 900 and 1600C, ®ven nore preferably at 1000 to
1500C and especially at 1000 to 1400C. In general, this gives a

gr aphi te-cont ai ni ng pyrolysis product 15 which has advant ageous properties
for particular applications. If a graphite-containing pyrolysis product is
preferre a pyralysis tenperature of 1300 to. 1500C shoul d be pursued. The
P ocess hthr Bndi35 Haut| HOUH | Oir s SN S y S0 HT Gtmd under

prot ect i Mg GRS @M D des deducet P essii € (v asduMrouisa ddre process

according to the invention is advantageously gfrforned at a pressure of 1
mbar to Yedage (AhbiEmt I pressin)es espei Ay Wrmatipwnehiret . In this

Appr opri ly. 0l ysj ggp r at i i e f ) rt of 25
pyr ol ysi@%’ndﬁi}gsitIir(ioulf%éeld4 t%f?sﬁr ua y&?trallejlzr?l @}Péo%(y%oel%e]bé;g%u‘%%%ngégml h an

i ner b gasomsucte as i tdagesh andrgors draded iwemy Thes pysiol ysitsertti MeThis t he
process according to the invention(%i generally between 1 mnute and 48

hour's, prefer@it HEiRIEIRIT £ HERE Shd- A & Hour %5 6epati 4t et ween WO
2011/ D5 1933RCTLERZOI0/ 066800, 5: 4/ 2 howre and 2. howrs - ale Sai dh Pyl ysi s

tenperature, in which case the heating tinme until attainment of the desired
pyr ol ysi&an enpes ddures eyt addi edwrmal hyglbeowi thi rotdductase or der of
magni t ude, especially between 1/4 hour and 8 hours. 5 The present process
is generally performed batchw se; however, it can al so be perforned
contliOnuontsd yor Gidee Lardohydy af @ stlgenatadityi hraveara vel Yodigdepuwd ty and
even

operate industrial processes for pyrolysis of carbohydrates in

a simple and economically viable manner without troublesome

foam formation and without troublesome silica impurities in

the end product.

15
Furthermore, it has been found in the performance of the
process according to the invention that caramelization can be

reduced or suppressed.

20 In a specific embodiment, that of in situ pyrolysis in
metallurgical processes, the process according to the
invention additionally has the advantage that the gases formed

lead to bulking of the melt, i.e. can prevent conglutination.

25 The process according to the invention allows performance of
the pyrolysis at very low temperatures. Thus, it is
advantageous, since it is particularly energy-saving (low-
temperature mode), to lower the pyrolysis temperature in the

process according to the invention from 1600°C to 1700°C down



anor phous carbons are available with a high purity, it is 10 possible with
the process according to the invention to obtain a C based pyrolysis
product wWiOCh110BMg38i ses charcoal, especially w th graphipCe/EPoMDOnss0 and
optionally contents of other carbon forms, such as coke. It is especially
possible to obtain a product which is particularly lowin inpurities, for
15 exanpl e conpounds of B, P, As and Al. Such an inventive pyrolysis
product can be used advantageously as a reducing agent in the production of
silicon, especially netallurgical silicon, and even solar silicon, from
silica at high tenperature. Mre partictlarly, the inventive graphite- 20
contai ning pyrolysis product, owing to its conductivity properties, can be
used in a light arc reactor. In principle, the pyrolysis product can,
however, also be used in all other fields of use in which pure carbon is
required, 25 for le in metal carbide production (baron, carbide

si 1l con SAMBT e CIL.5- oFiHe HrodUCtTHI oGP HPHIT o frodl e HGE bt er abl y
el ectrodes,s espesi addyodi@npurid Yol ectd dess rCHbON D us hesppdeating

el enents, heat exchangers, or as a carburizing agent for steel or in

di anond PF cthitt ore SAD 201 MOBT IFSHEH FP20 107 056800° 68 0t ° Gs aveediisg
agent i tal_.pr cl | i, qla, C i
zi rconi [}jn%%rﬁ%fo%@o%sg%c}m %Arﬁ{e%\@? oercgpnee %?llnglgs%%er%a% as%bés)q? t%]? e for

wood5chi @& 0. metiad lprgiesd o coesisase1p dier py-esehtcidwvendndn t herefore
providezyg%process for industrial_g le sis of a carbohydrate or

car bohy 53 ke R i Had T on drist pHOUP R Yot LD Ther < Bhydr at e
or conponentiiof phescardahydial e i er i Chol Sous@d-dH the process
according to the invention preferably include nonosaccharides, i.e. al doses
or ket oslexcikiichted. trioses, tetroses, pentoses, hexoses, heptoses,
particularly glucose and fructose, but also corresponding 15 oligo- and

pol ysacchari des based on said nononers, such as |actose, naltose, sucrose,

r af flonoseywevd 0, Naei § usts@ g ilore det ipainaesl ¢ herreod sedynd o and

i ncluding starch, including anyl ose and anyl opectin, the glycogens, the

gl ycosanar i 34 FTORMEE o ke UBEM at Few St ysie dhRrTeres. S0 419 a

par ti cul gy dye @Ures RY 1ol yad S PrPauct ,d &, redvi 4,89, 1 40 @r acess @cgording to
the invention is preferably nodified to the effect that the aforementi oned

car bohydviat &sralv ey audi 16 @hatd y1 pUt G i e ysret bt yrent U hgeanl4@h°C.
exchangefﬁl 2%3{9 yhi h. case the c%gbqpydrgte is.dh§solwgq_in.a %ykiable
sol vent, "ad¥aht aage’outs lyS wat erS ot ea%r e %r%%%al S 5hi 26 of° e net AT T zed
wat @b, afeh o neuet 24 4w opghu @ wodpai: fd4 | 2 whd he adu 10N Bxshadge: 5esi n,
preferably an anionic or cationic resin, the resulting solution is
concentr eﬁ,gq%ﬁh%ggﬂﬁﬂqﬁqﬁplng pyrolysis product 1is preferred, a

pyrolysis temperature of 1300 to 1500°C should be pursued.

The process according to the invention is advantageously

20 performed under protective gas and/or under reduced pressure
(vacuum) . Thus, the process according to the invention is
advantageously performed at a pressure of 1 mbar to 1 bar
(ambient pressure), especially of 1 to 10 mbar. Appropriately,
the pyrolysis apparatus used is dried before the start of

25 pyrolysis and is purged to virtually free it of oxygen by
purging with an inert gas, such as nitrogen or argon or
helium. The pyrolysis time in the process according to the
invention is generally between 1 minute and 48 hours,

preferably between 1/4 hour and 18 hours, especially between



WO 2011/ 057938PCT/ EP2010/ 066800 7 renovi ng sol vent conponents by heating -
especi ally under reduced pressure - and the carbohydrate thus purified is
advant agewo2by/osi3ai ned in crystalline form for exanpl @ChEPe@olos63g0 t he
solution and then renoving the crystalline 5 conponents, by neans of

met hods including filtration or centrifuging. The person skilled in the art
is aware of various ion exchangers for renoving different ions. It is
possible in principle to connect a sufficient nunber of ion exchanger steps
in series to achieve the desired purity of the 10 sugar sol ution.
Alternatively to purification by neans ®f ion exchangers, it is, however,

al so possible to take other neasures known to those skilled in the art to
purify the carbohydrate reactants. Exanples here include: addition of

conpl exi ng agents, electrochem cal purification nmethods, 15 chromat ographic

net hods. t he proce according to. the invention, it is also possihle to
e e e P T2 SR T 2 A ST & T a St b AT he
car bohydiate e casbohydrate componentca 2thhar ti cul qpsefesence is given

in the process according to the invention to a crystalline sugar avail able
i n econdmital Y§1 i e Brourg d1a v adgyell@se ean e wbtlbiheds eansmanner
known pe r J b stal li i f ti r juice from
sugar cancgerc?)e(rar bée%t%,&?l@&ec’on%ﬁégﬁ%ﬁy} ak\;/%vfegét}? gl/ZLE k(§:O(r{>ll/£;t%%1 #]i ér?ehcgﬁ%éja'r , for
exanpl e Tef it sugary oqeref erablgnar Y ystad i nensdidad tatit hsd hehowever,

subst ance-specifjic neltin oi nt/softeni ng range and a nean particle size
of 1 pmilo 9 M Shore %]g?cg?%iﬁf%rftlfﬁxﬁﬁﬁ]%' 1 cm especially of 100 pmto
0.5 cm The particle size can be determ ned, for exanple - WO

2011/ 057938PCT/ EP2010/ 066800 8 but not exclusively - by neans of screen
anal ysi s31TEM CcBEMbrdfdght JRrgoscopyiaHovevierty ihidgh rilsiotposyi et o use
a carboh e in dissolved fo . f exanple -. b of.exclusively - in
aqueous %%#I?f%kll%%? Cfénrsov%éscharc%sglevr% leagtglo vwelea ak(lzllngfuriE t%%ﬁt%/t%’valp%r%% es nore or
| es40r apbald &/i et of ecratiled pmende of ddeatinual t pytiod ysiserteigperat wietain The
anor phous carbon used is preferably activated carbon or a carbon black or a
pyr ol ysetl CRBUHY PRt el Y esheeti Y § gy oty <eM R0 2@y are 6t xt ur es t her eof .

Parti cular, pref erencer il Sy givend a-Usi g carhon bl acks whi chy haves heen
produced by the furnace bl ack process, the gas bl ack process, the | anmp

bl ack praodess,cahecracktyienesbitacks processit is especially possible to

obtain a product which is particularly low in impurities, for
15 example compounds of B, P, As and Al. Such an inventive
pyrolysis product can be used advantageously as a reducing
agent in the production of silicon, especially metallurgical
silicon, and even solar silicon, from silica at high
temperature. More particularly, the inventive graphite-
20 containing pyrolysis product, owing to its conductivity

properties, can be used in a light arc reactor.

In principle, the pyrolysis product can, however, also be used
in all other fields of use in which pure carbon is required,
25 for example in metal carbide production (boron carbide,
silicon carbide, etc.) or the production of graphite
mouldings, preferably electrodes, especially high-purity
electrodes, carbon brushes, heating elements, heat exchangers,

or as a carburizing agent for steel or in diamond production



15 or the thermal black process. These processes for producing carbon bl ack
are sufficiently well known to the person skilled in the art. One exanple
of a knownoppuossssf or produci ng carbon bl acks is the gasThiPacik/opssocess
(German Reich Patent 29261, DE-C 2931907, DE-C 671739, Carbon Bl ack, Prof.
Donnet, 20 1993 by MARCEL DEKKER, | NC, New York, page 57 ff.), in which a
hydr ogen-contai ning carrier gas |laden with oil vapours is conbusted in an
air excess at nunerous exit orifices. The flames hit water-cool ed rollers,
whi ch stops the conbustion reaction. Sone of the carbon black formed in the
flanme 25 interior is precipitated on the rollers and is scraped off them
The carbon black remaining in the offgas streamis renoved in filters. Al so
known is the channel black process (Carbon Bl ack, Prof. Donnet, 1993 by
MARCEL DEKKER, | NC, New York, page 57 ff.), in which a nmultitude of snal
flames fed WO 201 /057938PCT/EP2§%0/ 66800 9 by natural gas burn against
wat er - coti étf i3 orf CHariel 39 Fhel Ldboh BT Gk %lé%%%ﬁ]ec&fl oh'1 ﬁ%o'i ron channel s
is scraped off, and cpl lect ed 1 & fannelni GQussarBiy: f@actorss for production
of carbon bl ack are operated at process tenperatures of 1200C to 5 nore

t han 22000 et Weo e arist iToml ehattbers aThallpilocesss akcordi oy ¢oiiheln

i nventi ﬂ@ S v eral manner, all carbon black production
processggeg%f u niaglz %/é:clc %‘?'e suitabl e for carbon bl ack production.
Thes®& may in turn be equipped with different burner technol ogies. One
exanple 10 thereof is the Huls I%{Jﬁhﬁ@grc furnace (light arc). A crucial
factor Ot E8 ect? B ofOR het € iRt frerd £ et rature in the

flame or; gqrdchi £1 afer-d 5y4 05 ber obtal nedh ydhe:d eact of S JRya.COMPh Secthe
follow ng burner units: gas burners with an integrated conmbustion air

bl ower, Wash butdierisor1 3 f grmawphrd el @i rb &t r eans, conbi nati on gas burners
with gas injection via peripheral probes, high-velocity burners, Schoppe

i mpul se burners, parallel diffusion burners, conbined oil-gas burners,
pusHér fIhdacerdphyners;e bt Eemapatait onf bthdersybdiuydiesse whishcw@ts or vapour
atom zation, flat flane 20 burners, gas-fired jacketed jet pipes, and all
bur ner s HhidF T eatt 670 wHi cHarkr SR 2R & F ot 1 oduction bfetardon bl ack or

for pyralysis: i) canhohyd at &8s, sda-tde process. accpididng 4.0 the,ddwention,
preference is given 25 to using a lanp black or a gas black or a furnace

bl ack. \arsh pesticubsss prieflerence isenioers t drasd sep gassml @acks. Very

parti cul ar .réal];lea[ nce is |ikew iven to .usi nace bl acks or oxidi zed

e ng, fur
f ur nace Btacks; ersp%c?%ﬁ%/s%\ﬁrh Ifo St Tifet uk?uet, 6?l.secf QL DBP 11 E8S than or
equab t oo 7Eydd /{dD G @) vsaddh dihied s phadisorc ad Hon iuseshd s 1 heud agess
according to the invention preferably has an internal surface area of 1 to
1000 nR/fpchie preferEh ySWirseo 8O0t WIS, espeti®Ny BISUE 558 700

oL DB RO S L i Shmy o el e ok BT e
accor di rgnitlogdheanahvaemy gre diaisn anti8TSA sewvdace, artea @fydodans and
fructosans - to name just a few polysaccharides.
20
If a particularly pure pyrolysis product is regquired, the
process according to the invention is preferably modified to
the effect that the aforementioned carbohydrates are
additionally purified by a treatment using an ion exchanger,
25 in which case the carbohydrate is dissolved in a suitable
solvent, advantageously water, more preferably deionized or
demineralized water, and conducted through a column filled

with an ion exchange resin, preferably an anionic or cationic

resin, the resulting solution is concentrated, for example by



10 600 n2/g, nore preferably of 5 to 500 nR/g, especially of 10 to 450
n2/g. The STSA surface area is determned to ASTM D 6556. Li kew se

pr ef er ablwo 20tiéns2988r phous car bon used in the process 15PatmErediongsv® t he
invention has a DBP absorption of 10 to 300 m /(100 g), nore preferably of
20 to 250 m /(100 g), especially of 30 to 200 mM/ (100 g). The DBP
absorption is determned to ASTM D 2414. Especially in the case of furnace
bl acks or oxidi zed furnace bl acks, it has been found to be 20 particularly
advant ageous when they have a relatively |low structure, i.e. a DBP
absorption of less than 75 m /(100 g), %referably 10 to 75 m /(100 g), nore
preferably 20 to 60 mM/ (100 g). 25 In addition, it has been found that the
pH of the anorphous carbon conponent used in accordance with the invention,
measured to ASTM D 1512, should preferably be | ess than or equal to 11,

nore preferably 1 to 10. WO 2011/0 PCT/ EP2010/ 066800, 11 In a speC|f|c
embodi merftt O HE & FHbus %%?%@r{ltc%ﬁb%ﬁé@rﬁ Cysed |@rﬁ%@cccloar]d]a3hc%“£ﬁlfh t he

inventi onediase@ wandinat ion i the af asenpntd @nedh physicochem cal

properties. 5 Wien the purity of the end products in the process according
to the |W@nﬁwwslaarqbwrml yL T ripor g et L 1nchel e ismc tfam sew@qbrk@f erably

have t he, prof DR e T Ll

car bohydpr {%I{L%et(}p% o%mar MI{. éncgﬁgoﬂr&ﬁgrués%ﬁ%:\gwb% e E%%]%‘% e%l as parts by

wei gbt ofongasiban; s i oy hmeahOs m@ommwmhgjimtfﬂtmmm ari S

pr ef er abl W|th|n range from 1000:0.1 to 0.1:1000., More Eartlcularly, t he

wei ght r bﬁu%%omﬁ%r%ﬁmﬂﬁe]rﬁ@sdtw atrﬁﬁ' phdust ¢ Shponent's can,

however,vab@l&m %@d@z&l%geps 1r 80 dardov MY €1 PF & &5aD1 ¥o 4o, 500: dsto 20: 1,
even nore preferably to 2 1 to 1510:1 and especially preferably to 200:1

to 5:1. Ohesdakdohydrialtec dohponemomet e Swhpohemt crdrfmfsreop%flmr phous
car bon can xed ef er n_pul ver ulent, fo he. .m xt can be
%aovgér ste }yeé tcpb% 12 v% hg cgégjtra%]%eé ].el%{”_e 4

pyr ol ysedX ver’, |s al so possi 0 Subjec

shaging spJfgIQﬁS§o]bﬂfmre tAve: it yied Sy FOrpu Siguit paseyy ahdarshapt ngan
processes known to those skilled in the art can be enpl oyed Sui t abl e
pr ocesse¥CHFITEMPe Bii IR Ty, 2T IRTDh:C 1 es3i rfe tabIet ti ng,

pel |l eti %ﬁé‘&su%@%&ﬁﬂ NG, @ndsd urthere Processes, known ners 5¢,¢125 are
sufficiently well known to those skilled in the art. I'n order to obtain

st abl e steapech b &3, reacu@mssﬂm@le@ﬁ dutire fmclsxéafml@ddjdairmrwﬁr ate
sol ution or nol asses_or suI fo at e. ory F}pen.t | auge” ( téadsliquor from
e I

pent aer ytHir ]tePTlnp? otilic rﬁ o’n 1%) ¥ ot s gerst ons, fot "
201]15057&81&8@%@%1@1@6@%@

In the process according to the invention, it is also possible
to use a mixture of at least two of the aforementioned
carbohydrates as the carbohydrate or carbohydrate component.
20 Particular preference is given in the process according to the
invention to a crystalline sugar available in economically
viable amounts, a sugar as can be obtained in a manner known
per se, for example, by crystallization of a solution or a
juice from sugarcane or beets, i.e. commercially available
25 crystalline sugar, for example refined sugar, preferably a
crystalline sugar with the substance-specific melting
point/softening range and a mean particle size of 1 pm to
10 cm, more preferably of 10 pm to 1 cm, especially of 100 um

to 0.5 cm. The particle size can be determined, for example -



12 exanpl e pol yvinyl al cohol, polyethyl ene oxide, polyacrylate,

pol yur et hane, pol yvinyl acetate, styrene-butadi ene, styreneacryl ate,

nat ural |wOeRr11/6rI3m xt ures thereof as binders. 5 The appararasio0sesdo f or t he
performance of the process according to the invention can, for exanple, be
an induction-heated vacuumreactor, in which case the reactor nmay be nade
of stainless steel. Wen particularly pure pyrolysis products are required,
the reactor may preferably be coated or lined 10 with a suitabl e substance
which is inert with respect to the reaction. For exanple, it is possible to
use high-purity SiC, Si3-.N3, high-purity quartz glass or silica glass,

hi gh-purity carbon or graphite, ceramc. However, it is also possible to
use ot her suitable reaction vessels, for exanple an induction 15 oven with
a vacuum chanber for acconmopdati on of appropriate reaction crucibles or
vats. The process according tq the invention is preferably rfo d as

f ol T ows:P50 THe TEAELOr Tt er (Y WHIT Het reaetT b VEsbel * ar Bk YA6I 37 dr i ed
and pur gecyi thl @b d edd . gaswe Wi Chi irays hel heaiegk iy examd es to a

t enperature between room tenperature and 300C. Subsequently, the mxture to
be pyr ol &P BYdtHee shapd Hodie D5 arte feomeaibohydriditte Bt car bohydr at e

m Xt ur e, | 1 S on. as. f t, ]

char ged ?%ﬁ%ﬁ%ﬁé?r ac?ﬁb%ﬂgﬁg %r8%$6 ?éb?eﬁ?ﬂﬂ%ﬁgsgg%gfq§?9?%2b6?¢%|ysis
appabat usdmi thtddiey casgp@fate xXtnurses, ot hieed eedst otks ket o ¢ ef erabinyemi xed
intimtely beforehand, degassed under reduced WO

2011/ 05 38@%%7%?%&ﬂkﬂ3%%§@%§%§3?ﬁ%ﬂ%ﬁﬁ%?%%d transferred into the prepared
react or under protective gas. In this case, the reactor may al ready be
slightly preheated. Subsequently, the tenperature can be adjusted

cont i nuokix yaror Tt Epni S en thredess reice b Yisi ac Bl taimprerea i@ aod a he

pressure. c reduced in order_t e e.fo renpve the gaseous
deconposcf%lﬂgonlpgorloa &Et%rdv%ipc% ocejf Saepe ar%n%%%}ar%%’cﬁ%eéﬁ%%% ep%%JOlr Spelciljl y as
posdi0bl esudzsipecdalhyxasres rigsetdo®©f the additi on of anorphous carbon, it is
advant ageous to very substantially prevent foam formation of 10 the

reaction mxture. After the pyrolysis reaction has ended, the pyrolysis

mommtﬁﬁ%ﬁ%ﬂ&ﬁ&%ﬂ%&%@@é%ﬁ&%ﬁ%1%1'U%H%W%E&%@%%%@ta
tenperature in the range from 1000 to 1500C. 15 In general, this gives a
pyr ol ysilsaypr dehst oro@icohpasi thontwinade dora @i nsradesal the exad usiaet y

carbon. In a preferr e iment, this pyrolysis produyct i.s notable

copect ATy T Vet o TG0 St GRS o e Han G S 1 el g fror e
prefiér abdy €hHOGODNa T @ s A0dyo dved Ght Theeve o Mt &es g f 5 ald yo A 1hH00001 to
0.01% by wei ght and especially preferably 0.000001 to 0.001% by wei ght. The
ash cont@hiPqs Rfet@F m et 4ol ATV BIS 062 B2 kivtiie trartie Bards  $hel e ect

process praduct, of  tdie RVEOhYSL S, PTPCESS, A A NG {9 thed i on, when
high-pur%ty reé%tants are ug%d, ?s notéﬁYe%%gfg%ts %?Bﬁ§§ﬂ€?¥§ and 25
usabi | i togaflorn tthiee producttiton ofs pol ych ystatd s ne(Ginaorke espeka adty of

What. shotl 4 e Trdor ot G by T o’ put1 1y Tt At S aha Py ot yaTE D oduct s

i's gef i nesbhelpwardD 2EHKRKEID, 7 IREPCINEP200 066800 57 £f.), in which a
hydrogen-containing carrier gas laden with o0il vapours is
combusted in an air excess at numerous exit orifices. The
flames hit water-cooled rollers, which stops the combustion
reaction. Some of the carbon black formed in the flame

25 interior 1is precipitated on the rollers and is scraped off

them. The carbon black remaining in the offgas stream is
removed in filters. Also known is the channel black process
(Carbon Black, Prof. Donnet, 1993 by MARCEL DEKKER, INC, New

York, page 57 ff.), in which a multitude of small flames fed



14 As stated, an inventive conposition (also referred to a pyrolysate or
pyrol ysis product for short) can be used particularly advantageously as a

f eedst ockwOnotins7g38oduct i on of solar silicon by reducti @oTaP280026304

el evated tenperature, 5 especially in a light arc furnace. For instance,
the inventive direct process product can be used in a sinple and

econom cally viable manner as a C-containing reducing agent in a process as
di scl osed, for exanmple, in US 4,247,528, US 4,460,556, US 4,294,811 and WO
2007/ 106860. 10 In a specific enbodi nent, the process according to the

i nvention, however, can al so be conbined with the carbothernic reduction of
silica, in such a way that inventive shaped bodies fornmed from unpyrol ysed
car bohydrate or carbohydrate 15 m xture and the anorphous carbon conponent
are introduced directly into the reduction furnace, especially preferably
in the abovenentioned ight ratios, such that in situ rolysis of the

car bohy dTAt e THET bi 2 Dener At S8 Yo" S8 Boh COMBEhertT iR T ee T or e

car bot herdigork esiuct it ae@istthey sdd 198 204 s wordsscidpddefnvanti ve
pyrolysis product is to be used for production of silicon, it is possible
ei t her f¢rktedtePert or mMiwhee § nvieht i Ve 1y riogt 3 gt anidet CBsupptyieatheof i ni shed
pyrol yse t rm i 5 i bove,
Dy nr o s e o T or it T oo Lhbyt of et byt A p ore 0

car bdhydiate thadt W0 @hd 1rhetfasror @itoust car hdredospored pndo=dde reduction
reactor in such a way that the carbon reducing agent required is formed in
situ by ¥t 5V ey rot R S Y et T UR A SHE pridseht ey a1 manner,

2011/ 057938 RGI/ER2GI0/ 066800515 1 gy gt d ans ddwis, g omi descdothy, far 4:he use of
t he inventive pyrolysis product and for the use of a shaped body forned

f rom unpyiriotaiserl fcar bohskivatiel ark cardbhgidrat € Phsaarresand ttherannes phous
carbon conpanent, especi refe Y. | 5. abov ntioned. wei ght
ratios, a ﬁ@%%%%%gk&%ﬁ%%%eerptpf%%c 4|otné50}1‘%gs.h(iacf%{lcegérjf, ﬁ%f%ﬁ%‘@‘f@e

met d0l urigiceadoSidd cone atisol arglst |aconfubyadeducidion ofc)S @2 atuel €vat ed

t enper at ur e, eigggially in a light arc furnace. 10 Wen the inventive

pyr ol ysi &2 prod i %5 ST LT RdstE Y MG hel Hrigefricts o dt1 % i con,

pref erablyp et al L gicalnsitigon oF solaty sildeom s by, neduglionof, Si 02 at
el evated tenperature, preference is given to first producing a shaped body

w th a defé nethdtoring ray exampl e byhgriamul atimy,bpeatdetir g, dbs

tabl etti,n extrudi.ng - to nanme ] ust few exanpl es, - with optiona
addi i ot B1F L (har CHpBRET S P RITUr S o - hi G §F prurd gD fors

act ngat of &r ssieirasd SIiG  Hinelens, susib ase of gangsd lanese r ONgaitosdd oxanes,
carbohydrates, silica gel, natural or synthetic resins, and high-purity

pr ocessi Hi 20~ 6¥si Stant S, TR AL s iy It abt s1Ti g BT udi ng
ass'Stan§§ho§%5*3ﬁﬁhﬁgéuﬁﬁfﬁ%rs, parallel diffusion burners, combined

oil-gas burners, pusher furnace burners, o0il evaporation

burners, burners with air or vapour atomization, flat flame
20 Dburners, gas-fired jacketed jet pipes, and all burners and

reactors which are suitable for production of carbon black or

for pyrolysis of carbohydrates.

In the process according to the invention, preference is given

25 to using a lamp black or a gas black or a furnace black. Very
particular preference is given to using gas blacks. Very
particular preference is likewise given to using furnace
blacks or oxidized furnace blacks, especially with low

structure, i.e. a DBP of less than or equal to 75 ml/ (100 g).



A pure carbohydrate or pure anorphous carbon or pure silica or pure

pyrol ysis product features a content of: 25 a. alumniumless than or equal
to 5 ppmwpnrefigsaiBy bet ween 5 ppm and 0. 0001 ppt, espeecaldpgolosseseen 3 ppm
and 0.0001 ppt, preferably between 0.8 ppm and 0.0001 ppt, nore preferably
between 0.6 ppm and 0.0001 ppt, even WO 2011/057938PCT/ EP2010/ 066800 16

b. better between 0.1 ppm and 0.0001 ppt, even nore preferably between 0.01
ppm and 0. 0001 ppt, even nore preference being given to 1 ppb to 0.0001 ppt,
boron less than 10 ppmto 0.0001 ppt,especially in the 5 c. range fromb5
ppmto 0.0001 ppt, preferably in the rafge from 3 ppmto 0.0001 ppt or nore
preferably in the range from 10 ppb to 0.0001 ppt,even nore preferably in
the range from 1 ppb to 0.0001 ppt, calciumless than or equal to 2 ppm
preferably between 10 2 ppm and 0.0001 ppt, especially between 0.3 ppm and

The amorphous carbon used in the process according to the

invention preferably has an internal surface area of 1 to

1000 m?/g, more preferably of 5 to 800 m?/g, especially of 10
5 to 700 m?/g. The internal or specific surface area is

determined by the BET method (ASTM D 6556).

Also preferably, the amorphous carbon used in the process
according to the invention has an STSA surface area of 1 to

10 600 m?/g, more preferably of 5 to 500 m?/g, especially of 10
to 450 m?/g. The STSA surface area is determined to

ASTM D 6556.

Likewise preferably, the amorphous carbon used in the process
15 according to the invention has a DBP absorption of 10 to
300 ml/ (100 g), more preferably of 20 to 250 ml/ (100 g),
especially of 30 to 200 ml/ (100 g). The DBP absorption is
determined to ASTM D 2414. Especially in the case of furnace
blacks or oxidized furnace blacks, it has been found to be
20 particularly advantageous when they have a relatively low
structure, i.e. a DBP absorption of less than 75 ml/ (100 g),
preferably 10 to 75 ml/ (100 g), more preferably 20 to
60 ml/ (100 qg).

25 In addition, it has been found that the pH of the amorphous
carbon component used in accordance with the invention,
measured to ASTM D 1512, should preferably be less than or

equal to 11, more preferably 1 to 10.



d. 0.0001 ppt,preferably between 0.01 ppm and 0.0001 ppt, nore preferably
between 1 ppb and 0.0001 ppt, iron less than or equal to 20 ppm preferably
bet ween woQoppsread 0. 0001 ppt, especially between 0.6 ppEER2W0D66800. 0001
ppt, preferably between 0.05 ppm and 0. 0001 ppt, nore preferably between
0.01 ppm and 0.0001 ppt and nost preferably 1 ppb to 0.0001 ppt; e.

ni ckel less than or equal to 10 ppm preferably between 5 ppm and 0. 0001
ppt, especially between 0.5 ppmand 20 f. 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 0.0086% ppt, phosphorus less than 10 ppm
to 0.0001 ppt, preferably

In a specific embodiment, the amorphous carbon component used
in accordance with the invention has a combination of the

aforementioned physicochemical properties.

9 When the purity of the end products in the process according
to the invention is particularly important, the reactants more
preferably have the profile of impurities defined below. The
mixing ratio of carbohydrate to defoamer, i.e. amorphous
carbon, calculated as parts by weight of carbon, in the

10 process according to the invention is preferably within a
range from 1000:0.1 to 0.1:1000. More particularly, the weight
ratio of carbohydrate components to amorphous carbon
components can, however, be adjusted to 800:0.1 to 1:1, more
preferably to 500:1 to 20:1, even more preferably to 250:1 to

15 10:1 and especially preferably to 200:1 to 5:1.

The carbohydrate component and the component composed of
amorphous carbon can be mixed, preferably in pulverulent form,
and the mixture can be pyrolysed. However, it is also possible
20 to subject the mixture to a shaping process before the
pyrolysis. For this purpose, all shaping processes known to
those skilled in the art can be employed. Suitable processes,
for example briquetting, extrusion, pressing, tabletting,
pelletizing, granulating, and further processes known per se,
25 are sufficiently well known to those skilled in the art. In
order to obtain stable shaped bodies, it is possible to add,
for example, carbohydrate solution or molasses or
lignosulfonate or "pentalauge" (waste liguor from

pentaerythritol production) or polymer dispersions, for



between 5 ppm and 0. 0001 ppt, especially less than 3 ppm25 g. to 0.0001
ppt, preferably between 10 ppb and 0. 0001 ppt and nost preferably between 1
ppb and OWOQOM/@p38 titanium | ess than or equal to 2 pprCTEPed1enNadshy | ess
than or equal to 1 ppmto 0.0001 ppt, especially between 0.6 ppm and

0. 0001 ppt, preferably between 0.1 ppmand WO 2011/ 057938PCT/ EP2010/ 066800
17 0.0001 ppt, nore preferably between 0.01 ppm and 0.0001 ppt and nost
preferably between 1 ppb and 0.0001 ppt, h. zinc less than or equal to 3
ppm preferably |l ess than or 5equal to 1 ppmto 0.0001 ppt, especially

bet ween 0.3 ppm and 0. 0001 ppt, preferabBly 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. 10 A high-purity carbohydrate or anorphous carbon or
silica or pyrolysis product is notable in that the sumof the

abovenentioned inpuriti |.es pref r abl Iess han 5 ppm
ror e pr SPEPELYS TEME thah A G eV ore JrLR Sraty (ST 3 bpm
especi algy preferanl y }Qaﬁy\ﬁﬂdyﬁl %@t@t@n%ﬁ/ﬁéﬁd@s&ﬁ%@léﬂeprﬁﬁ@@—y 1 ppm
to 3 ppm For each el enent e aimmay be a purity in the region of the

det ecti AP Yy rate, natheadefd¥%i ons %ﬁxﬁﬁﬁQﬁlih%ﬁQQﬂ andsulers silicon are
common 20 know edge. For instance, solar silicon has a silicon content of

greater than or equal to 99.999% by wei ght. The determ nation of inpurities
is pérformeddys means wied CGRMS/ OES }(é]ﬂﬁhﬂﬁﬁ&iﬂ/@é yoftotipt egrspect ronetry - nmass

25 spectronetry/optlcal el ectron spectropet and AAS (atom ¢ absorption
spect r oSEIHRATIING 2049 057EIBPET EPPOL0Y %e%@%ﬂp le, "Be ‘an 1nduction-

heated vacuum reactor, in which case the reactor may be made
of stainless steel. When particularly pure pyrolysis products
are required, the reactor may preferably be coated or lined
10 with a suitable substance which is inert with respect to the
reaction. For example, it is possible to use high-purity SiC,
Si3N3, high-purity quartz 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
15 oven with a vacuum chamber for accommodation of appropriate

reaction crucibles or wvats.

The process according to the invention is preferably performed
as follows:
20
The reactor interior and the reaction vessel are suitably
dried and purged with an inert gas, which may be heated, for
example, to a temperature between room temperature and 300°C.
Subsequently, the mixture to be pyrolysed or the shaped body
25 made from carbohydrate or carbohydrate mixture, as well as the
amorphous carbon as a defoamer component, is charged into the
reaction chamber or the reaction vessel of the pyrolysis
apparatus. In the case of mixtures, the feedstocks are

preferably mixed intimately beforehand, degassed under reduced



18 The present invention is explained and illustrated in detail by the
exanpl es which follow and the conparative exanple, wthout restricting the
subj ect - raOt2er1/057938he i nventi on. 5 Exanpl es: Conpar at i veCexaaqpomcdBno 5 g of
a comercial refinery sugar were nelted in a test tube havi ng a

| ength of 18 cmand a dianmeter of 18 nm and then 10 heated to about 400C
The reaction m xture foans significantly as it is heated. The sugar
caranel i zes and carboni zes. The pyrol ysis product fornmed adheres to the
wal | of the reaction vessel. The foam height in the test tube is 10 cm 15
Exanpl es 2-10: Commercial refinery sugdf was m xed together w th carbon
black in different weight ratios, nelted and heated to about 400C. 20 The
sugar caranelizes and carbonizes. Foamformation is significantly reduced
or absent. The carbon bl acks used differ in terns of surface area,

structure and s rfa e chemstr The results are mar.i zed Table 1
ol o e B I S e e R i S TR il *Ceee v

whi ch 9%5‘&5@4&’6/1\1‘@%?61@ VEL Ve i 0w e anehd urdtaces blacksa Widdnd ave structure,
i.e. |ow DBP nunber (see Printex 35 conpared to Printex 30 and Printex 3),

have paré‘elanfalry YRR tad. deflosrmicpr opertliestemeordiryg ¢ the anount

car bon 51 ahice:= P VB S0 RS 6SHET Eab 0] dabatt ab - Lo Fy iR e e

5 temperature and the pressure can be reduced in order to be
able to remove the gaseous decomposition products which escape
from the reaction mixture as rapidly as possible. Especially
as a result of the addition of amorphous carbon, it is
advantageous to very substantially prevent foam formation of

10 the reaction mixture. After the pyrolysis reaction has ended,
the pyrolysis product can be thermally aftertreated for a
while, advantageously at a temperature in the range from 1000

to 1500°C.

15 In general, this gives a pyrolysis product or a composition
which contains virtually exclusively carbon. In a preferred
embodiment, this pyrolysis product is notable especially for a
very low ash content of less than 0.5% by weight, more
preferably 0.0000001 to 0.1% by weight, even more preferably

20 0.000001 to 0.01% by weight and especially preferably 0.000001
to 0.001% by weight. The ash content is determined to ASTM D-
1506-92. More particularly, the direct process product of the
pyrolysis process according to the invention, when high-purity
reactants are used, 1s notable for its high purity and

25 usability for the production of polycrystalline silicon,
especially of solar silicon for photovoltaic systems, but also
for medical applications. What should be understood by high-

purity reactants and pyrolysis products is defined below.



Or aldwpx 6 D TO no foamformation Printex 35 49 (s SO Exanple 9 6.5 TO
co C XaqgUTad 08 S SL ET 6
WO 2011/057938 PCT/EP2010/066800

14

As stated, an inventive composition (also referred to a
pyrolysate or pyrolysis product for short) can be used
particularly advantageously as a feedstock in the production
of solar silicon by reduction of Si0O; at elevated temperature,

5 especially in a light arc furnace. For instance, the inventive
direct process product can be used in a simple and
economically viable manner as a C-containing reducing agent in
a process as disclosed, for example, in US 4,247,528,
US 4,460,556, US 4,294,811 and WO 2007/106860.

10
In a specific embodiment, the process according to the
invention, however, can also be combined with the carbothermic
reduction of silica, in such a way that inventive shaped
bodies formed from unpyrolysed carbohydrate or carbohydrate

15 mixture and the amorphous carbon component are introduced
directly into the reduction furnace, especially preferably in
the abovementioned weight ratios, such that in situ pyrolysis
of the carbohydrate therein generates the carbon component
required for the carbothermic reduction of the silica.

20
In other words, if the inventive pyrolysis product is to be
used for production of silicon, it is possible either first to
perform the inventive pyrolysis and to supply the finished
pyrolysed product to the carbothermic reduction, or, as

25 described above, to introduce a shaped body formed from
unpyrolysed carbohydrate or carbohydrate mixture and the
amorphous carbon component into the reduction reactor in such
a way that the carbon reducing agent required is formed in

situ by the inventive pyrolysis reaction. The present
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invention thus provides both for the use of the inventive
pyrolysis product and for the use of a shaped body formed from
unpyrolysed carbohydrate or carbohydrate mixture and the
amorphous carbon component, especially preferably in the

5 abovementioned weight ratios, as a feedstock in the production
of silicon, preferably metallurgical silicon or solar silicon,
by reduction of 510, at elevated temperature, especially in a

light arc furnace.

10 When the inventive pyrolysis product is used as a feedstock in
the production of silicon, preferably metallurgical silicon or
solar silicon, by reduction of Si0O, at elevated temperature,
preference is given to first producing a shaped body with a
defined form, for example by granulating, pelletizing,

15 tabletting, extruding - to name just a few examples - with
optional addition of further components, such as pure or
highly pure S5i0,, activators such as SiC, binders such as
organosilanes, organosiloxanes, carbohydrates, silica gel,
natural or synthetic resins, and high-purity processing

20 assistants, such as pressing, tabletting or extruding

assistants, such as graphite.

A pure carbohydrate or pure amorphous carbon or pure silica or
pure pyrolysis product features a content of:
25
a. aluminium less than or equal to 5 ppm, preferably between
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
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better between 0.1 ppm and 0.0001 ppt, even more
preferably between 0.01 ppm and 0.0001 ppt, even more
preference being given to 1 ppb to 0.0001 ppt,
b. boron less than 10 ppm to 0.0001 ppt, especially in the
5 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
range from 1 ppb to 0.0001 ppt,
c. calcium less than or equal to 2 ppm, preferably between
10 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,
d. diron less than or equal to 20 ppm, preferably between
10 ppm and 0.0001 ppt, especially between 0.6 ppm and
15 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 1 ppb to 0.0001 ppt:
e. nickel less than or equal to 10 ppm, preferably between
5 ppm and 0.0001 ppt, especially between 0.5 ppm and
20 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 less than 3 ppm
25 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 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
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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 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.

A high-purity carbohydrate or amorphous carbon or silica or
pyrolysis product is notable in that the sum of the
abovementioned impurities is 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. For each
element, the aim may be a purity in the region of the

detection limit.

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

of greater than or equal to 99.999% by weight.

The determination of impurities is performed by means of ICP-
MS/0OES (inductively coupled spectrometry - mass
spectrometry/optical electron spectrometry) and AAS (atomic

absorption spectroscopy) .
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The present invention is explained and illustrated in detail
by the examples which follow and the comparative example,

without restricting the subject-matter of the invention.

Examples:

Comparative example 1:

5 g of a commercial refinery sugar were melted in a test tube
having a length of 18 cm and a diameter of 18 mm, and then
heated to about 400°C. The reaction mixture foams
significantly as it is heated. The sugar caramelizes and
carbonizes. The pyrolysis product formed adheres to the wall
of the reaction vessel. The foam height in the test tube is

10 cm.

Examples 2-10:

Commercial refinery sugar was mixed together with carbon black
in different weight ratios, melted and heated to about 400°C.
The sugar caramelizes and carbonizes. Foam formation is
significantly reduced or absent. The carbon blacks used differ

in terms of surface area, structure and surface chemistry.

The results are summarized in Table 1 below.

It can be seen from Table 1 that especially gas blacks (see
FWl), which generally have a very low pH, and furnace blacks
with low structure, i.e. low DBP number (see Printex 35

compared to Printex 30 and Printex 3), have particularly good

LUO
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of a carbohydrate or carbohydrate m xture, characterized in that it is
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defoamer properties. According to the amount used, however, a

good defoamer action can also be achieved with other carbon

blacks.



S5performed wth addition of anmorphous carbon. 2. Process according to Caim
1, characterized in that t he anorphous carbon is activated carbon or
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or mxtures thereof. 3. Proccess acca®tding to Claim?2, characterized in

t hat 15t he anorphous carbon is carbon pl ack, prefer abl y a gas black or a
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the m xture of carbohydrate and anorphous carbon is subjected before the
pyrolysis to a shaping process, 10preferably briquetting, extrusion,

pr essi ng,woablatsr438g, pelletizing, granul ating, and thePprcespaiongsshaped
body is pyrolysed. 7. Process according to any of Clainms 1 to 6,
15characterized in that the pyrolysis is perforned at a tenperature of
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 20between 900 and 1600C, even nore preferably at
1000 to 1500C and especially at 1000 t611400C. 8. Process according to any
of Clains 1 to 7, characterized in that 25the pyrolysis is perforned at a
pressure between 1 nbar and 1 bar and/or in an inert gas atnosphere. 9.
Process according to any of Clains 1 to 8, characterized in that WO

2011/ 057938PCT/ EP2010/ 066800 23 5 .
thecarbohydrateconponentsand/ortheanS}Bﬁgﬁscarbon

conponent i s/ areusedi npur eor hi ghl ypureform preferably with a content of: a.
alumniumless than or equal to 5 ppm preferably between 5 ppm and 0. 0001
ppt,espébja|nyﬁéﬁweéﬁﬁgaﬂﬁﬁstrlal pyrolysis of a carbohydrate or

carbohydrate mixture, characterized in that it is

) performed with addition of amorphous carbon.

2. Process according to Claim 1,
characterized in that
the amorphous carbon is activated carbon or a carbon black
10 or a pyrolysed carbohydrate, especially pyrolysed sugar,

or mixtures thereof.

3. Proccess according to Claim 2,

characterized in that

15 the amorphous carbon is a carbon black, preferably a gas
black or a furnace black or a lamp black or mixtures
thereof, preferably with a BET surface area of 1 to
1000 m?/g and/or an STSA surface area of 1 to 600 m?/g
and/or a DBP of 10 to 300 ml/100 g and/or a pH of less

20 than or equal to 11.

4, Process according to any of Claims 1 to 3,
characterized in that
the carbohydrate component used is at least one

25 crystalline sugar.

5. Process according to any of Claims 1 to 4,

characterized in that



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 ppmand 10 0.0001
ppt, even wonelpsessgr ably between 0.01 ppmand b. 0. 00@LTMPL)1606G300MDF €
preference being given to 1 ppb to0.0001 ppt, boron less than 10 ppmto

0. 0001 ppt,especially in the range from5 ppmto 0.0001 ppt, preferably in
the 15 ¢c. range from3 ppmto 0.0001 ppt or nore preferably in the range
from 10 ppb to 0.0001 ppt,even nore preferably in the range from1l ppb to
0.0001 ppt, calciumless than or equal to 2 ppm preferably between 2 ppm
and 0.0001 ppt, especially between 20 22

carbohydrate and the amorphous carbon are used in a weight
ratio of 1000:0.1 to 0.1:1000, preferably 800:0.1 to 1:1,
more preferably 500:1 to 20:1, even more preferably 250:1
to 10:1 and especially preferably 200:1 to 5:1.

5
6. Process according to any of Claims 1 to 5,
characterized in that
the mixture of carbohydrate and amorphous carbon is
subjected before the pyrolysis to a shaping process,

10 preferably briquetting, extrusion, pressing, tabletting,
pelletizing, granulating, and the resulting shaped body is
pyrolysed.

7. Process according to any of Claims 1 to 6,

15 characterized in that
the pyrolysis is performed at a temperature of 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

20 between 900 and 1600°C, even more preferably at 1000 to
1500°C and especially at 1000 to 1400°C.

8. Process according to any of Claims 1 to 7,
characterized in that

25 the pyrolysis is performed at a pressure between 1 mbar

and 1 bar and/or in an inert gas atmosphere.

9. Process according to any of Claims 1 to 8,

characterized in that



0.3 ppm and 0. 0001 ppt, preferably between 0.01 ppm and 0. 0001 ppt,
preferably between 1 ppb and d.
ppm prefwoablyosssween

nor e
0. 0001ppt, iron less than or equal to 20
10 ppm and 0. 0001 ppt, especi alPCy/Hret10ed80©. 6 ppm

and 25 0.0001 ppt, preferably between 0.05 ppm and

0. 0001 ppt, nore

preferably between 0.01 ppm and

0. 0001 ppt and nost preferably 1 ppb to

0. 0001 ppt;

10

15

20

25

e.

the carbohydrate components

component

ni ckel less than or equal to 10 ppm preferably

23

and/or the amorphous carbon

is/are wused in pure or highly pure form,

preferably with a content of:

aluminium less than or equal to 5 ppm, preferably
between 5 ppm and 0.0001 ppt,
and 0.0001 ppt,
0.0001 ppt,
0.0001 ppt,
0.0001 ppt,
0.0001 ppt,

to 0.0001 ppt,

especially between 3 ppm
preferably between 0.8 ppm and

more preferably between 0.6 ppm and

even better between 0.1 ppm and

even more preferably between 0.01 ppm and

even more preference being given to 1 ppb

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 range from 1 ppb to 0.0001 ppt,
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,
and 0.0001 ppt,

0.0001 ppt,

preferably between 0.01 ppm
more preferably between 1 ppb and

iron less than or equal to 20 ppm, preferably between
10 ppm and 0.0001 ppt,
0.0001 ppt,
0.0001 ppt,

especially between 0.6 ppm and
preferably between 0.05 ppm and

more preferably between 0.01 ppm and
0.0001 ppt and most preferably 1 ppb to 0.0001 ppt;
nickel less than or egqual to 10 ppm, preferably

between 5 ppm and 0.0001 ppt, especially between



between 5 ppm and 0. 0001 ppt, especially between WO

2011/ 057938PCT/ EP2010/ 066800 24 0.5 ppm and 0. 0001 ppt, preferably between
0.1 ppm aw0 201103@B8ppt , nore preferably between 0.01 ppmCamP2@0066300 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 |ess
than 3 ppmto 0.0001 ppt, preferably between 10 ppb and 0. 0001 ppt and npbst
preferably between 1 ppb and 0.0001 ppt, 10g. titanium|less than or equal
to 2 ppm preferably less 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
151 ppb and 0.0001 ppt, h. zinc less than or equal to 3 ppm preferably

| ess than or equal to 1 ppmto 0.0001 ppt, especially between 0.3 ppm and
0. 0001 ppt, prefe |y between 0. 1 ppm and 0. 00 t, nore preferabl
between 0. 01" ppm Lt BR0. 000 L 0l mi rodtt et HbiF aedh 1 i S

0. 0001 ppt, and npsiodr ef@r,ablordamdie @siumiefc e abavesyit ioned
inmpurities of less than 10 ppm preferably |less than 5 ppm 25nore

preferably | ess thddU g asvkemafdt & yiefabdl yatesen NaP® spd

especially prefngghM)Oé#) o0 3 ppmand very especially preferably 1 ppmto
3 ppm WO 2011/0579 §P / EP2010/ 066800 25 10. Conposition (pyrolysis

prodbct) obt ai hedbracgaraiuyg tasamhaf 1A agms th ti. @011 kp Ry alefSd saldrsoduct

formed fromat |east one carbohydrate
%etween 5 ppm ggd 0.0001 ppt, especially 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 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 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
20 0.0001 ppt and most preferably between 1 ppb and
0.0001 ppt,

and most preferably having a sum of the abovementioned
impurities of less than 10 ppm, preferably less than 5 ppm,

25 more preferably less than 4 ppm, even more preferably less
than 3 ppm, especially preferably 0.5 to 3 ppm and very
egspecially preferably 1 ppm to 3 ppm.



5characterized in that it has a very | ow ash content of |ess than 0.5% by
wei ght, nore preferably 0.0000001 to 0.1% by wei ght, even nore preferably
0. 000001 wo 20110059938y wei ght and especially preferably OPODXPRE0066300 001% by
wei ght, or a content of: 10 a. alumniumless than or equal to 5 ppm
preferably between 5 ppm and 0.0001 ppt, especially between 3 ppm and

0. 0001 ppt, preferably between 0.8 ppm and 0.0001 ppt, nore preferably

bet ween 0.6 ppm and 150. 0001 ppt, even better between 0.1 ppm and 0. 0001
ppt, even nore preferably between 0.01 ppm and 0.0001 ppt, even nore
preference being given to 1 ppb to 0.0801 ppt, b. boron less than 10
ppmto 0.0001 ppt, especially in 20the range from5 ppmto 0.0001 ppt,
preferably in the range from3 ppmto 0.0001 ppt or nore preferably in the
range fron110 ppb to 0.0001 ppt, even nore preferably in the range froml

ppb to O, t, 25c. Iess t al top 2 . referably
DEwean B ppri R - g0 BPAES et 1 Bt Vet G5, it i B G0 B
preferably bejﬂmgmhﬁHQILpgnuﬁnd 0. 0001 ppt, nore preferably between 1 ppb

and 0.0001 ppt, WD 2011/057938PCT/ EP2010/066800 26 d. iron |l ess than or
equal to 20 ppm preferably between 10 ppm and 0. 0001 ppt especially

bet ween 0. :%FQ} ) t £ et quhg?g 0001 ppt,
nor e pré?%ra '%ﬂ§Veé%96%6%pd%ﬁﬁéﬁ%%ggg%dﬁg:“%f and nos ref er abl 'y 1 ppb
to 050001 ppiha@ctrnn:kzedd Izesstﬁattamtorhasqwlvetm{ JJvappzmh prcﬁftesrretblcyf betsween 5

ppm and 0. 0001 ppt,_.especially between m an 0001 ppt, preferably
et woen 0. 1 (Wi P 0 IDOCE L METE et Grabl o Betiden O O Fors art

100. 0001 pptw@irmqmsgvem %@f@@%ﬁ@ﬁé@% o, o @nd 9. P00 pRf wdight
phosphorus | ess than 10 ppmto 0.0001
and especially preferably 0. OOOOOl to 0.001% by weight, or

a content of:
10
a. aluminium less than or equal to 5 ppm, preferably

between 5 ppm and 0.0001 ppt, especially between
3 pepm and 0.0001 ppt, preferably between 0.8 ppm and
0.0001 ppt, more preferably between 0.6 ppm and

15 0.0001 ppt, even better between 0.1 ppm and
0.0001 ppt, even more preferably between 0.01 ppm
and 0.0001 ppt, even more preference being given to
1 ppb to 0.0001 ppt,

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

20 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 range from 1 ppb to
0.0001 ppt,

25 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,



preferably between 5 ppmand 0.0001 ppt, especially less than 3 ppmto

0. 0001 ppt, preferably between 1510 ppb and 0. 0001 ppt and nost preferably
bet ween Iwppb11zans@38. 0001 ppt, g. titaniumless than or equaiP2a410/0263ppm
preferably | ess than or equal to 1 ppmto 0.0001 ppt, especially between
0.6 ppm and 0.0001 ppt, 20preferably 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, h. zinc less than or equal to 3 ppm preferably |ess
than or equal to 1 ppmto 0.0001 ppt, especially 25between 0.3 ppm and

0. 0001 ppt, preferably between 0.1 ppn?&nd 0.0001 ppt, nore preferably
bet ween 0. 01 ppm and 0. 0001 ppt and nost preferably between 1 ppb and

0. 0001 ppt. WO 2011/057938PCT/ EP2010/ 066800 27 12. Use of a conposition
(pyrolysis product) according to Claim110 or 11 as a feedstock in the

production of silicon, preferably netal lurgic silicon or solar silicon,
by reduction of 98 0P ht S eviatEd Yenpdat ug% fié%%%’ci%qefj%riaﬁﬂayl i ght arc

furnace, or for prduedd.om ©fph aphi te@, amid digigs, e sed &1 ab) Yool eed f odes,
especially high-purity el ectrodes, carbon brushes, heating el enents, heat
exchangers, or as & Td@burdnd ny Hyehtrhlor Rildraply alivgind prodiueti on or

as a reducing agent,n hard ngtal Mﬁ%%ﬁ%ﬁ%ﬁﬂb@@w&%ﬁp&’tp oraq;?d iy

etc.) or in zirconium production or or as a
subsbi tute for wood. @i psopth ared ahd atr ghcate palocesseseb to 0.AB)1 Rswicess for

producing silicon, preferably nmetallurgical 15silicon or solar silicon,
characterized i f-that<&d n]i%&%rteh%rf A EHFHhyd? a]t(é,pfﬁ?'ef%lf@d%ﬁli/a%ly

car bohydrate 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

10 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
less than 3 ppm to 0.0001 ppt, preferably between

15 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
less than or equal to 1 ppm to 0.0001 ppt,
especially between 0.6 ppm and 0.0001 ppt,

20 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 less
than or equal to 1 ppm to 0.0001 ppt, especially
25 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.



purified by neans of ion exchange col ums, and an anor phous carbon,
preferably a high-purity anorphous 20carbon, are pyrolysed at tenperatures
of 400 t owdQ0G/05293d i n that pyrol ysis product is subseqremEPg09ecE0e O
produce silicon, preferably high-purity silicon, nore preferably sol ar
silicon. 25 14. Process for producing silicon, preferably netall urgical
silicon or solar silicon, characterized in that a mxture of a
carbohydrate, preferably a carbohydrate purified by neans of ion exchange
colums, and an WO 2011/ 057938PCT/ EP2010/ 066800 28 anor phous car bon
preferably a high-purity anorphous carBdn, is introduced in unpyrolysed
forminto the reduction reactor, the carbon reducing agent is produced in
situ therein by pyrolysis and the latter is 5subsequently reacted with
silica or silicon carbide to give silicon, preferably high-purity silicon,

nore prefera solar silicon.. 15, Pracess accordi to Caimi13 or 14,
et o fro b A S e m e o At ore ot
car bohydr at e @nd ranoy phoust Gt konseand dhen Pyl ysediydib.oProcess for

producing silicon, preferably solar silicon, characterized in that a
graphite el ectrloderor Ryrsdshiakel v 3void Idi vigsl Gicle otidi Pt 0112 are used

as apparatus é%yggdﬁ}“%§s%eduction of S5i0, at elevated temperature,

5 egspecially in a light arc furnace, or for production of
graphite mouldings, preferably electrodes, especially
high-purity electrodes, carbon brushes, heating elements,
heat exchangers, or as a carburizing agent for steel or in
diamond production or as a reducing agent in hard metal

10 production (W, Mo, Cr, Ti, Ta, Co, V, etc.) or in
zirconium production or as a blanket for metal melts or as

a substitute for wood chips in metallurgical processes.

13. Process for producing silicon, preferably metallurgical

15 silicon or solar silicon,
characterized in that
a mixture of a carbohydrate, preferably a carbohydrate
purified by means of ion exchange columns, and an
amorphous carbon, preferably a high-purity amorphous

20 carbon, are pyrolysed at temperatures of 400 to 700°C, and
in that pyrolysis product is subsequently used to produce
silicon, preferably high-purity silicon, more preferably

solar silicon.

25 14. Process for producing silicon, preferably metallurgical
silicon or solar silicon,
characterized in that
a mixture of a carbohydrate, preferably a carbohydrate

purified by means of ion exchange columns, and an



10

15

WO 2011/057938 PCT/EP2010/066800

15.

le.

28

amorphous carbon, preferably a high-purity amorphous
carbon, is introduced in unpyrolysed form into the
reduction reactor, the carbon reducing agent is produced
in situ therein by pyrolysis and the latter is
subsequently reacted with silica or silicon carbide to
give silicon, preferably high-purity silicon, more

preferably solar silicon.

Process according to Claim 13 or 14, characterized in that

a moulding is first produced from the mixture of

carbohydrate and amorphous carbon, and then pyrolysed.

Process for producing silicon, preferably solar silicon,
characterized in that a graphite electrode or graphite
mouldings according to Claim 12 are used as apparatus

constituents.



