SYSTEM FOR PRODUCING SILICON WITH IMPROVED RESOURCE UTILIZATION The present
invention provides a plant for producing 5 silicon, preferably high purity silicon, in particular solar
silicon, and a method for producing silicon, preferably high purity silicon, in particular solar silicon, in
each case with particularly efficient resource utilization and reduced emission of 10 pollutants. Thanks
to the plant according to the invention, it is possible to achieve considerable process intensification in

the production of sluaan i 13 hariaigi Ralasiuaan wich et adlislingt fadiglion in
climate-damaging carbon dioxide and/or carbon monoxide and in significantly reduced €lectrical
energy requirements. Furthermore, due to reciFetiatiorofSifiton oxide, which is formed on reduction

of 20 silicon dioxide to silicon in an arc furnace, into the carbon black reactor and recirculation of the

silicon dioxide aising gudng farban, black pradugtion infa the redyctign fefgpffz%ic'im&%@de cycle is
formed by which silicon oxide wastes are largely or ideally even 25 completely avoided. Furthermore,

the new plant al§d UitiRty REfe=eba e mateHal BHAhEY ofth SiRidn usad RFtHelSWetal process,
whereby overallsedsagilicen bxiderneed:be inrodoegthinio tHeprogessdscstadgingsmalteriah 30 Hitherto,

the waste heat, pe<therthenyal eneay. arisingduringthedaodugtion of carbonhlack hags not been
made technicall ngceggnom:iL%lly éjasg,gle fgra gteher processes. At,pcreientlthe waste heat from carbon
black 35 methods is convéntionally Tsed forprewarming or praheatiig e dducts, stich 3R hatural gas
and oil, for the saffEPHeHifod. Cotrekpsadingly, thealidste hegtiveird  emission  of

16 pollutants.

Thanks to the plant according to the invention, it is
possible to achieve considerable process
intensification in the production of silicon, in
15 particular solar silicon, which results in a distinct
reduction in c¢limate-damaging carbon dioxide and/or
carbon monoxide and in significantly reduced electrical
energy reguirements. Furthermore, due to recirculation
of silicon oxide, which is formed on reduction of
20 silicon dioxide to silicon in an arc furnace, into the
carbon black reactor and recirculation of the silicon
dioxide arising during carbon black production into the
reduction reactor, a silicon oxide cycle is formed by
which silicon oxide wastes are largely or ideally even
25 completely avoided. Furthermore, the new plant also
distinctly increases the material balance of the
silicon used in the overall process, whereby overall
less silicon oxide need be introduced into the process
as starting material.
30
Hitherto, the waste heat, 1.e. the thermal energy,
arising during the production of carbon black has not
been made technically and economically usable for other
processes. At present, the waste heat from carbon black
35 methods is conventionally used for prewarming or
preheating the educts, such as natural gas and oil, for
the same method. Correspondingly, the waste heat from

silicon production, in particular in the form of hot



silicon production, in particular in the form of hot - 2 - process gases, has hitherto also merely b_een
guenched with air and passed through hot gas filters to separate out silicon dioxide. It has not_ hltherto
been possible to make the considerable quantities of thermal energy 5 from carbon blaqk or §|I|con _
production usable in order to save energy in other proéesses. In particular when producing high purity
carbon blacks or silicon which is suitable for producing solar silicon or also for producing

semiconductor silj nsfer_of the excess 10.thermal energy was inconceivable due to the
necessary spati I%gggga%[io %() %gr'taiﬁap”%océégglg ff)??heapfr%(aqué?%ﬁeoﬂ}ﬁig eﬁd}itﬁb\%aﬁ%ﬁﬁﬁhg
extremely elevafttréqaitémanfd ReaRkcY He 3pBctiREp Ry of theisvauts arephepossibility of
mutual 15 contaminationlahsotutely suledeout this passibility. A methed forpseduciag satboa blacks

which may be meptiopackby.way ofsxample and.s epreRenialve of the produgtion methods familiar
to experts is theﬁsas 20 black method (German Imperial Patent 292 61, German paten% DE 2931907,

DE 671739, Carbbf BISEE B10t. 'DigHet, 1093 by AR CECHEKKER, REeINEw YorkTsiges 57f), in

which a hydrogerecobtairingcamier gas clarged )Aatthcu)ile\m)@s is Cmmgnaieﬂigmefwh&ﬁutlet 25
ports in an exceps-ghair1Tiae ﬂa@ﬁswﬁm@% againstyvatercoQled rollers, high ferminates the

combustion reaction A&ropor ion of the carbpn black formed in the interior of the flame is deposited
SULE e

on the rollers and 13 Seraped off the 18L&’ ThéeTarodiv btk 3B rLAfing fF thewaSte gaS%stream is
separated in filt&¥5OFPHE ERginfeibiaskde oo CatBde Black - Profs Dennetf 1998 byhAREEL

DEKKER,INC, NewsYerk, rﬁg&ﬁg@ﬂﬁwgﬁgumﬂﬁmﬁg k@@wy@ind@%crt@, Slg%ityﬁg%%%q%wralth .
gas-fueled flam %r gai % I 35 cooled iron channels. The carbon ac# eposited on the iron
channels is scra%é léoif]?gnd?o Ié%%%%ganhopggr. “FErRe Stardd’ ﬁr%%gggess,w oK are Héntioned as
production of high purity products. The extremely
elevated requirements regarding the respective purity
of the products and the possibility of mutual

15 contamination absolutely ruled out this possibility.

A method for producing carbon blacks which may be
mentioned by way of example and is representative of
the production methods familiar to experts is the gas
20 black method {German Imperial Patent 292 61, German
patents DE 2931907, DE 671739, Carbon Black, Prof.
Donnet, 1993 Dby MARCEL DEKKER, INC, New York, pages
57£f), in which a hydrogen-containing carrier gas
charged with oil vapor is combusted at numercus outlet
25 ports in an excess of air. The flames impinge against
water-cooled rollers, which terminates the combustion
reaction. A proportion of the carbon black formed in
the interior of the flame is deposited on the rollers
and is scraped off the latter. The carbon black
30 remaining in the waste gas stream is separated in
filters. The channel black method (Carbon Black, Prof.
Donnet, 1993 Dby MARCEL DEKKER, INC, New York, pages
57£f) is furthermore known, in which a plurality of
small mnatural gas-fueled flames burn against water-
35 cooled iron channels. The carbon black deposited on the

iron channels is scraped off and collected in a hopper.



representative of all carbon black production methods, give rise to a large quantity of waste heat, in

- particular in the form of hot residual gases (tail gas) 5 and hot steam. Waste heat has hitherto been
partially removed from the gases, for example by means of condensers, after which the gases are
purified and exhausted to the environment. No meanidgful use has hitherto been made of the removed
waste heat. 10 Due to the fine particulate structure of carbon blacks, contamination of other parts of

the plant with caghan bl cannot be ruled out. For thig reason, such plants have nat been combined
on one production site v?/lgtﬁali%egther%fa%ctjg Which weréﬂsm%ec?/lvllse USed for B‘l%%ﬁ%fﬁ@arﬁgh pﬁﬁty
compounds. OntREBRTET HeHE iheR brautingSikeon dxdsln prtdulat sticormgibkidéssuch as
precipitated silicai2teor siliceewhich has beenrgurifieghbytneans efdonygxghangerszan inpiy of
particularly large,guantities.of energyis reguired, for example far drying the mqist silicon oxides. 25
The object of th%e) resent invention was therefore to devc;ch%:) an 3%%&?%%% ?o%ap]fé{d&'?‘r% silicon, in

particular sdlar &ficonBy rediutHY- silfdf ifoxitP&n d 4% sd abing TiccuP s nidertaleddage. A
further object watocd@|off anovekdtieplantaslkish cafdre 3G:eperated with thenlosiest passible

requirement for gesQuEsRs, i particeiarraw,meterialegnd therpal and legtical en ﬁgy-anﬁurther
objects which afgxﬁll%{ 1?@,‘8” 'tlytstat%%are 35 revealed bg the overall context of the tollowing
description, drawifigs and claimis. - 4'<The objeEare hehidlRd B I paht dccoffing 16 the
invention, in pariéiiapas aniserahatalsehariied phancand thexgse abeerting to the invention
corresponming to the features of the independent 5 claims; preferred embodiments are disclosed in the

e e tie Sesciplon. Ascydng;e e 1y DHen I RLeRg uspRn praviies an overe!
contamination of other parts of the plant with carbon
black cannot be ruled out. For this reason, such plants
have not been combined on one production gite with
i5 other plants which were likewise used for producing

high purity compounds.

On the other hand, when producing silicon oxide, in
particular silicon dioxide, such as precipitated silica
20  or silica which has been purified by means of ion
exchangers, an input of particularly large quantities
of energy is required, for example for drying the moist

gilicon oxides.

25 The object of the present invention was therefore to
develop an efficient plant for producing silicon, in
particular solar silicon, by reducing silicon dioxide
and, in so doing, to cut raw materials usage. A further
object was to develop an overall plant which can be

30 operated with the Jlowest possible requirement for
regsources, in particular raw materials and thermal and
electrical energy.

Further objects which are not explicitly stated are
35 revealed by the overall context of the following

description, drawings and claime.



10 at least one reactor 4.1 for the thermal conversion of carbon-containing compounds and at least
one reactor 6.1 for reducing metallic compounds, wherein the reactor 6.1 is supplied with the carbon
produced in the reactor 4.1, preferably in the form of carbon black or 15 charcoal or the pyrolysis
product of at least one carbohydrate, via the material étream 4.2 and with the silicon dioxide arising as
secondary product in the reactor 4.1 via the material stream 4.3 and additionally the mixture of carbon

monoxide and silican 20 monoxide arising as by-product in the.reactor 6.1 is returned to the reactor
4.1 via the mate%lél%str%%l 6.3 !na"gepréaf(é%rjé végmcgo%d:\/mé%’teof%%rﬁ) an%fl%i%é%%n?ﬁS %Igupplied,
preferably contintfbUSRE With-siliton Rigidé Wrateratty Righ purispdiicorrdiadide, wa rfaterdal stream

7.2 and with a carbentcontaining carigoundsprefesahly patutal gasooil afisarbohydratasisuch as for

example sugar and, gther mono-, di-, fri-, 3Q oligo- I charides, via 4.4.and_high purity silicon
(material stream not ,sh%%vn in thgci‘igtg%s) %l%grawrf é#‘?%?ngt e?%gctqr\%.el. Tﬁjélcg?fn 3 cggggding to the
invention are distihgaBfied I5F§5&GHc cRBRFGIEFSificor ¥hich eRsareafat te silfden
introduced in thesfopmlefiarsoxidd is alnmdst glaatitativelyohe. at least 80%, preferably 90 to 100%,
particularly preferably 95 to 99.5%, very - 5 - particularly preferably 97 to 99%, converted into
preferably high %urit%sggcon ang almost no silicon is lost as a waste product in the form of an oxide
thereof. 5 In a fifst preferrad variant of the metHGd 5eCotdingt0%he RiVeREdh, theTh¥eSknt fyention
provides an oveEHIPIARES whithoneadditorptbathe componenmdiofdhe ovetaliplamt 1, conprises a

device or machiae on 2@ installadion 8=k fasfuriher progessing afthe-silicon.dioxidestrigam,4.3 and the
carbon stream 4&%&5—%@&1@5@%‘&?”‘3" streams 4.2 and é.saz?{ge ;?d to 8.1 and the product of this
m8.2.

. Il COMPOUTIGS.
further processing Is fed to the reactor4. I Viaa material atrea Ciftulafiivof * €2 0*
6.1 for reducing metallic compounds, wherein the

reactor 6.1 is supplied with the carbon produced in the
reactor 4.1, preferably in the form of carbon black or

15 charcoal or the pyrolysis product of at least one
carbohydrate, wvia the material stream 4.2 and with the
silicon dioxide arising as secondary product in the
reactor 4.1 via the material stream 4.3 and
additionally the mixture of carbon monoxide and silicon

20 monoxide arising as by-product in the reactor 6.1 is
returned to the reactor 4.1 via the wmaterial stream
6.3.

In a preferred embodiment of this plant (la), the plant

25 is supplied, preferably continuocusly, with silicon
dioxide, preferably high purity silicon dioxide, via
material stream 7.2 and with a carbon-containing
compound, preferably natural gas, oil or carbohydrates
such ag for example sugar and other mono-, di-, tri-,

30 oligo- or polysaccharides, via 4.4 and high purity
silicon (material stream not shown in the figures) is
drawn off from the reactor 6.1.

The plants according to the invention are distinguished
35 by specific circulation of silicon, which ensures that
the silicon introduced in the form of an oxide is
almost quantitatively, i.e. at least 80%, preferably 90
to 100%, particularly preferably 95 to 99.5%, very



15 SiO/Si02 between reactors 4.1 and 6.1 is thus retained, 8.1 merely constituting a further plant
component. The overall plant 2 thus comprises at least one reactor 4.1 for the thermal conversion of
carbon-containing compounds, at least one reactor 6.1 for reducing 20 metallic compounds and at
least one device or machine or installation 8.1 for farther-processing of the silicon dioxide stream 4.3
and of the carbon stream 4.2. In this variant, carbon, preferably in the form of carbon black or charcoal

or of the pyrolysj t-Qf 25 at least.one carbohydrate, is produced in the reactor 4.1 for the
thermal convers%anq{)g‘gcga?r%%rfggnta%%go (e:or.%%%ﬂ nd)sédgnd %ﬁppll%%g\?ia L7710 %Jé%lefrgt)hel’l &Beessing
apparatus 8.1. THeSdifdontigxibe SpreRarabiin phivierforfnAridiacss a By-préddatam 30 the reactor
4.1 for the thermabsonversioraof earboa-cataiging:compourts: is kewise sapplied visgxd.ado further
processing 8.1. The futher processing device/machine/installation 8.1 preferably comprises a mixing
unit in which carbon and silicon dioxide are 35 mixed as homogeneously as possible and/or a unit for
producing s%aped articles of carbon and silicon dioxide. The shaped articles may be produced, for
example, by grahulasiol itableting sfelietizthgy aBimriguetifig ohethes shitable sneasitesywel known to

a person skilled imthe artJhedresultant praducts-aredhen sypplisd via 8.2 {p.the ygduction furnace
6.1. In the reducti\ggrﬁé%ace 16 L thS miatur%of carbogégmd,S silicon dioxide is converted into high
it "o (bt shBwRTH e furkS). By Ep AR £dm this

purity elemental silicon whifh 7 drafvn"d
reaction include SR 0@ YiidifokidePéaibon nonoitderdribsarBortigiokice. The siicdriaed the carbon

monoxide xre valuable Tawcibmaterialsas therpracess ageardingLorthe swentien and aredherefore
recirculated via §.3 jntosthe rea 4.1. The material streams 4.2 and 4.3 may take the form of 15
separate line systems,%ut %IES %tgvt%/e\%ﬁalgg%o?s%ﬁleciglf%écﬁ%fesf %?ﬁ%eéé:afrlboﬁ 11‘1rCoIFh x%%nd the
silicon dioxide frofiF4Bb%ke feactb£aME chedinder furtherBroceasing<s. 8.-20 Begeridiag on the
particle size of thercdron orcdf thelsiliconsdiexide fronpdcersd 3rigspectivehsdt may bewagvantageous

also o carry out& geReing step dyriag friheE PICessIng Belydn Y1s case, ihe plant sgcorcing o the

invention comprise(?f% rinding 25 apparatus. Grinding, mixing and production of the shaped articles

may be petformgd Pas firE4&F Badfagahte deps A SepriteRadiings, Bk alkBFartially or
completely simuftahemsheiFyoneaomathinet 36dn andthercverianpobtive presertrimventiorritae raw

materials are supplied, preferably continyoushade theseikculation.ofdpatstials,via £,2,ang, 4.4, wherein
for the thermal conversion  of carbon-containing
compounds, at least one reactor 6.1 for reducing
20 metallic compounds and at least one device or machine
or installation 8.1 for further processing of the
silicon dioxide stream 4.3 and of the carbon stream
4.2. In this variant, carbon, preferably in the form of
carbon black or charcoal or of the pyrolysis product of
25 at least one carbohydrate, is produced in the reactor
4.1 for the thermal conversion of carbon-containing
compounds and  supplied wvia 4.2 to the further
processing apparatus 8.1. The silicon dioxide,
preferably in powder form, arising as a by-product in
30 the reactor 4.1 for the thermal conversion of carbon-
containing compounds is likewise supplied via 4.3 to
further procesgsing 8.1. The further processing
device/machine/installation 8.1 preferably comprises a
mixing unit in which carbon and silicon dioxide are
35 mixed as homogeneously as possible and/or a unit for
producing shaped articles of «c¢arbon and silicon
dioxide. The shaped articles may be produced, for

example, by granuilation, tableting, pelletizing,



silicon dioxide, preferably high purity silicon dioxide, is supplied via 7.2 and a source of carbon via 35
4.4. High purity silicon is drawn off from the reactor 6.1 (material stream not shown in the figures). The
specific circulation of silicon in the plant according to the invention ensures that the silicon introduced
in - 7 - the form of an oxide is obtained almost quantifatively as high purity silicon and almost no
silicon is lost as a waste product in the form of one of the oxides thereof. In comparison with the

embodiments agcordi .to Figures 1.and la, the embodiments according.to Figures 2 and 2a exhibit
the advantage tg%%%g %aév%/ggn?atqejr}falsoé%ﬁggn ﬁgﬁ%g%% carbon from stfeams 4.2 8fd 43 cn be
supplied by the RFhEPProtEddingdinit B.14Behetideuctiditreaserbteas a hoabeyeheousrE) mixture

in ideal stoichiométsy. Asiapdsidtandialss due tothershape @idhe shaged-agisle, theefficiency of the
reduction reactot gan be distipethyimproyed and s, enefgy usage distinctly:reduced. 15 Regctors
suitable for the thermal conversion of carbon- containing compoqnéls X1 are any reactors for
producing carboR i8R0 rapHitE: AhartdarGiieetal i ésmpbdeht Bortaiinga eamsshahatrix, for
example carbons Blso-centainingtsilicondazbide afd funtker 26sneh compouads famitiaktp .a person

skilled in the artpy-products arising from this reaction include silicon
monoxide, carbon wmonoxide and carbon dioxide. The
silicon and the carbon monoxide are valuable raw
10 materials in the process according to the invention and
are therefore recirculated via 6.3 intoc the reactor
4.1,

The material streams 4.2 and 4.3 may take the form of
15 separate line systems, but it is however also possible
to transfer both the carbon from 4.2 and the gilicon
dioxide from 4.3 to the reactor 4.1 in one line for

further processing 8.1.

20 Depending on the particle size of the carbon or of the
silicon dioxide from 4.2 or 4.3 respectively, it may be
advantageous also to carry out a grinding step during
further processing 8.1. 1In this case, the plant
according to the invention comprises a grinding

25 apparatus. CGrinding, mixing and production of the
shaped articles may be performed in 8.1 as in each case
separate steps in separate machines, but also partially

or completely simultaneously in one machine.

30 In another variant of the present invention, the raw
materials are supplied, preferably continuously, to the
circulation of materials wvia 7.2 and 4.4, wherein
silicon dioxide, preferably high purity silicon
dioxide, is supplied via 7.2 and a source of carbon via

35 4.4. High purity silicon is drawn off from the reactor
6.1 {material stream not shown in the figures). The
specific circulation of silicon in the plant according

to the invention ensures that the gilicon introduced in



According to the invention, the reactor 4.1 for the thermal conversion of carbon-containing compounds
Is a reactor or furnace for producing carbon black or for the combustion and/or pyrolysis of
carbohydrates, for 25 example the pyrolysis of sugar optionally in the presence of silicon dioxide, for
producing carbon- containing matrices, for example irf tre presence of high purity silicon oxide.
Conventional reactors for producing carbon black are operated at process 30 temperatures of 1200 to

above 2200C inthe cembystion cg};f\n}gg{ hel e%ﬂ.@%\@%etg%g%s (%h prog%ctm% C rbon black are the

lamp black method, the furnace black met met e ace]t%ene black
or thermal black@fiethbd TRE & &stor3s 1 JAFP% rcﬂﬁ@@%efé@atﬁ)} 4ésHRed SForlé%aﬁffylrf‘g‘aout the
stated methods 2A reaetoe knpwodrar thémpriorteet fodfquraducifig carbonditack e forcthé drermal

therecf. In comparison with the embodiments according

5 te Figures 1 and 1a, the embodiments according to
Figures 2 and 2a exhibit the advantage that the raw
materials silicon dioxide and carbon from streams 4.2

and 4.3 can be supplied by the further processing unit

8.1 to the reduction reactor 6.1 as a homogeneous

10 mixture in ideal stoichiometry. As a result and also
due to the shape of the shaped article, the efficiency

of the reduction reactor can be distinctly improved and

its energy usage distinctly reduced.

15 Reactors suitable for the thermal conversion of carbon-
containing compounds 4.1 are any reactors for producing
carbon black, graphite, charcoal or in general a
compound containing a carbon matrix, for example
carbons also containing silicon carbide and further

20  such compounds familiar to a person gkilled in the art.
According to the invention, the reactor 4.1 for the
thermal conversion of carben-containing compounds is a
reactor or furnace for producing carbon black or for
the combustion and/or pyrolysis of carbohydrates, for

25 example the pyrolysis of sugar optionally in the
presence of silicon dioxide, for producing carbon-
containing matrices, for example in the presence of
high purity silicon oxide. Conventional reactors for
producing carbon Dblack are operated at process

30 temperatures of 1200 to above 2200°C in the combustion
chamber. The best known methods for producing carbon
black are the lamp black method, the furnace black
method, the gas Dblack method, the flame Dblack,
acetylene Dblack or thermal black method. The reactor

35 4.1 is accordingly preferably designed for carrying out
the stated methods. A reactor known from the prior art
for producing carbon black or for the thermal

conversion of carbon-ceontaining compounds is preferably



conversion of carbon-containing compounds is preferably - 8 - used for the plant according to the
invention. Such reactors are sufficiently well known to a person skilled in the art. The furnace black
reactor, the feedstock for which is clean oil fractions, i.e. which 5 have for example been prepurified by
distillation, is preferred according to the invention as thereactor 4.1. Decisively, the content of
contaminants is here determined by the raw material selected. 10 Conventional types of reactors in

general comprisg any furnacegwhich-are suitable for producing carbon, black. These may in turn be
equipped with di erentugﬁglergt%%hnggaﬁle%. 6ﬁg%§§£xﬁe tﬁgreo %llse th&'Hiffe Sl;cgfﬁrnaél "“the decisive
factor in selecting®he Hefifer 84S wittthérf icgédited topkddudeamelevated @mpirea@amin the

flame or a rich flaiel Téé reactorshamay=pomprisethe fallovdne bumerdmnits: gastuwrners-wigh integral
combustion it i@k, 038 UERATS 2 AWled ai sigeag, COMPINATEN gas birmers Wi gas 20
[ uls e

injection via peripheral lances, high velocity burners, Schoppe im e%urn’ers, paral difflision

burners, combined ‘Bil/gaS bufRE S hEF R aRE Belirdrs L 6t vaporisitn BmBACBurners with air
or steam atomizatier sflatfkdme bomat s ngasfived faeketed yetr 251 pipesa together withsarypburners and

reactors which afe suitatie for iradycingrearbanlack,or farrthe. gyrolysis, of carbohydrates, for
example of sug Z%g%tionall%({n ighe presence of silicon dioxide}. The reactor 4.1 is taken to be the entire

reactor or also 30 pars of the redctor fof 8Xamplethetealor e6mEfises the reaction chamber, a
combustion zone, a mixing zone, reaction zone and/or quench zone. According to the invention,

recuperatars areusedintheraiienehene suchasdorexample gdatresuperaigrvitha Hag of 35 steel
pipes. -9 furnacg, an electric melting furnace rmal reactor, an induction furnace, a melting
reactor or a blas%urn%é%gln%o%eé%e%%%rtlsc%f'a%;ggr%fe%rl?e% grﬁgf%ﬁ%lenrﬁ,t &'ré3tto %ic id/or the
reactor 4.1, 5 preféigBly B ofitherhuare oPan SetigtRRestriittén, Sidifeiependuationdf oxygen is
avoided. The liness:81vihegrilant accardingstediheg irvention:is 48 particulamy prefarably designed as a

hot gas line in sEch-away that it a&ég&ggpgssﬂglgt%%ppﬁssgéf@é{tclplggfegﬁ%ti%nuof the gaseous

silicon oxide from the hot process gases which arise during production of silicon in the reduction

|
reaCKH(ii?TheWhﬁ?ﬁS%éSS@gseSls desired to produce an elevated
temperature in the flame or a rich flame. The reactors

may comprise the following burner units: gas burners
with integral combustion air blower, gas burners for a
swirled air stream, combination gas burners with gas
20  injection via peripheral lances, high velocity burners,
Schoppe impulse burners, parallel diffusion burners,
combined oil/gas burners, pusher furnace burners, oil
vaporization burners, burners with air or steam
atomization, flat flame burners, gas-fired jacketed jet
25 pipes, together with any burners and reactors which are
suitable for producing carbon black or for the
pyrolysis of carbohydrates, for example of sugar,
optionally in the presence of silicon dioxide. The
reactor 4.1 is taken to be the entire reactor or also
30 parts of the reactor, for example the reactor comprises
the reaction chamber, a combustion zone, a mixing zone,
reaction zone and/or guench zone. According to the
invention, recuperators are used in the guench zone,
such as for example a jet recuperator with a ring of
35 steel pipes.

The reactor 6.1 for reducing metallic compounds, the

reduction reactor, is particularly preferably an arc



15 conventionally comprise carbon monoxide, silicon oxide and/or carbon dioxide. Condensation of
silicon oxide entails a considerable risk of abrupt decomposition. The hot gas line is accordingly
preferably provided on its interior surface with "blanketing”, which reduces 20 or preferably prevents
such condensation on the interior surface of the hot gasine. Blanketing may for example be provided
by generating vortex swirls or by other measures known to a person skilled in the art. As an alternative

to blanketing, the hof gas line §.3 25 e equipped with heat tracing and/or comprise over its
surface a producer gas feed for temSgﬂr%a%u%e%%ntr(‘)[?ffa%tplar%ﬁcuIatfrl%qu%%%asina teﬁg‘%ﬂﬁé by

reaction, preferabfRAmHhE walzohE CSETE-E0 e FHEBE Rot gasTiRé BiZ8hdife BEIHademasashort as 30
possible, i.e. thebdutket of therwaste.gasrstreanmé.3 fremythe paductionreactpr apedhe inletdnto the

reactor 4.1 for thethesmal.conversjon o{,ggrggglcqrgpgung?éz% d Qg gr_re}rnegaegrf?s cloge.as possible

to one another. A person skilled in the art can devise 35 su ant designon't e basié of his/her
general spetiall Wiekge, - 182 Rrthéconstiftidits of Behot frbcesaBased Hamstiried into the
reactor 4.1 includemarborr riomoxide suncbsilicohaoxidepdmthierundestyingarethestyigtraducing silicon
oxide into the reagtor f@izh producing carbon black or for pyrolysis of carbohydrates is not disruptive if
the reaction products are used for producing silicon. Introducing carbon monoxide from the hot
process gases via the hot gas line 6.3 into the reactor 4.1 also results, in 10 addition to reducing the
required quantity Bf naiirdl fasoriol drisugatasa sotree 8foarbbn (4143, inmvienorable skift in the

equilibrium ®f thezhot ges Thirng cpmbeistion ot thernakeleavage of thgsar lackyaw fpaterials or
the carbohydrate-containi oungds. The mode of operation.enabled in the plant according to
rlg%%ﬁ 9:%%% 19 fnr as b§ Ogle %

the invention is accompanied by a distinct reduction of carbon nonoxide atdior ¢Atbon didkide in the
overall process S H68FaRG STicOt. JoHPnHRE O Yacirlibtionmf Hielhst pfscasstdusesfrom the
reduction step inpBdcintesthgasastowi dcandaretiseulation abthe siican tiekdefrom 4 3,cupich arises

as & by-product of caihan rEGaVENYB 41, Dip 6o t i Rossihle, orythe ope fand,to disperse vith 25

a separate, complex and costly dedusting installation and, on ther d, to mcre%sq?ﬁe yield of
silicon by tip to 26 WS hCiriparisRWRHISor GRtRethodS t¥thdge tHe!dificsToieifdfmed
always remainsaméreprocesskant onfycthibdiesirettiint 38product sificonig tleawin affdtaa the

reactor 6.1. Thesguasall progese.by smeans.efitbe plagkacgerding o the inyention using, specific
material streamgﬂzilnd a scpecific piant design ma}loaccordhrlgly lead to an increase in Fi/iel of silicon with
hanks

regard to the 35 in ro&t?ced%?l?con%%?de% A BINTodiiced HedP tohakhtOF e Roldases, there
is also for exampleSa diffeftanesusTedhietsn i indquaptiansiratuml gasinicarboredlacie production.

The plantzecording teriherisvantion fopprodusing highpurity siicenmaybeeperaigd stilljpore
efficiently if, in aﬂ?@@@i@ﬁhesﬁg%%@%m%tg riatlﬁetare%rg%, gas line. Blanketing may
for example be provided by generating vortex swirls or
by other measures known to a person skilled in the art.
As an alternative to blanketing, the hot gas line 6.3
25 may be equipped with heat tracing and/or comprise over
its surface a producer gas feed for temperature
contrel, in particular for increasing temperature by
reaction, preferably in the wall zone. Self-evidently,
the hot gas 1line 6.3 should be made as short as
30 possible, i.e. the outlet of the waste gas stream 6.3
from the reduction reactor and the inlet into the
reactor 4.1 for the thermal conversion of carbeon
compounds should be arranged as close ag possible to
one another. A person skilled in the art can devise
35 such a plant design on the basis of his/her general
specialist knowledge.



5 specific energy streams are also used. The following description provides a detailed explanation of
these energy streams. These energy streams complement the material streams which have previously
been described and, in preferred variants of the present invention, 10 are used together with the
energy streams described below. In Figures 3 to 3i ahfl 4to 4h, the material streams are represented
with continuous lines and the energy streams with broken lines. 15 In preferred variants of the plant

according to theginyention, the, nt invention prgvide an overall plant 3 or 4 comprising a reactor
4.1 for the thermal con\%sion {g{) ((e:széra oH-econ%ainin% comglaﬁnds?lvc\)/ ereif the redctor B connected to a

combined heat &fPpSWEF&Fde 26-35C viakiifich & pRsiction of the whBesie 5.398 kacted from
the thermal conversioniatel anothes plapartionafitie waste heet isweeavenedinio rleetisal energy

5.2. The plants additiapally;comprise gyredyctiopfeagior 6;3,and, inplant 4,223 .

for
device/machine/installation 8.1 for further processing of material streams 4.2 and 4.3. The plants 3 and

4 furthermote cOBISE Miferial SHERTR 4.2 L34, 6.377 2 8.2, WHIER BYE £8nfiguféd as
described above:3B0my grefeered variant ofthesedplamadaloeda, te extiactedeaste heat 5.3 in the

method for prodyeisghsiicon diexide,dapariigwards aqnethed steprdwing therprodugtion gf silicon
dioxide,_ is usedci:n QEViﬁe %g 70.%{.i'gée \%/%gtrg hei?t | artlcularl_ f%greferably indirectl or dlrec_ Iy used in
the device 7.1 for heating of teniperature controf of the ppé%?é'%/ O VREES drforhig péipitated
silicas or silica g&§ - 12 @ndforforidiying Silicon oxRie; o patticulan siconiexidée ssuchias
precipitatac silicadatsilicargets-orsiiwacgels; purified bydon exehaggsrs: fhe wastehaat 5.3 is
pa”mUb”Vp“”@QQW6@ES%?i@§f@£g§% as a source of carbon {(4.4), in a

favorable shift in the equilibrium of the hot gas

during combustion or thermal cleavage of the carbon

black raw mwmaterials or the carbohydrate-containing

15 compounds. The mode of operation enabled in the plant
according to the invention is accompanied by a distinct
reduction of carbon monoxide and/or carbon dioxide in

the overall process for producing silicon.

20 Thanks to recirculation of the hot process gases from
the reduction step in 6.1 into the reactor 4.1 and
recirculation of the silicon dioxide from 4.1, which
ariges as a by-product of carbon recovery in 4.1, into
6.1, it 1is peossible, on the one hand, to dispense with

25 a separate, complex and costly dedusting installation
and, on the other hand, to increase the vield of
silicon by up to 20 mol% in comparison with prior art
methods, because the silicon oxide formed always
remains 1in the process and only the desired final

30  product silicon is drawn off from the reactor 6.1. The
overall process by means of the plant according to the
invention using specific wmaterial streamg and a
specific plant design may accordingly lead to an
increase in vyield of silicon with regard to the

35 introduced silicon oxide. Thanks to the introduced heat
tonality of the hot gases, there is also for example a
simultaneous reduction in the quantity of natural gas
in carbon black production.



5 shown in Figures 3b and 4b, via heat exchangers 8, preferably in a secondary circuit. According to a
preferred alternative, Si02 may be directly dried in 7.1 with superheated steam 5.3. Contact dryers can
be operated with low-temperature steam 5.3. 10 The electrical energy obtained from the combined
heat and power cycle 5.2 may be used for supplying¥hergy to a reactor 6.1 for reducing metallic
compounds (see plants 3a, 3b, 4a and 4b), for producing silicon 15 dioxide (see plants 3c, 3d, 4c and
4d), particularly preferably in the production of precipitated silica, pyrogenic silica or silica gels, and/or
preferably be used for drying and/or for temperature control during precipitation, in device 7.1. It is

likewise possiblé 28 tB%@,@?h@%m%néfgy‘qﬁ@.FW%%%ﬁmgf@kil@M@cﬁmauézmrpf

pyrogenic silicapTivel overali planb makesit pessipe ta peavidedhe praguetonsgfrsiicoardiaxide and of

carbon black at ppe site and,optiqnglly to provide the Eﬁ?é:&rf%% for reducing, 25 metallic compounds
: . i

at another location via an electric power grid. It may furthermore be advantageous o supply at least a

proportion 6f th& BRCHrichf erePgy SBtaifcl FRMT the'comBihed hE&Eshd power &ydtd 8WiteFurther
processing 8.1 vi& snnrgpstraant s Aigwmt 30 edplicity skowaxip thediguras) oFhe chebined heat

and power cyclesmaydae peavidadnhy deyggggé.leq{érﬁtflla%géémhigg e syfficiently,well known

to a person skilled in thie art. T{_tle combinehd. 3 heat an §ower cycle has substantially better efficiency

Ty G R S Tt BRI PRefelfEF EaRe the

than pure electricity genaratisn from therfial WeF Stati ‘ . |
utilization rate cRBEombihedhedeand 13apower Tyt mapamopusttonip td 80Pperdent. According

to the invarttionzthe cembined-kealans-powet Byclenmay-ial ey bedawers anddheat-pperated, but
also eXCIuswekapé)y%%zop%gte,__di%r&eeaé-oger%tgd.3Ai C%@lgln%d to 4h, the material
streams are represented with continuous lines and the

energy streams with broken lines.

15 In preferred wvariants of the plant according to the
invention, the present invention provides an overall
plant 3 or 4 comprising a reactor 4.1 for the thermal
conversion of carbon-containing compounds, wherein the
reactor is connected to a combined heat and power cycle

20 5.1, via which a proportion of the waste heat 5.3 is
extracted from the thermal conversion and another
proportion of the waste heat is converted into
electrical energy 5.2. The plants additionally comprise
a reduction reactor 6.1 and, in plant 4, a

25 device/machine/installation 8.1 for further processing
of material streams 4.2 and 4.3. The plants 3 and 4
furthermore comprise material streams 4.2, 4.3, 4.4,
6.3, 7.2 and 8.2, which are configured as described
above.

30
In a preferred variant of these plants 2a or 4a, the
exXtracted waste heat 5.3 in the method for producing
silicon dioxide, in particular in a method step during
the production of silicon dioxide, ig used in device

35 7.1, The waste heat 1is particularly preferably
indirectly or directly used in the device 7.1 for
heating or temperature control of the precipitation

vessel for forming precipitated silicas or silica gels



5 heat and power cycle generally operates with hot steam, which drives steam turbines, by means of
which electricity is then generated. Steam is extracted and introduced into a heat exchanger generally
before the final turbine stage, preferably in methods for 10 producing silicon dioxide, such as for
example for temperature control or for drying of silicohZoxide, in a device 7.1. In the plant according to
the invention, extraction may also conveniently proceed after the final turbine stage. Conventionally,
temperature 15 %%rgr | of %grecéoitation vesiel or dryingS f the silicon oxide, such as precipitated silica

or a silica gel, proceéds for examplevig hea exchangdrs thus Via & %ggdﬁd’a?@léir@diﬁ Asescribed
above, it is likenfSEPFdsknle T3 ffake Yirbsegsesiibarastd hésefor20 diyirig:aT eedombined heat
and power cycleshay ehtajethe waste head frem casbon-hlask pradustion;suchasdareferally from the
quench zone or gther hat p I r, for example via heat exchangers or direct use of
process vapors and/or fro'n? ggrgl%t%%o%?gﬁheg §§%§}§§?é \{Vlljéﬁ %1%3% in ?&rgnoser”\gé 0 pr%ﬁuce
steam. The tomBifeEhedtand FOWeF tycidis pRterdbly opetated i steBrham@eaR gaBes contain

inter alia steam, e fegeri; hitrogiem, CX, cactammonoxide; argoit: H25ara earben diexide zThe
combined heat a5ikpanet30 oyoleDielRiabl OPeipies Wil bask PressuEs. A agestliof which no
e

thermal losses ogeyr in Ih?;team circuit processes. éonsequently, there is generally no requirement
for fresh cooling water” 35 ARG HRINVERBR, the SteahPRbATthe GHBRER 26 ankor the
waste heat fromahé cahtlistonbf #evtallgusesan Brenmydsrusedas waste heat 5.3. Superheated
steam 5.31ftom 4.1 or via 5.1 may - 14 - particularly preferably be used directly in a method for
producing silicor,lﬂgioxid?éicp pafggljrlarglolr girectO tlg OL%iIiCé)n dioxi?ae, such as silica gel or
precipitated silica. Additionally oF alterAATvaly, &5 cONtALT dryer Hevits 75 Rt exdmpe plate dryer
or preferably a t&@BHaPRI&H (FyEr. $ndy- Be BpErdeed withdoieemperndisiswarneising power
obtained from 54, itdis#referably also pessibiestdepeigte prmany: diyersdiarticiiar toyes spray
dryers or spin fl%ﬂbqj(&grye:jrg,ffor drying gﬁlcoglg(%)xq%)'l:he \ﬁ/g;te's%ez%[ {locr% f%nql\/'(sjgi“i%%g parts or
also from the combustion of tail gas from carbon black production is prefera ygllk‘eW|se used by
means of haat XtREAGETs 158%idd 8BEM ARy cirdit, it 6rder® shfpresPany E6HmBAIRAtion of the
high purity carb@y blaeks-éarbonaconfainingcefupatings obaf thedeighypitity siticogioxides jn particular
silicon dioxide, Wwith-gthes contaminanys, such.as pther metals. 20, 5 /o preferably be
used for drying and/or for temperature control during
precipitation, in device 7.1. It is likewise possibie
20 to use the electrical energy in 7.1 for operating a
kiln in the production of pyrogenic silica. The overall
plant makes it possible to provide the production of
silicon dioxide and of carbon black at one sgite and
optionally to provide the reactor 6.1 for reducing
25 metallic compounds at another location via an electric
power grid. It may furthermore be advantageous to
supply at least a proportion of the electrical energy
obtained from the combined heat and power cycle 5.1 to
further processing 8.1 via an energy stream 5.4 (not
30  explicitly shown in the Figures).

The combined heat and power cycle may be provided by
devices 5.1 or installations 5.1 which are sufficiently
well known to a person skilled in the art. The combined
35 heat and power cycle  has substantially better
efficiency than pure electricity generation from
thermal power stations. In particularly preferred
cases, the utilization rate of a combined heat and



It is possible according to the invention to provide carbon black production and the production of
silicon oxide, in particular of precipitated silica or of silica gel, on one production site or even in a
common 25 plant, because any possible mutual contamination of carbon black and silicon oxide for
producing silicon, in particular solar silicon, in the reak®or-6.1 is insignificant for this overall process.
This combination was hitherto inconceivable, since any 30 contamination of carbon black with silicon

dioxide or of sili IQXi ith carbon_black had to be avoided, In the present underlyjng method for
producing silicom%ngsilﬁq%%\ic%xiﬁ??(n génr%gglgrcsitlﬁc‘olﬁpdigx?deg%ng Carbon ‘Iaécgr?d‘%/étl olyzed
carbohydrates, the 35°§licdh6adé RredbiBgd fiPiHelRetdreat toryig| dRsiison, SHeR thansyr this
specific applicationt mutwel gontaminatiowet highauity cashen blaskakigh, - 1upurity pwselyzed
carbohydrates Oé;gggjh@lir\i,tglsii}icgg‘ggpqg%gr%cgecgs_rgagti\ﬁ lfthe %pé%nttaécggr%n%t% the invention is to
be used fo:ﬁoroducin solar silicon, the educts supplied by (téhe material streams 4.4 and 72 have to be

present in Highly 5are oA da Htst it ExcEEI HAbHBWRIAEHAE G8IUES For dtfiarirant:,
10aluminum at mbsct0 ppinipeferalsly datweenuOifidieppm abg 1 ppaarparticotarly wreferably 0.01

ppm to 0.8 ppm every particulgrlyreferably Q02 10 9:8. espegiallypreferably 0.05.10 9.5 and very
especially preferab] 8& toe%S ppm 1% bogon aténo t 10 ppm, preferably at mogt 1 ppm particularly
preferably at mastOLpBTe Very pantictiafy preferabi 086 pifits BP09d prth eeseciaPpreferably

0.001 ppm to 0.69 PP anel2ivnEespetiall preferalii<ored ppm td.0.08 pprhediciumfatimost 10
ppm, prefemably @t canst dpms particularlyareferably less than geeqeakio <3 pREnespegially
WEKNamy0001$§mggrature control or for drying of gilicon oxide, in
a device 7.1. In the plant according to the invention,
extraction may also conveniently proceed after the
final turbine stage. Conventionally, temperature
15 control of a precipitation vessel or drying of the
silicon oxide, such as precipitated silica or a silica
gel, proceeds for example via heat exchangers, thus via
a secondary circuit. As described above, it is likewise
possible to make direct use of the waste heat for
20 drying. The combined heat and power cycle may obtain
the waste heat from carbon black production, such as
preferably from the quench zone or other hot parts of
the reactor, for example via heat exchangers or direct
use of procesgs vapors and/or from combustion of the
25 tail gases, which may in turn serve to produce steam.
The combined heat and power cycle is preferably
operated with steam. The tail gases contain inter alia
steam, hydrogen, nitrogen, Cx, carbon monoxide, argon,
H.S and carbon dioxide. The combined heat and power
30 cycle preferably operates with back pressure, as a
result of which no thermal losses occur in the steam
circuit processes. Consequently, there is generally no

requirement for fresh cooling water.

35 According to the invention, the steam from the quench
zone and/or the waste heat from the combustion of the
tail gases in 5.1 may be used as waste heat 5.3.

Superheated steam 5.3 from 4.1 or wvia 5.1 may



250.3 ppm, very especially preferably 0.01 ppm to 0.3 ppm and particularly preferably 0.05 to .2 ppm
iron at most 10 ppm, preferably at most 1 ppm, 30particularly preferably less than or equal to .6
ppm,especially preferably0.001 ppmto .6 ppm, very especially preferably 0.05 ppm to .5 ppm and
particularly preferably 0.01 to .4 ppm 35 nickel at mdst 10 ppm, preferably at most 1 ppm, particularly
preferably less than or equal to 0.5 ppm, especially preferably 0.001 ppm to - 16 - 0.5 ppm, very

especially prefe@j_ytg.g&l%;;o %§ @Pg}ggqapar#gulf{\‘}rlsye efﬁ&%%é@z%? tQ Q-4 5Pprr'@@5c?1%%5ph°r”3 at
most 10 ppm, preferably at mast 1"ppm, particularly preferably less than0.1 ppm, very particularly
preferably 0.001553m RS BB pgmS édp&GRybreterdbly 000 PEpinite 0Log pprrast-¥& especially

preferably 0.01 gprmik8so 0GB ppril fitamiumdcatamasicl 0 ppracprefamblyeatihost 1pem, or
precipitated silica. Additionally or alternatively, a

5 contact dryer (device 7.1), for example a plate dxryer

or preferably a tubular rotary dryer, may be operated

with low-temperature steam. Using power obtained from

5.1, it is preferably also possible to operate primary

dryers, in particular tower spray dryers or spin flash

10 dryers, for drying silicon dioxide.

The waste heat from individual plant parts or also from
the combustion of tail gas from carbon black production
is preferably likewise used by means of heat exchangers
15 8 via a secondary circuit, in order to suppress any
contamination of the high purity carbon blacks, carbon-
containing compounds or of the high purity silicon
oxide, in particular silicon dioxide, wilth other
contaminants, such as other metals.
20
It is possible according to the invention to provide
carbon black production and the production of silicon
oxide, in particular of precipitated silica or of
silica gel, on one production site or even in a common
25 plant, because any possible mutual contamination of
carbon black and silicon oxide for producing silicon,
in particular solar silicon, 1in the zreactor 6.1 is
insignificant for this overall process. This
combination was hitherto inconceivable, since any
30 contamination of carbon black with silicon dioxide or
of silicon dioxide with carbon black had to be avoided.
In the present underlying method for producing silicon
from silicon oxide, in particular silicon dioxide, and
carbon black and/or pyrolyzed carbohydrates, the
35 silicon oxide is reduced in the reactor 6.1 to yield
gilicon, such that for this specific application,

mutual contamination of high purity carbon black, high



particularly preferably less than or equal to 1 ppm, very particularly preferably 0.001 ppm to 150.8
ppm, especially preferably 0.01 ppm to 0.6 ppm and very especially preferably 0.1 ppm to 0.5 ppm
zinc at most 10 ppm, preferably at most 1 ppm, particularly preferably less than or equal to 20 0.3
ppm, very particularly preferably 0.001 ppm to 0.3 pph%, especially preferably 0.01 ppm to 0.2 ppm and
very especially preferably 0.05 ppm to 0.2 ppm The Si02 supplied by the material stream 7.2 may be

an 25 amorphous or crystalline Si02, an amgrphous Si02 being preferred and precipitated silicas, silica
gels, for examplg%lé%g’elsp afrr%?gégé, p?/?c%’gfr??é@ﬁ%g%sm&? d fOrAS oPMitires Bf-preciitated
silicas, silica gelS*&Ad-Bfrofenicdilichs=Balng bafticularly preferred. The 30 silicon dioxide may
particularly preferably be produced according to a method comprising the following steps a.providing
an initial charge pf ap agidulant with a RELV Iug of less than 2, preferably less than 1.5
35particularly preferably leSs than 1,vg$§/rp§rrt1|, u!ar?y E?é?eré&‘;} élsgslt(ﬁ%n (o) %.?L? °b. pl)lr%%%ing a
silicate solution WA aSCHEHY ¥ 198 UP0Bpbigen, the educts supplied by the

material streams 4.4 and 7.2 have to be present in

highly pure form and must not exceed the following

limit values for contaminants:

10 = aluminum at most 10 ppm, preferably between
0.001L ppm and 1 ppm, particularly preferably
0.01 ppm to 0.8 ppm, very particularly preferably
0.02 to 0.6, especially preferably 0.05 to 0.5 and
very especially preferably 0.1 to 0.5 ppm,

15
o boron at most 10 ppm, preferably at most 1 ppm,
particularly preferably at most 0.1 ppm, wvery
particularly preferably 0.001 ppm to 0.099 ppm,
especially preferably 0.001 ppm to 0.09 ppm and
20 very especially preferably 0.01 ppm to 0.08 ppm
L calcium at most 10 ppm, preferably at most 1 ppm,
particularly preferably less than or equal to
0.3 ppm, egpecially preferably 0.001 ppm to
25 0.3 ppm, very especially preferably 0.01 ppm to
0.3 ppm  and particularly preferably 0.05 to
0.2 ppm
a2 iron at most 10 ppm, preferably at most 1 pPpm,
30 particularly preferably less than or equal to
0.6 ppm, especially preferably 0.001 ppm to
0.6 ppm, very especially preferably 0.05 ppm to
6.5 ppm and particularly preferably 0.01 to
0.4 ppm
35
" nickel at most 10 ppm, preferably at most 1 ppm,

particularly preferably less than or egqual to

0.5 ppm, especially preferably 0.001 ppm to



c. adding the silicate solution from step b, to the 5initial amount from step a. in such a way that the pH
value of the precipitation suspension remains at all times at a value of less than 2, preferably less than
1.5, particularly preferably less than 1 and very particularly preferably less than 0.5 10 d,separating
and washing the resultant silicon dioxide, the washingfmedium having a pH value of less than 2,
preferably less than 1.5, particularly preferably less than 1 and very 15particularly preferably less than

0.5 e.drying the resultant silicon dioxide, In this case initial char f an acidulant or gn 20
acidulant and water isag]r'eie a%fly mé’{g%& inésvS %Ca a|in the pPerc?pE?a%)eDR ess@l. & \erélte?:lg preferably
distilled or deionized watér. FRE acigfifant may bé $he aEtilanPrREA S aks uséd #Pste-@) for
washing the filter cake0The asidulant may be hydrochloric acid, 25 phosphoric acid, nitric acid, sulfuric
acid, chlorosulfonic acid, sulfuryl chloride or perchloric acid in concentrated or dilute form or mixtures

of the above-stated acids. In particular, hydrochloric acid may be used, preferably 2 to 14 N,

particularly™0 preferaBiy* 28I N Sveyparficfibrly prefRibly 285 AT *&pecidly prérFibly 2 to 7 N
and very especially preferabty 3 168 N, phbsphyriccacid sprefergbly €ste 50N, rpasticulastypreferably 2
to 50 N, very particularypieferably 3-t0-40 Ny especigly3o-preferably 303N very.especially

preferably 4 to 20 N, nigri id, preferably 1 to, , particularly preferably 1 to 20 N, very particularly
preferably 1 to 15 N, eér)écglgllf gﬁnéferaﬁ)%/%et%lfglg?’ - 152%%%%’?3&& @rlePeorglb@pflto 37N,
particularly preferably ? t6 30MPmefsarticeiafly praferant 2o 20 RiE espédislly préferatiy2 to 10 N.
Concentrated sulfuric acid is. gerygsiticularly preferably used. 5

. titanium at most 10 ppm, preferably at most 1 ppm,

particularly preferably less than or equal to

1 ppm, very particularly preferably 0.001 ppm to

15 0.8 ppm, especially preferably 0.01 ppm to 0.6 ppm
and very especially preferably 0.1 ppm to 0.5 ppm

a2 zinc at wmost 10 ppm, preferably at most 1 ppm,
particularly preferably 1less than or equal to

20 0.3 ppm, very particularly preferably 0.00l ppm to
0.3 ppm, especially preferably 0.01 ppm to 0.2 ppm

and very especially preferably 0.05 ppm to 0.2 ppm

The SiC, supplied by the material stream 7.2 may be an
25 amerphous or crystalline 8i0,, an amorxrphous Si0O; being
preferred and precipitated silicas, silica gels, for
example aerogels or xerogels, pyrogenic silicas, mixed
forms or mixtures of precipitated silicas, silica gels,
and pyrogenic silicas being particularly preferred. The
30 silicon dioxide may particularly preferably be produced
according to a method comprising the following steps

a. providing an initial charge of an acidulant with a

pH value of lesgs than 2, preferably less than 1.5,

35 particularly preferably less than 1, very
particularly preferably less than 0.5



In a preferred variant of this method, a peroxide is added to the initial amount in step a) in addition to

- the acidulant, which peroxide brings about a yellow/brown coloration with titanium(1V) ions under 10
acidic conditions. In this case, the peroxide is particularly preferably hydrogen peroxide or potassium
peroxydisulfate. As a result of the yellow/brown cotorafion of the reaction solution, the degree of
purification during washing step d) may be very closely 15 monitored. It has in fact emerged that
titanium in partigular caonstitutes a very tenacious contaminant, which becomes readijly attached to the
silicon diox?de a(%JpH v L?e&s;/(%" over ZgD%Ja%ﬁggr%a%ces 9 %h%lfgﬂcht(ﬂorgtiérnliﬁcﬁgﬁ%Yuﬁfally means

that the desired 20 purity bPthe%iiicorPdidRide has been reached and the silicon dioxide may be
washed from this point with distilled or deionized water until a preferably neutral pH value is achieved

for the silicon digxide. lnprelgetoaghieve this Indicatgs funetion of the peroxide, it 25 is also possible to
add the peroxide not in step @) but rather to the water glass m;step%r? or as A third materialstream in
step c). In ptinciple it is‘&1$& possiBRATHddhe betbsiBe Dnlyiatter it ) a7y béferd stehad) or during
step d). The present 3@Hverstions providetsdl tiperabdve-stateduarantdand mixedfenms thereof.
However, preferred vagants afe thosedn ywhich Q;gl%ogsigei%ggd%qlghstgp_ap%g?

lsgigf in this case
it can exercise a furtheerfuncti%pl in addition to the, indicatar function. 35 In a first preferred variant of

this method, a silicate $6ititon With a’ViScosiy of 01152 p8iser Freteradhy off¢5 o H5 oise,
particularly of 0.3 to 1.8p8iseer19praindiespezially refefauiniol 9.4ltosk 6qiuise and very especially
preferablyiaf 0.5 to 1.5 poise is provided in step b). An alkali metal and/or alkaline earth metal silicate
solution may be ysed silicate solutian, 5 an alkali metal silicate soiution preferably being used,
particularly prefgrrjébly %% |§rfr1és!flf“c%§t1e (V\E/iell}%e{; glg?ssj%aln%é?or p@?a?ssiu%negllﬁ gt%r%toluti%ﬁimares ofa
plurality of silicate solufléR¥ Ay aldd e Uiged MkaliREGLYSEilidae soltienshaveaieadvahtage that
10 the alkali metal ionslearsreadiyide separated pyarashing. v he sikeate solytigh used insstep b,

preferably exhibits a gg@&{ﬁa\g%i%h; g%gd%%%t&oxigg E% S”i%?{)é 1(%ioxkjle, Ozfq 5to 4.% preferably

of 1.7 to 4.2, particularly preferably of iscosity may be establishe , for ex mple, by

evaporatifig conventioha CohfeftialGilREEE S3iabdns SEBY disedRify fhe silicates in water. In a

second preferred variant of this method, a
e. drying the resultant silicon dioxide.

In this case, an initial charge of an acidulant or an

20  acidulant and water is preferably metered in step a) in
the precipitation vessel. The water is preferably
distilled or deionized water. The acidulant may be the
acidulant which is alsc used in step d) for washing the
filter cake. The acidulant may be hydrochloric acig,

25 phosphoric acid, nitric acid, sulfuric acid,
chlorosulfonic acid, sulfuryl chloride or perchloric
acid in concentrated or dilute form or mixtures of the
above-stated acids. In particular, hydrochloric acid

may be wused, preferably 2 to 14 N, particularly

30  preferably 2 to 12 N, very particularly preferably 2 to
10 N, especially preferably 2 to 7 N and very
especially preferably 3 to 6 N, phosphoric acid,
preferably 2 to 59 N, particularly preferably 2 to 50

N, very particularly preferably 3 to 40 N, especially

35 preferably 3 to 30 N and very especially preferably 4
~to 20 N, nitric acid, preferably 1 to 24 N,
particularly preferably 1 to 20 N, very particularly
preferably 1 to 15 N, especially preferably 2 to 10 N,



20 silicate solution with a viscosity of 2 to 10000 poise, preferably of 3 to 5000 poise, particularly of 4

- to 1000 poise, especially preferably of 4 to 800 poise, very especially preferably of 4 to 100 poise and
particularly preferably of 5 to 50 poise is provided in 25 step b). One example of a highly concentrated
water glass with elevated viscosity is water glass 58/88 with a density of 1.690-1.710, an Si02 content
of 36-37 wt.W, an Na20 content of 17.8-18.4 wt..% and a viscosity at 20C of approx. 600 poise, as
described in Ulimann's 30 Encyclopedia of Industrial Chemistry, 4th revised and expa deﬁi edition,
volume 21, Verlésg%%%%]?njig Gr%BhCPD&)f(? elifllf%ej? , ?982?8&1(% alllFGer%?ﬁqﬁgﬂ%ig  for
producing high-BE&sRy3atEr dlassesdmall alStEBe faraiatthereiR 1A Yty fescmiple is2a water glass
from 35 VAN BAERLE, CHEMKAL FABRIGLFernshein, Germmny,ovith a vissasity, ef-500-poise,

relative density gfp&60. ¢ acig is very particularly preferably used.

5
In a preferred variant of this method, a peroxide is
added to the initial amount in step a) in addition to
the acidulant, which peroxide brings about a
vellow/brown coloration with titanium{IV) ions under
10 acidic conditions. In this case, the peroxide is

particularly preferably hydrogen percoxide or potassium
peroxydisulfate. As a result of the vellow/brown
coloration of the reaction solution, the degree of
purification during washing step d) may be very closely
15 mwonitored. It has 1in fact emerged that titanium in
particular constitutes a very tenacious contaminant,
which becomes readily attached to the silicon dioxide
at pE wvalues of over 2. Disappearance of the vyellow
coloration in step d) usually means that the desired
20 purity of the silicon dioxide has been reached and the
silicon dioxide may be washed from this point with
distilled or deionized water until a preferably neutral
pPH value is achieved for the silicon dioxide. In order
to achieve this indicator function of the peroxide, it
25 1s also possible to add the peroxide not in step a) but
rather to the water glass in step b) or as a third
material stream in step c¢). In principle it is also
possible to add the peroxide only after step c¢) and
before step d) or during step d). The present
30 inventions provide all the above-stated wvariants and
mixed forms thereof. However, preferred variants are
those in which the peroxide is added in step a. or b.,
since in this case it can exercise a further function
in addition to the indicator function.
35
In a first preferred variant of this method, a silicate
solution with a viscosity of 0.1 to 2 poise, preferably

cf 0.2 to 1.9 poise, particularly of 0.3 to 1.8 poise



density of 1.67-1.71, Na20 content of 18%, Si02 content of 37.0%, water content of approx. 45.096,
weight ratio - 20 - of Si02:NaO approx. 2.05, molar ratio of Si02:NaO approx. 2.1. PQ Corporation
offers water glasses for sale with viscosities of for example 15 and 21 poise. A person skilled in the art
is aware that he/she can 5 produce highly concentrated silicate solutions by concentrating lower
viscosity silicate solutions or by dissolving solid silicates in water. An alkali metal and/or alkaline earth
metal silicate solution may be d as_the silicate soluytion, an alkali metal silicate 1Q solution
preferably beingat?é()ed?% rtf:cﬁ?tejt?gyprgfe?gﬁ?é%%%moéiIic(:%'tg (v%gte%g as?)oéﬁ(%of" 51 assidm silicate
solution. MixturésS&es pRitafify BESIFGHeRbIteNs Maf alse bé tse@oAIREl metapsitivdtdesdlutions
have the advantage ghafthe jalkatirmetakions caateadiybe db sepreated byamashing:Jiheisilicate
solution used in fer ibi odulys, i.e. weight ratio.of metal oxide tg silicon dioxide,
G115 10 4.5, prefercbly o 1 70 A5, parediarhy proTerably ot 215 0. TH8 tiocaa ks be
established® for @Qam?))ié{,%lby BF&Foratifidg tdRFERiorP LHmhTErcidP SRHE&IASDItioRE3m1Y dissolving
the silicates in waterd In steprc) oluthismiethed;dhiesiicate seldidnis adtiedde the initialtasgount and

the silicon dioxidg Is<2) thys pyecipiated oWt Grare Must hiere be takendp engyie that the geidulant is

always present In excess. The silicate solgtlon is therefore added such that the g}H value of the

reaction solutior'is BWHYS18SY th& 2, refrabs 1688 H- P85 pdPReuldtyiftefebly86Fess than 1,
very particularly’grsfekabipedsslthan Disand espéciniipprefbmbly 0.0¢ teQvB 1t ageesshay; further
acidulant may berasdesh hetemperature phihe reagtionsalutionis @@intg@ggltggg@ thg?addition of
the silicate solut‘iﬂ%r%%%ﬁ?atin recooliqg&)%hga%S preggﬁ;tgggn vessel 10.20 tp 95C, grefera% y 30 to 90C,
particularly prefera fo 80C - 21'- artlcu?arly effec |vecf§/1 filtei’}'gglcé pré&pita%eseg’re obtained if the
silicate solution BRET§ TR itiaPambBAtandr Precipitiion siispensivfiaddropsia preferred
embodiment of thetpresent-tnventionpcareiS icon dioxide, of 1.5 to 4.5,

preferably of 1.7 to 4.2, particularly preferably of 2
15 to 4.0. The viscosity may be established, for example,
by evaporating conventional commercial silicate

solutions or by dissolving the silicates in water.

In a seccond preferred variant of this method, a
20 silicate solution with a viscosity of 2 to 10000 poise,
preferably of 3 to 5000 poise, particularly of 4 to
1000 poise, especially preferably of 4 to 800 poise,
very especially preferably of 4 to 100 poise and
particularly preferably of 5 to 50 poise ig provided in
25 step b). One example of a highly concentrated water
glass with elevated viscosity is water glass 58/60 with
a density of 1.6%0-1.710, an S5i0, content of 36-37
wt.%, an Na,0 content of 17.8-18.4 wt.% and a viscosity
at 20°C of approx. 600 poise, as degcribed in Ullmann's
30 Encyclopedia of Industrial Chemistry, 4th revised and
expanded edition, volume 21, Verlag Chemie GmbH, D-6940
Weinheim, 1982, page 411. General instructions for
producing high-viscosity water glasses may also be
found therein. A further example is a water glass from
35 VAN BAERLE CHEMICAL FABRIK, Gernsheim, Germany, with a
viscosity of 500 poise, relative density of 58-50,
density of 1.67-1.71, Na,0 content of 18%, $i0, content

of 37.0%, water content of approx. 45.0%, weight ratio



5 therefore taken to ensure that the silicate solution enters the initial amount and/or precipitation
suspension as drops. This may be achieved, for example, by dropwise addition of the silicate solution
to the initial amount. The dispensing unit used may be 10 arranged outside the initial
amount/precipitation suspension and/or be immersed th the initial amount/precipitation suspension. In
a further particularly preferred embodiment, the 15 initial amount/precipitation suspension is stirred
such that the flow.velgity, | sured in a_zone.extending from the surface of the reaction solution to
10 cm below thewrfeac(tg%ny%s{}qr{%agce, i&rom 000 t'o6 g m/%‘,c> p?r%?eraﬁ?%@% POES ﬁ/%?béﬁ?c%larly
preferably 0.01 2FRFSHn/s, ety pRBcufeRKRPDE 621 n/§ idspetiamppretferadiz 9s@sto 2an/s and very
especially preferably001tth Ivihés:de dheembadiment eftherahoveslessrbed manudacturing 25
method for Si02, esifcatssalylion is ltragiiced. g5 dros ialg.an il amounyprecipfaien
suspension witha flow velocity, measured in a zone extending_from the surface of the reaction solution

to 10 cm below Bie¥&4thon SHFEEEY of GBDTT5 1BARRS preferbbRAdTS0 FO0% 6 87H/s, Rifticularly
preferably of 0.CdctocEmiisawrypaticvkarly of 8@dstotd mis] Espeaciallyspreferablysof &x0149 2 m/s and

very especially preferably:ofd.0d40:lamis; it i3 furthermore pgssible inythis manner tq prodice silicon
dioxide particles 35 ,which can very effectively be filtered. In contrast, in those methods in which an
elevated flow velocity prevans in ﬁ%éeiniﬁeo’_ﬂratr‘%ourﬁ%fae]cipﬁ&ﬁﬂﬁ%@ - S0dHER$Eh, BaY fike particles
are formed whichssé \efy diffcuittd Fitak9n sed piesent method, tiad. silivert dioxateldbtained 5
according#to ;tegﬂﬁsamrp@fi@x%gw) fxiﬁh@que@!ni@aﬁeaaﬁqg&@%f @@ﬁﬂﬂﬁyon_l ,
suspension. De ing on the filterability of the precipitate, this may proceéd by conventional filtration
methods, for ex%%rgﬁeﬂ%tegk Totl:ggsae%s@or Jr‘(éfiélagrf} Jﬁltéﬂs‘?ﬁngwﬁl ?cg] éciro 6%%8@ ited i‘gnl&léceﬁtﬁein the case
of precipitates SreRdiffichits FHEE separatiBr WAL ISy prdcettibyredrtriftipbtion and/or by
decanting off thediguiel toastitaents of therpnesipitatiert suspensions 5 Qnsedbe supematant has been

separated off, tha Rreglpliaie s uasheckin dbls method it heing neggssary Ig epsure; by asuitable

, i n
washing medium that the pH value of the washin meé'lu,m é%gﬁlng washing and thus a o]?l'?at of the

silicon diokitle iSRRETRGTS, 2BpretarablifRss thar 1.5 fdrhaiarySserhany 16888%hn 1nvery
particularly preferadly 015 angespecialhyl preferdblp 001 to Omodhewegshing enediuetuged is

preferably the agiglant ysed it ateps.a) 40d) ok mixtures thersafda dilute of updjiyted fgrm.
preferably of 1.7 to 4.2, particularly preferably of 2
to 4.0. The viscosity may be established, for example,
20 by evaporating conventional commercial silicate

solutions or by dissolving the silicates in water.

In step c¢} of this method, the silicate sgolution is
added to the initial amount and the silicon dioxide is

25 thus precipitated out. Care must here be taken to
ensure that the acidulant is always present in excess.
The silicate solution is therefore added such that the
pPH value of the reaction solution is always less than
2, preferably less than 1.5, particularly preferably

30 less than 1, very particularly preferably less than 0.5
and especially preferably 0.01 to 0.5. If necessary,
further acidulant may be added. The temperature of the
reaction solution is maintained during the addition of
the silicate solution by heating or cooling the

35  precipitation vessel to 20 to 95°C, preferably 30 to
90°C, particularly preferably 40 tc 80°C.



25 It is optionally possible, albeit not necessary, to add a chelating reagent to the washing medium or
to stir the precipitated silicon dioxide in a washing medium containing a chelating reagent with a
corresponding pH 30 value of less than 2, preferably of less than 1.5, particularly preferably ofless
than 1,very particularly preferably of0.5and especially preferably of 0.001 to 0.5. Preferably, however,
washing with the acidic washing medium proceeds 35 immediately after separation of the T‘,iILcon
dioxide precipitate without further steps bein rfor eag. - 23.-_Washing is continued until the
washingpsusge%ﬁ{:c%b%%ﬁls%ﬁg%f s‘ﬁfgg%cﬁ)%gei lficcrtj)g'r:L g ﬁ)a?[%é% c)%%%%ﬁ@ szs?ﬁ’?’g ni&dium no
longer has a visBRFpdiRREcoloratiohe If thielrhetHe asesidiegt tiswsatioplis 5 pafforimdd in steps
a) to d) without aatditiort of a-prtexide meudh formsiayellowigrange salosed carapaund with Ji(1V) ions,
a small sample %fltgg é@@&‘%%&&ﬂﬁ L must I_ogﬁgk nr%urér}gceacrgvvg%%hlg stega%n@d cjfasmblned
with an appropriate peroxide. This procedure 10 is cont ued unfil the .salmﬁ'le dken no longer has a
visible yellow/or&hge EdieFatiorr aktePadditiofi BF tHeeperdade. RfusE héfe Bé enstpdd fiethe pH
value of the waskirigemediuniaad thils atsiathat obtheusilicon dindiderup tosthis-peint idtime is less

than 2, 15 prefetably,less than 15, @95@!arlyrmsf%aelyﬁ%ssatéﬂewgty &%@C@thl}agaeéerab'y 0.5

and especially pkr)%}‘erggl po.gg:é toa%'gi he silicon dioxide washed in this manner is preterably
w

tion of the sgilicate soclution to the
initial amount. The dispensing unit used may be
10 arranged outsgide the initial amount/precipitation
guspension and/or be immersed in the initial

amount/precipitation suspension.

In a further particularly preferred embodiment, the

15 initial amount/precipitation suspension is stirred such
that the flow wvelocity, measured in a zone extending
from the surface of the reaction solution to 10 cm
below the reaction surface, is from 0.001 to 10 m/s,
preferably 0.005 to 8 m/s, particularly preferably 0.01

20 to 5 m/s, very particularly 0.01 teo 4 m/s, especially
preferably 0.01 to 2 m/s and very especially preferably
0.01 to 1 m/s.

In one embodiment of the above-described manufacturing
25 method for $i0;, the silicate solution is introduced as
drops into an initial amount/precipitation suspension
with a flow velocity, measured in a zone extending from
the surface of the reaction solution to 10 cm below the
reaction surface, of 0.001 to 10 m/s, preferably of
30 0.005 to 8 m/s, particularly preferably of 0.01 to 5
m/s, very particularly of 0.01 to 4 m/s, especially
preferably of 0.01 to 2 m/s and very especially
preferably of 0.01 to 1 m/s. It is furthermore possible
in this manner to produce silicon dioxide particles
35 which can very effectively be filtered. In contrast, in
those methods in which an elevated flow velocity

prevails in the initial amount/precipitation



20 further washed with distilled water or deionized water in an intermediate step dl), i.e. between step
d) and e), until the pH value of the silicon dioxide obtained is 4 to 7.5 and/or the conductivity of the
washing suspension is less than or equal to 9 US/cm, preferably 25 less than or equal to 5 pcS/cm.
This ensures that any acid residues adhering to the $icon dioxide have been sufficiently removed. In
the case of precipitates which are difficult to 30 filter or wash, it may be advantageous to perform
washing by passing the washing medium through_the precipitate from below.in a close-meshed
perforated bask?esl%.1 g-zgze} S aégﬂdeﬁ%rﬁsz%ln?ge ?ﬁg |rn% ica %rgeffaerc(tao?%r?(-af %g%xiggj(){/:e Iovavf'g?ange
coloration), it m3Eke advisabrRYeaddPfubtheF BEroxide together with the washing medium until no
yellow/orange coloration is any 5 longer discernible and only then to continue washing with washing

medium without-peroxide. [_ggenggﬂganﬁl@@?ot&lrityéqgorg@%igg ca ied a rther processed.
Drying may proceed by means of 10 any method known to a persIcl)n rék?l%%{ fﬁ%he%g)r%%%ﬁggmple belt

dryers, tray"dryet§ SHUH 35 erets s SdvisshlSRPGHRTRR diidd fitBn SioxitEIH ofdéf to obtain
an optimum particlesizeirapge dorsts further pradessing tpsetarsilicanithe metbeds:fosoptional

grinding of the silicen;gligxide @ﬁcwﬁ@gﬂwbgﬁ\@ﬂﬁ%g%En%\ﬂe @ ahersan skilled infhe art and
may be looked up, for exam Iedin kl)JIImann, 5th§ditlon 2, p-20. Grinding referabl’y proceeds in 20
fluidized bed ophaLed TSNS th drder f6 MImMIZe O Avoid thhtshimaton st tHHRh pdRy silicon
dioxide with me&irabiabed fribhi-tie \RilBTIeSe Mifl. Grtding parahieters aréselented such that the
resultant particleshaveaaverage panticle,size #60 of 4 te R6 109-gm preferably; ofi3 t0-30,gm,

particularly which are difficult to filter, separation may also
proceed by centrifugation and/or by decanting off the

liquid constituents of the precipitation suspension.

15 Once the supernatant has been separated off, the
precipitate 1is washed in this method, it ©being
necessary to ensure by a suitable washing medium that
the pH wvalue of the washing medium during washing and
thus also that of the silicon dioxide is less than 2,

20 preferably less than 1.5, particularly preferably less
than 1, very particularly preferably 0.5 and especially
preferably 0.001 to 0.5. The washing medium used is
preferably the acidulant used in steps a) and ¢) or
mixtures thereof in dilute or undiluted Fform.

25
It is optiomally possible, albeit not necessary, to add
a chelating reagent to the washing medium or to stir
the precipitated silicon dioxide in a washing medium
containing a chelating reagent with a corresponding pH

30 wvalue of less than 2, preferably of less than 1.5,
particularly preferably of less than 1, very
particularly preferably of 0.5 and egpecially
preferably of 0.001 to 0.5. Preferably, however,
washing with the acidic washing medium proceeds

35 immediately after separation of the silicon dioxide

precipitate without further steps being performed.



preferably of 5 to 15 gm. The above-described method for producing silicon dioxide may be carried out
in the device 7.1, i.e. in 30 this case the device 7.1 comprises all the necessary plant parts for carrying
out the above-described method, but it is also possible for the device 7.1 itself to be just a part of a
plant, such as for example a precipitation vessel for gr&cipitation or 35 gelation and/or a dryer, in which
the above-described 3i02 production process is carried out. It should be emphasized at this point that
the present invention is not limited to the above-descrihed method, but rather - 25 - the Si02 may also
be pF;oduced b%%%e%lrﬁgthoég, in%%rr]tl?clu%lre"l theugigﬁqcom%%es %@%glel?ﬁc sificad &P &ili€y gels.

consisting of silicon dioxide according to step ¢) and
the washing medium no longer has a visible vyellow
coloration. If the methoed according to the invention is

5 performed in steps a) to d) without addition of a
peroxide which forms a yellow/orange colored compound
with Ti(IV) ions, a small sample of the washing
suspension must be taken during each washing step and
combined with an appropriate peroxide. This procedure

10 is continued until the sample taken no longer has a
vigible yellow/orange coloration after addition of the
peroxide. It must here be ensured that the pH wvalue of
the washing medium and thus also that of the silicon
dioxide up to this point in time is less than 2,

15 preferably less than 1.5, particularly preferably less
than 1, very particularly preferably 0.5 and especially
preferabiy 0.001 to 0.5.

The silicon dioxide washed in this manner is preferably
20 further washed with distilled water or deionized water
in an intermediate step dl), i.e. between step d) and
e), until the pH value of the silicon dioxide obtained
is 4 to 7.5 and/or the conductivity of the washing
suspension ig less than or equal to 9 uS/cm, preferably
25 less than or equal to 5 uS/cm. This ensures that any
acid residues adhering to the silicon dioxide have been

sufficiently removed.

In the case of precipitates which are difficult to

30 filter or wash, it may be advantageous to perform
washing by passing the washing medium through the
precipitate from below in a close-meshed perforated
basket.

35 All of the washing steps may preferably be performed at
temperatures of 15 to 100°C.



is connected to a combined via which a proportion of heat and power cycle 5.1, the waste heat 5.3
may be 10 extracted from the thermal conversion in 4.1 and another proportion of the waste heat may
be converted into electrical energy 5.2, wherein the extracted waste heat 5.3 is used in a device 7.1, in
particular in methods for producing silicon dioxide.-Indfis-case, 15 the device 7.1 may constitute part
of a plant for producing silicon dioxide. The waste heat 5.3 or the waste heat stream 5.3 may

referably be used in the device 7.1 for temperature, control of a precipitation vessel and/or for drying
Eilicon oxide, in ggrtic%ﬁ;%r% sciﬁgon %%%(jlc&erf%s%%h a%lpe)rec}ﬁ}t%%é: %ﬁ)lga, S#Eae 8& o 'Iicé:Bﬁrified by
ion exchangers BRTRE 16, thel Btk dIFate Peat ROIpHHEd et the devite 7. harvparticelar directly
(see Figures 3e af#e}abby meansoiheatexchangeisS:@siindigurrastand 4125, Theelectrical

energy 5.2 Is Usgg L sHEPKERAIGY 18 9adley © L {9tieAucing netalie corprounds,or in methods for

. . : . . N J1s an .
producing silicon dioxide, in particular for the device 7.1. In Figures 3e an the energy Stream 5.2 is
directed to 7.1. HEWaGEr, AeSTare 3RS0 &far Ak aldo s mbaificerh stiehs widAhdEshown) that
the energy streami Bl2 isecimeyedtaibrinompartipte 7deand pdely to 6.1. Similarly, Figures 4e and 4f
only show the energy stream 5.2 to the reactor 6.1. The plants 4e and 4f may also be modified in such
a way 35 (not shgwn) that the energy,stream 5.2 is directed to the reactor 7.1 or partly to the reactor
6.1 and partly to'the réSRor 7325 2691 dddftion i WasRhedt 879 1656m RS réR Gt BL1ER used in
the plants 3e, 3848, 4fwithe abaecdestibéd niudifications for pethuwirgimbtallimemmpourds in a

method for produging sitieap dioxidswfor exaraple sfertemperaturgcontrolerfordrying silicon oxide in
the device 7.1. T%ﬁgg\ﬁagt Q?%t glrreaerr%s fro;cﬂ ghe rgrac'gz_orrsS 4.1 and 6.1 are used jointly in the plants
3e, 3f, 4e, 4f or the above-described madifications o operate 7110 FeiFfth&F Sptimization of the

energy balance, it is preferable (see Figures 3f and 4f) for the waste heat 6.2 from the reactor to be
used for reducingrmeitalliadotmpounds inthe denige 7vk igparigular the waste; theat 6i2,is

transferred via heat exchapgers. 8 (Not slgﬁayvn Agég'ﬁéﬁﬁs 39%%%‘}114& e4f) o] the above-des%ribed

modifications thereof from the reactor 6.1 into vice 7.1. This may take plériﬂcaengf/a conﬁé:cting the
waste hedt®in patictifa WARS fiestdreahPs. 8Usdke Silicon. The methods for

optional grinding of the silicon dioxide according to
the invention are known to a person skilled in the art
and may be looked up, for example, in Ullmann, 5th
edition, B2, 5-20. Grinding preferably proceeds in

20 fluidized bed opposed-jet mills in order to minimize or
avoid contamination of the high purity silicon dioxide
with metal abraded from the walls of the mill. Grinding
parameters are selected such that the resultant
particles have an average particle size de of 1 to

25 100 um, preferably of 3 to 30 um, particularly
preferably of 5 to 15 um.

The above-described method for producing silicon
dicxide may be carried out in the device 7.1, i.e. in
30 this case the device 7.1 comprises all the necessary
plant parts for carrying out the above-described
method, but it is also possible for the device 7.1
itself to be Jjust a part of a plant, such as for
example a precipitation vessel for precipitation or
35 gelation and/or a dryer, in which the above-described
Si0; production process is carried out. It should be
emphasized at this point that the present invention is
not limited to the above-described method, but rather



20 reactor 6.1 to the device 7.1. In addition or as an alternative to the hitherto described process

© variants, it is possible to convey a proportion of the hot process gases out of the reactor 25 6.1,
preferably the proportion which cannot be further utilized in 4.1, i.e. the proportion without CO and SiO,
via a hot gas line 6.3 into the combined heat and powr cycle 5.1 or into the thermal power station 5.1.
Preferably, a hot gas line 6.3 connects the reactor 6.1 30 for reducing metallic compounds to the
combined heat %’1{3‘ pog/%cycr!%sl 0 éooa ermalg wer statjon 5.1, in particular for transferring the
hot process gases from thé reactor 6. 1m0 5.1 for steam generition -35 AcdbFdingds one'lternative,
the present inveRBSTT pFOAGES alflariticdriig tBane TivERtorrwithgemactor 4 lifor the dermal
conversion of cashard-cantainisg compounds, wherein the reactor is connected - 27 - to a combined
heat and power cycle 5.1, via which a proportion of the waste heat 5.3 from the thermal conversion is
extracted and/or another proportion of the waste heat is converted into mechanical or 5 electrical
energy 5.2,%r whefeifPieSRattor #1SR thAfeddd B FHRYHAPFoVAST st 1, wd @hich the waste
heat is convertedunto rechanicaldr, elactricat@nerf)y 5i2. Thieielactbcatenetgyr-obtained siay be fed

into the public electic pauERNId. disgddatemall [o:10-3aRbAPRUEL QY AcAGrANg g g, yention, for

operation of the reduction reactg%r 6.1 in silicon production or for producing sificon oxide, preferably

precipitated silica%r Py8genicStichr &l YeIs I Faridiay prorabRIB&inG ¥iSed inthé case of 15

precipitated silicasan#silich gels fordpying drheating theprecipitatiohamsses. . Bhenexjradted waste
heat may be feddinto-a disteict heating networkthewaste heshpraferably being used viaheat
exchangers in the methad for producing silicon djoxide, such as for 20 temperature control or for
drying silicon o%éleg,]t%lggrti}gﬂ“ﬁl%f gﬁ:lgéﬁglaio%ge ?oherel%ﬁﬁgﬁor?li%atﬁe B?&Gu%ﬁaoncé?%‘ﬂ%ﬁ?ﬂ further
alternative embadifrfen® pRSVIdECa EofBRTEIBN 257N e thieplaheacsording te dhavinviertion, for
example plants Baa3b, 8g34aios dhseampiigesaas@vice 7.1, in particular in

methods for producing silicon dioxide. In this case,
15 the device 7.1 may constitute part of a plant for
producing silicon dioxide. The waste heat 5.3 or the
waste heat stream 5.3 may preferably be used in the
device 7.1 for temperature control of a precipitation
vessel and/or for drying silicon oxide, in particular
20 silicon dioxide, such as precipitated silica, silica
gel or silica purified by ion exchangers. In this way,
the extracted waste heat 1s supplied to the device 7.1
in particular directly {(see Figures 3e or 4e) or by
means of heat exchangers 8, as in Figures 3f and 4f.
25 The electrical energy 5.2 is used to supply energy to a
reactor 6.1 for reducing metallic compounds or in
methods for producing silicon dioxide, in particular
for the device 7.1. In Figures 3e and 3f, the energy
stream 5.2 1s directed to 7.1. However, the plants 3e
30 and 3f may also be mecdified in such a way (not shown)
that the energy stream 5.2 is conveyed to 6.1 or partly
to 7.1 and partly to 6.1. Similarly, Figures 4e and 4f
only show the energy stream 5.2 to the reactor 6.1. The
plants 4e and 4f may also be modified in such a way
35 {(not shown) that the energy stream 5.2 is directed to
the reactor 7.1 oxr partly to the reactor 6.1 and partly
te the reactor 7.1.



partial plant, a reactor 4.1 for the thermal conversion of carbon-containing compounds, wherein the
reactor may be connected to a combined heat and power cycle 5.1, 30 via which a proportion of the
waste heat 5.3 may be extracted from the thermal conversion and/or another proportion of the waste
heat may be converted into mechanical or electrical éfergy 5.2, or wherein the reactor 4.1 is
connected to a thermal power station 35 5.1, via which the waste heat is converted into mechanical or

electrical energy. 5.2 .the electrical energy 5,2 is . used for.supplying energy to a reactor 6.1 for
reducing metall?g%o%a%lgij% g,%lh p%%ﬁcmgrsgr% -ké%a-tareg'fafrn%%gprg.%ge%ecﬁﬁ &iing tubndc®, thermal
reactor, inductiondGiFhace? méififig readBESr bEgt furhlice, preferably fopprodidicing aktiewr,-or also for
supplying energyds ardévice hddn fhe araduesion of 5 siiven thexides mach as fepgxampledor

adjusting the terperatufe of aredlpiiafipgaessal, Al dryiog sigonexige, syeh.as, 21gg, oL also for

i @
the operatign of a furnace for producing pyrogenic'silica. 10 A person skilled in the art khows that 5.1

may also b8 opératedifiTBICh A WaS tHEPSbIeR} thewdhd hEis 3% r Bttt eREEYS. 26 any
mixed forms areCiised.cEheiextracted wastebheat Svaisthererdicected to-24mén pattieulars: the waste

heat 5.3 is ransfei@d ¥A2 4.1 and 6.1 are used jointly in the plants 3e,

3f, 4e, 4f or the above-described wmodifications to
operate 7.1.

10
For further optimization of the energy balance, it is
preferable {(see Figures 3f and 4f) for the waste heat
6.2 from the reactor to be used for reducing metallic
compounds in the device 7.1; in particular, the waste

15 heat 6.2 is transferred wvia heat exchangers 8 (not
shown in Figures 3e, 3£, 4e, 4f) or the above-described
modifications thereof from the reactor 6.1 into the
device 7.1. This may take place by connecting the waste
heat, in particular a waste heat stream 6.2, of the

20 reactor 6.1 to the devigce 7.1.

In addition or as an alternative to the hitherto
described process variants, it is possible to convey a
proportion of the hot process gases out of the reactor

25 6.1, preferably the proportion which cannot be further
utilized in 4.1, i.e. the proportion without CO and
810, via a hot gas line 6.3 into the combined heat and
power cycle 5.1 oxr into the thermal power station 5.1.
Preferably, a hot gas line 6.3 connects the reactor 6.1

30 for reducing metallic compounds to the combined heat
and power cycle 5.1 or to a thermal power station 5.1,
in particular for transferring the hot process gases
from the reactor 6.1 into 5.1 for steam generation.

35 According to one alternative, the present invention
provides a plant according to the invention with a
reactor 4.1 for the thermal conversion of carbon-

containing compounds, wherein the reactor is connected



15 heat exchanger 8 or used directly as superheated steam, the device 7.1 preferably being part of a
plant for producing silicon oxide. If the plant according to the invention is provided 20 with a feed line
6.3 for feeding the hot process gases from the reactor 6.1 for reducing metallic compounds via a hot
gas line 6.3 into the reactor 4.1 for the thermal convetSion of carbon and utilization of the waste heat
6.2 from the reactor 6.1 for reducing 25 metallic compounds in methods for producing silicon dioxide

(see for example Figure f, 4e and 4f), such as for example for temperature cantrol of
precipitation ve?égls %r i%%%i%%esﬁicgr? %i%xi%g(?n e device }%ﬁ,@ihegw%ﬁe héat 6 ?ncﬁlart?cular is 30
transferred partiBGIdRG prefefably Via hEgt eXerEiyers®3(hot BréwnitFiyurekee, @ieqmal) from the

reactor 6.1 into therdeviceiad. Ehe dexiceatt avay dmall plants:he-a precipitation-85 vesselfor
precipitation or gglation of 5102 apd/or a deyer, a tunne %\éeéw, rofary tube furnace, rotary grate furnace,
' ' ed dev

. e e . .me
fluidized bed, rotary table furnace, circulating fluidized ice, continuous fuiace - 29 - and/or a

furnace for PyrofysieC Thi§2SupEffeatdd stedm 5% wHiRRES bBtaln2@ irfchaety®r dirdetlyiin 4.1, for
example by quefaemingwigvwéater apreferablyldeiavzad ot distibed Water, frdm the ivastecheat of 5 4.1

or by means of ¢ambustinr of thedaibgases frem 4:1 tnay.preferably.be used dirgetly, for drying silicon
dioxide. With Iow}gerP era%urg steﬁlm 5.3, the %peraj{lon of 10 contact dryers 7.1, for example plate
dryers or particularly prefetaily rotary {G0E ARets dugGREE I PR BERerSY obtinta by way of
5.1 may be used-8irecti® dperatecprimagtdryersehese ars greferably towee sprayldryérs or spin

flash dryers It 15upstear teawpersonskilledindbeartthat the ahove-stateddist §[39(lijld beinderstood
to be solely by vay. of ple and other conventional dryers may_also be used._20 With regard to
reactors 4.1 or 6.?/,% %%aé%:as%a%]haﬁ%ther\fev(a%t%thleoal% or]fﬁ&ecgcao 5rop8rt%nsl& th& Wwakté Reat arising
therein, for exaripRIFSTH 1RE redttichCZonB 1P Hok Ractor er @ stericgonerited dy ajodriching with
water, preferablpdeiiizecordistilient 25 waterpiprb &« irdeetlitheavaste beat ofthgsaaction
products, such as, gases qLother grﬁ@ﬁﬁgﬂps,gg uld b megd to he utilized waste p)eat
according_to the%%ventio.n.‘—itb\cﬁc:;lgrdni%ﬁacijI to the invention,gi)_n %ar&%%aaf thfeLI?es?Eeﬁgl gézsa &gil ggs is

combusted and BDTheRidste fidat forfnePise®ittheSHantaccstakg tofiRE indeitigly o

heating the precipitation vessel. The extracted waste
heat may be fed into a district heating network, the
waste heat preferably being used via heat exchangers in
the method for producing silicon dioxide, such as for

20 temperature control oxr for drying silicon oxide, in
particular silicon dioxide for reutilization in the
production of gilicon.

A further alternative embodiment provides a combination
25 in which the plant according to the invention, for
example plants 3a, 3b, 3g, 4a or 4b, comprises, as a
partial plant, a reactor 4.1 for the thermal conversion
of carbon-containing compounds, wherein the reactor may
be connected to a combined heat and power cycle 5.1,
30 wvia which a proportion of the waste heat 5.3 may be
extracted from the thermal conversion and/or another
proportion of the waste heat may be converted into
mechanical or electrical energy 5.2, or wherein the
reactor 4.1 is connected to a thermal power station
35 5.1, wvia which the waste heat igs converted into
mechanical or electrical energy 5.2 and the electrical
energy 5.2 is used for supplying energy to a reactor

6.1 for reducing metallic compounds, in particular an



Preferably, the plant operates continuously for 24 hours 7 days a week, such that the waste heat is
also 35 used, directly or via the heat exchangers 8, in a continuous cycle, in particular via primary
and/or secondary circuits. The consequently achievable energy saving may amount to between 1 to 10
kWh, preferably 2 - 30 - to 6 kWh, particularly preferaBly-around 2 kwh, per kilogram of dried silicon
dioxide from 7.1. It is clear to a person skilled in the art that the particular energy balance achieved

depends directly,Qn th éxrgaiggal o§ture ontent.and the.dryer devyice used and _on further process
parameters, such that(t%he stated values shSELI cl;o%njfyl be unrll%]édrcs}tlggd a\glbrulil&ec \%Iueg. &R sing the

obtained electri¢ RERTy of AFStiMeE 8511 0TWR Freferdish Bédithd Saa&WKOFer Rifogkak@8Ecarbon 10
black for reducidg:inreach, caseshekiloyani of siicanidiokite te yield soltenssilisordn &dxrthere is a

potential saving ot 4, {9 L00VBo.nartiquiar of 4 10,9 kWh, taking, aggount of the methad for producing
silicon dioxjde. Tq produce around.a kilogram of molten 15 silicon, the enér y saving may increase to
5 kWh to 2 kvvﬁ?‘%ﬁé’rﬁcﬁéf’i}fﬁ%’lie%}ﬁﬁe fétyidrPot P?{I?\‘let%kiﬁﬁﬁcéé%ﬁ’c%?%ﬁgo@?ﬁll process,

including the préduationdpfgiticon dioxide amd-earbontsadloand thesmeattion frereofdoyield silicon. 20

According to a furtherprefessedsembediment asdliustrated-infigures e, 3f,de gnd 4f thewaste heat
6.2 may be use%%o et er vr\{igééhe \évgste heat 5,3 in a method for producing silicon dioxide for the 25
device 7.1, preferably for femperatire AdiuStiiertor Forasng Sicoh'di6Ride, in particular precipitated

silica or silica gel or precipitated silica or silica gel which has been purified by means of ion

exchangels: Preferably dhe wistellkent 6n2 and/or 53 isnsad ta8adrysthe siica kyjway gt.one or
more heat exchangers,8.(not shown.in Fig 3e, 3f, 4e, 4f). In all the plants, the device 7.1 may be
part of a plant for%produgng s%co%%xiée%&ﬁHgg}[a&c gdr%elrg Ska}% p‘r”eafgtrta Iyﬁl?saé% t p:r%event
contamination of thesifontdi6Ritie SR§EFcURarhighp REY sifiderrdioi@EMa tiiese Heaeexchangers
the waste heat fiitwa tle:teaotoreGi ]l iwused heaeans 8f is here directed to 7.1:

in particular, the waste heat 5.3 is transferred via a

15 heat exchanger 8 or used directly as superheated steam,
the device 7.1 preferably being part of a plant for
producing silicon oxide.

If the plant according to the invention is provided

20 with a feed line 6.3 for feeding the hot process gases
from the reactor 6.1 for reducing metallic compounds
via a hot gas line 6.3 into the reactor 4.1 for the
thermal conversion of carbon and utilization of the
waste heat 6.2 from the reactor 6.1 for reducing

25 metallic compounds in methods for producing silicon
dioxide (see for example Figures 3e, 3£, 4e and 4f),
such as for example £for temperature control of
precipitation vessels or in drying silicon dioxide in
the device 7.1, the waste heat 6.2 in particular is

30 transferred particularly preferably via heat exchangers
8 {(not shown in Figures 3e, 3f, 4e, 4f) from the
reactor 6.1 into the device 7.1.

The device 7.1 may in all plants be a precipitation
35 vessel for precipitation or gelation of $i0, and/or a
dryer, a tunnel oven, rotary tube furnace, rotary grate
furnace, fluidized bed, rotary table furnace,

circulating fluidized bed device, continuous furnace



- 31 - a secondary circuit in a method for producing silicon dioxide, such as for drying silicon dioxide or
adjusting the temperature of a precipitation vessel. Conventionally, in the heat exchangers and/or in
the 5 feed and discharge lines for the waste heat, the medium used takes the form of water, a
conventional cooling fluid or other media sufficientty w&ll known to a person skilled in the art. 10 A
convenient plant 3h, 3i, 4g or 4h also provides for utilization of the waste heat 6.2 from the reactor 6.1

for reducing metali mpoupds solely in the method for producing silicon %;oxide in the device 7.1, in
particular for adjust#‘r% t g’,l teﬁ%rerrlg’tﬁ?e énf) g 1%%1@00‘%&5{?@ \féHs%Ser 7.S_Lu6)re(¥ & 1f‘.ﬁéfolS 5@% silicon
oxide; in particufar the BIRAECH of 8h AREAHE8GChitRgE firCivdste ABatdb. ZHord theireactori6.1 is

conveyed via heabexchangegsi& intdothe devieachliny meansiof heatexehangers B 28 Higoes without
saying thal the deyios.f J.high may i pasioylay, be areagior, predpitalion.vessglandior dryer, is
merely a part of a partial or overall plant for producing silicon oxide and is connec &d or 25

connectabl@ upstreanPAnd?Br dBRASHFedth (o RIAER nstatiatidnsditlebés, iIFBRRS foF BXBmple to
produce high pufitylsiliservdipxieédrat tontaninated silicates: BP |Aqpartioutan thesteed ding 7.2
should be regarded,sin &l the plants as a direct or indirect feed line into the reactor or as a material
stream into the reactor 6.1. For instance, the silicon dioxide dried in 7.1 may preferably be subjected to
further processing steps in 35 8.1, before it is supplied to the reactor 6.1. These steps are in particular
grinding, formul&idr bridGatireempeffovstelecttieaienefgyBaccording tob2rmay atso befused in
these stepso - 32orAceordingiis thesinvention, theavasteheapfram the seactoryd.-1ds ysedfor the
thermal conversj f, -cantaining_compounds for producing electrical 5 enerqgy, in particular by
Sig%%:h%ﬁ‘ﬁ?% f&po DESOIRS af Hehd O%;War& o h esa%%g%%seeﬁ

ro .
means of a combined heat and er cycle or % therma [XOWGF stati compasses

the waste heat fiSrAHE tail HaAGesPAEEIhe Ivadtetriat itfich dseydifoutfh chbmbustiin obthe tail gas.
In this respect, itisphrticilady preferable foperate primary dryers. These are

preferably tower spray dryers or spin flash dryers. It
15 is clear to a person gkilled in the art that the above-
stated list should be understood to be solely by way of
example and that other conventional dryers may also be

used.

20 With regard to reactors 4.1 or 6.1, it is the casge that
all the waste heat or indeed proportions of the waste
heat arising therein, for example from the reaction
zone, the hot reactor parts, steam generated by
guenching with water, preferably deionized or distilled

25 water, in 4.1 or indeed the waste heat of the reaction
products, such as gases or other material streams,
should be deemed to be utilized waste heat according to
the invention. According to the invention, in
particular the residual gas (tail gas) is combusted and

30 the waste heat formed used in the plant according to

the invention.

Preferably, the plant operates continuously for 24
hours 7 days a week, sguch that the waste heat is also
35 used, directly or wvia the heat exchangers 8, in a
continuous c¢ycle, in particular via primary and/or
secondary circuits. The consequently achievable energy
saving may amount to between 1 to 10 kWh, preferably 2



10 the waste heat to be used wholly or partially, in particular directly or indirectly, in methods for
producing silicon dioxide, such as for temperature adjustment or for drying. Preferably, superheated
steam from 4.1 and/or 5.1 may be used in 7.1 for drying or 15 temperature adjustment. This combined
use according to the invention of the waste heat was*Rittierto inconceivable for a person skilled in the
art, because the possible mutual 20 contamination could have led to significant process control

problems. It is the, joiat yse,of silicon. dioxides-purified in_or f aq| Sysfems; nd carbon black or
pyrolyzed carbohydrates for'prol%ucjn high pu ityggl icoﬁ Wah%)cciﬁ}for %ecéq'?lrr?st time ma%’es s 25

combined synefgisttifiZatin GFtheWaste heaPortheihdrederg) pdsdible Fhé 2I&thRAF energy
obtained may piaferablydserased tebpéiatd a ieactons.1dartreducitg meétalliq3G-campaunds or to

operate devices:f.d igmethads.for prodycing silicen digxide, preferably fo,operate dryets, such as
primary drygrs, furnaces gorﬁroducin perﬁenictsilica for producing silicon or for adjusting the _

temperaturd of Er%sc%p%[%ﬁ n UBSEAE b 1o tHE BB opEratidn 6t hEFmetfod S pd fFithawstk with
electrical powereAs dxigined alroves @iserergEbaliaace of tiseroberdlhprocesscomprasingicarbon

black values should only be understood as guide values. When
using the obtained electrical energy of around 1 to 10
kWh, preferably around 5 kWh, per kilogram of carbon
10 Dblack for reducing in each case one kilogram of silicon
dioxide to yield molten silicon in 6.1, there is a
potential saving of 1 to 10 kWh, in particular of 4 to
9 kwWh, taking account of the method for producing
silicon dioxide. To produce around a kilogram of molten
15 silicon, the energy saving may increase to 5 kWh to 20
kWh, in particular it may lie in the region of 17 kwh
taking account of the overall process, including the
production of silicon dioxide and carbon black and the
reaction thereof to yield silicon.
20
According to a further preferred embodiment, as
illustrated in Figures 3e, 3f, 4e and 4f, the waste
heat 6.2 may be used together with the waste heat 5.3
in a method for producing silicon dioxide for the
25 device 7.1, preferably for temperature adjustment or
for drying silicon diocxide, in particular precipitated
silica or silica gel or precipitated silica or silica
gel which has been purified by means of ion exchangers.
Preferably, the waste heat 6.2 and/or 5.3 is used to
30 dry the silica by way of one or more heat exchangers 8
(not shown in Figures 3e, 3f, 4e, 4f). In all the
plants, the device 7.1 may be part of a plant for

producing silicon dioxide.

35 Heal exchangers 8 are preferably used to prevent
contamination of the silicon dioxide, in particular
high purity silicon dioxide. In these heat exchangers

the waste heat from the reactor 6.1 is used by means of



production, the production of silicon oxide and/or - 33 - reduction of the silicon dioxide is improved
considerably over known plants and the known use from the prior art. 5 For instance, the energy
balance of the silicon dioxide process may be improved considerably preferably in the particularly
energy-intensive steps, such as for example heating o the precipitation vessel or in drying steps for
the silicon dioxide and further method 10 steps to which energy has to be supplied. By combined

process control gn%%&%e@wgﬁgvafg %eaztn @Qgﬁ:ggb %et{,bl gfeg' Llucal ases. and/or of the

recirculation of the hotgg 6.1, all the material circuits in the plant may egopg%a &d With an
energy 15 balariGeSVHiIER is imfiGved réftive tknofviethod S frbiF e pridi @i A8r instince,
recirculation of thé hot gasgs, tabortmopexiieward stitonsoxigdes igartetacgaseess SiQ, fully into

the reactor 4.1 I@@%&E@&ﬁéﬁi@}?nsﬁ'ﬁa@@éin@@é@U@&%ﬁ%&%@ﬂﬁ%@é&ﬂ@% mepoxide
during the methqd for pro ucm% carbon bili(;k may be reduced inthe overall balance. The overall

process in the VSN AN AECORAIRG B the HEEN S o Ge dF -thetiital priifts TEAHSYS a
considerable red§@idn ptkrsantdunt 2D ofcarfonvdioxide aad/areeavbort iomokide dorhietsover the

overall process duking: the produgtion ofsilicon, i@g@rﬁ'@@t@élﬁr@wsili@g@ gioxide and gasbor-containing
compounds, suche%g,5 c%rb n| I C%OE 1plyrtg‘)ll}/@zegrhcigh purity carbohydrate. 30 It is clear to a person
skilled in the artthat the state pelants may comprise a plurality of reactors in each process stage,
instead of in each case one reactor, and that this may in particular allow the 35 overall process to be

carried out contimueustyangdevithopt iterruption.3Ehe regacters may he opersted-cartinuedsly or also
discontinuously., 34+ Ta produgce selar silicon in icular, the t according to the invention may,
for further purifiélationloZ]c the elemental sglalicon%gbta%%r(g %ro%:' .1,f?§1%a%%%dﬁi%%g%ﬁﬁriﬁ%é Ion units

such as for 5 exaMple FIEHE RDIdRE EarhpbRe TR mekgdtforifurifidiiondy Arshns of
Scheil solidificatiarn: Atexdtive purifieaficn methdts:fadpurifying etemeftat silicorv from reduction

furnaces are kngwpo & paerson skilled infhe artangmay he applied -2t ure  of &
15 precipitation vessel 7.1 or dryer 7.1 for drying
silicon oxide; in particular the plant 3i or 4h may be
such that the waste heat 6.2 from the reactor 6.1 1is
conveyed via heat exchangers 8 into the device 7.1 by
means of heat exchangers 8.
20
It goes without saying that the device 7.1, which may
in particular be a reactor, precipitation vessel and/or
dryer, is merely a part of a partial or overall plant
for producing silicon oxide and is connected or
25 connectable upstream and/or downstream to further
installations or devices, in order for example to
produce high purity silicon dioxide from contaminated

silicates.

30 In particular, the feed line 7.2 should be regarded, in
all the plants as a direct or indirect feed line into
the reactor or as a material stream into the reactor
6.1. For instance, the silicon dioxide dried in 7.1 may
preferably be subjected to further processing steps in

35 8.1, before it is supplied to the reactor 6.1. These
steps are in particular grinding, formulation,
briqueting. The flow of electrical energy according to
5.2 may also be used in these steps.



The following figures explain the plants according to the invention in greater detail, without limiting the
invention to this example. 15 Extending the plant according to the invention by an plant for Scheil
solidification may for example be considered if the educts introduced by material streams 4.4 and 7.2
are contaminated with specific sulfur-containing compéurids, a factor which in particular 20 needs to
be taken into account for the carbon stream. Depending on the sulfur contaminants present in the raw
material streams, the following cases may arise: 25 If the contaminant is elemental sulfur, this
vaporizes at above 444.6C and is expelled from the reactor 6.1 with the furnace gas CO/SiO. On
combustion of tHeCfRTEEEJas LSO X BRsed iy et feittor BH1e Due &-gn &awss éhtwpdroybs in the
reactor 4.1, H2Syadiciomust 30 be dispased of fis:forrard therefrens If thessuifur s grganigally bound,
it decomposes below 800 yiel 0 r_ather eous ¢ ounds. The grganically bound
sulfur also leaves the?gagg‘tﬁgéqégf a?ér uégﬁ@gé& Sasg co%%ustigﬁ as %szl%uee-t%etﬁglg%g‘sfs of
hydrogen irfthe TEECIEF4. 1 1H2 S 3% e R riGet biSHBREE 0P fs Brvsdhisiefomea 85 aFrther
possible contaniiwarts areysllfates; fer eXampielfrqobd 02 praduction. wakadbeprasengenf carbon,

calcium sulfate regeis:» assugingio GASO4 5 Ca5,50% GOA abawe BOLG the gguilbrium i

shifted to the 10 vﬂagsh% Lgfeaat1 su ng C;igdrlve_n from the reactor 6.1 with thefurnace gas and eliminated

T FdstiiBEd GBERY Ihe EIBUE LRSS ifithé Reactst 611 and

from the circulation process as
forms with the sHigén digxidea simessilicatd, . whith isthenredocddiadd 15 coftarminatestbhe silicon.

This contarnination-camhetemanesgkfromdsherlemantal siieen by means of Scheit solidifigafion.
PO“BS“””S“”agé§%§§HW£9Ca&%%%%%¥§dm%£° indirectly, in methods for
producing silicon dioxide, such as for temperature
adjustment or for drying. Preferably, superheated steam
from 4.1 and/or 5.1 may be used in 7.1 for drying or
15 temperature adjustment.

This combined use according to the invention of the
waste heat was hitherto inconceivable for a person
skilled in the art, ©because the possible mutual
20 contamination could have led to significant process
control problems. It 1is the dJoint use of silicon
dioxides purified in or from agueous systems and carbon
black or pyrolyzed carbohydrates for producing high
purity silicon which for the first time makes this
25 combined synergistic utilization of the waste heat or

thermal energy possible.

The electrical energy obtained may preferably be used
to operate a reactor 6.1 for reducing metallic
30 compounds or to operate devices 7.1 in methods for
producing silicon dioxide, preferably to operate
dryers, such as primary dryvers, furnaces for producing
pyrogenic silica for producing silicon or for adjusting
the temperature of precipitation vessels or for the
35 operation of other method steps which work with
electrical power. Ags explained above, the energy
balance of the overall process comprising carbon black

production, the production of silicon oxide and/or



20 K2504 + 2C = 2K + SO2 + 2 CO At above 1406C, the equilibrium is shifted to the right. All the
components are gaseous and leave the 25reactor 6.1. Sodium sulfate reacts in the reactor 6.1
according to Na2504 + 2C = 2Na + SO2 + 2 CO 30 Equilibrium of the reaction at 1190C; all the
components are gaseous and leave the reactor 6.%. 3386~ These reverse reactions occur in part in the
reactor 6.1, such that the Si02 forms silicates with the alkalis. The silicates are reduced in the

reduction 5 zone, 'Igtt 1e Na a_gg_l K thtetrllein paét.v,%porize aq?in. I_r.L\CI{I%is manner, Na and K accumulate

. .83 Il 1 T
in the reactor 6.1 and In_the eliminated microsilica. Grther pOSSCIBTe contamifants Are stiffefés such as

10 FeS2, MnS, MG8SMHEEaB 1K rOXsting Feaion RaARbEoceRAinthe Skaevarnuse sificeno free
oxygen is presenfne Hytites aeaordingly decompose at below 700C to form 15 FeS and S. FeS
reacts with Si according to FeS + Si = SiS + Fe equilibrium at 1250C  SiS evaporates from the

r 6.1, while Fe is 20 dissolved in the Si. Additional purification may proceed by Scheil
;%?igti?ic:ﬂoﬁ For ?.nstance, the energy bala,npce of the %/:Plicon dioxide

process may be improved considerably preferably in the
particularly energy-intensive steps, such as for
" example heating of the precipitation vesszel or in
drying steps for the silicon dioxide and further method
10 steps to which energy has to be supplied. By combined
process control and the consistent use of waste heat,
of combustible residual gases and/or of the
recirculation of the hot gas from 6.1, all the material
circuits in the plant may be operated with an energy
15 Dbalance which is improved relative to known methods
from the prior art. For instance, recirculation of the
hot gases, carbon monoxide and silicon oxide, in
particular gaseous Si0, fully into the reactor 4.1
leads to process intensification; in particular the
20 formation of carbon monoxide during the method for
producing carbon black may be reduced in the overall
balance. The overall process in the overall plant
according to the invention or indeed in the partial
plants leads to a considerable reduction in the amount
25 ©f carbon dioxide and/cr carbon monoxide formed over
the overall process during the production of silicon,
in  particular from silicon dioxide and carbon-
containing compounds, such as carbon black or pyrolyzed
high purity carbohydrate.
30
It is clear to a person skilled in the art that the
stated plants may comprise a plurality of reactors in
each process stage, instead of in each case one
reactor, and that this may in particular allow the
35 overall process to be carried out continuously and
without interruption. The reactors may be operated

continuously or also discontinuously.



Manganese sulfide MnS reacts according to: 25 MnS + Si = SiS + Mn equilibrium at 2000@ SIS
evaporates, while Mn dissolves in the Si. Additional purification can only proceed by Scheil o
solidification. 30 Magnesium sulfide MgS reacts according to: 2MgS + 3Si = 2SiS + Mg2Si equmbrlum
at 1940C 35 SiS evaporates. Mg dissolves in the Si. Adélditional purification can only proceed by Scheil
solidification. - 37 - In the case of calcium sulfide CaS, a reaction with Si is not possible until above

2600C. CasS is therefare t d off with Si and separated by Scheil solidification, 5 Reference
numerals: 1, E%z, %,g?%,agg%b,sfc, rd 3Fé,l ,%%?Shléﬁ, 4?25?&6{ S, 45,1%?, 4E}m%lternative

plants or 10 conAFFEHTHETSE plarftS, overaf plant: IRéattéRMdevidesy 4.1: réautor fof thetthermal
conversion of carbari-£15eartaining Compeunds; darexamplegeactoss forprogdusiag carben, black or

for pyrolysis of C@[tiohyg@;gag%h%@@i%glysi 191‘;?_‘99%% gt{i)oga%i{ghe resence offsilicon

C 5 . TOY..
dioxide; 20 5.1: combined heat and power cycle, thermal station 6.1: réactor 1or proaucmg Silicon from
silicon dioxidle afiti 28FHch, Poridkafnpie elRLHRIMERRE FRPEESS, ifducEBR furigdds: 2c fafnaces

(further for purification by means of Scheil solidification.
Alternative purification methods for purifying
elemental silicon from reduction furnaces are known to
a person skilled in the art and may be applied.

10
The following figures explain the plants according to
the invention in greater detail, without limiting the

invention to this example.

15 Extending the plant according to the invention by an
plant for Scheil solidification may for example be
considered if the educts introduced by material streams
4.4 and 7.2 are contaminated with specific sulfur-
containing compounds, a factor which in particular

20 needs to be taken inte account for the carbon stream.

Depending on the sulfur contaminants present in the raw

material streams, the following cases may arise:

25 If the contaminant is elemental sulfur, this vaporizes
at above 444.6°C and is expelled from the reactor 6.1
with the furnace gas C0/8i0. On combustion of the
furnace gas, 80, arises in the reactor 4.1. Due to an
excess of hydrogen in the reactor 4.1, H,8, which must

30 Dbe disposed of, is formed therefrom.

If the sulfur is organically bound, it decomposes below
800°C to yield CS; or HpS or other gaseous compounds.
The organically bound sulfur also leaves the reactor
35 6.1 after furnace gas combugstion as S0,. Due to the
excess of hydrogen in the reactor 4.1, H,S, which must

be disposed of, is formed therefrom.



25alternatives are mentioned in the description); 7.1: device for use for producing silicon dioxide, for
example in a drying stage, preferably a dryer, for example fluidized bed reactor or other reactor for
30drying substrates,a reactor(furnacefor producingpyrogenicsilica)Oralsoa precipitation vessel; 8.1.:
device/machine/installation for further processing 35#baterial streams 4.2 and 4.3 comprising for
example a mixing unit in which carbon and silicon dioxide are mixed as homogeneously as possible

and/or a unit for,pradycing shaped articles from. - 38 - Si02 and C %/ ranulation, tableting, pelletising,
brigueting or other sullﬂtlgble Og’g)sll%gse W%ﬁlk%%r\?vlhnt%na%er%gﬁ skif& ‘?r?ﬁige' a aﬁdﬁﬁ‘%r%ﬁﬁble

grinding apparaﬁ%%%%%% e&EﬁéH@&%?Efeferably comprising a secondary circuit and enabling the
discharge of waste heat (thermal energy) from processes, in 4.1 and/or 6.1, and supply of thermal

energy into endatherpieL0prpgesags, In pariculaip,g 1 foL drdagy Malerigl sieams 4.2 material
' fera t

stream of the carbon produced in the 15 reactor 4.1, pré y in the form of carbor %%%Esor charcoal

or the pyrolysis BrodtctoPd cfbohydrate

CaS0, + C = Ca0 + 80, + CO

At above 801°C, the eguilibrium is shifted to the

10  right. Sulfate sulfur is driven from the reactor 6.1
with the furnace gas and eliminated from the
circulation process as H.8 as described above. The Cal
remaing in the reactor 6.1 and forms with the silicon
dioxide a lime silicate, which is then reduced and

15 contaminates the silicon. This contamination can be
removed from the elemental silicon by means of Scheil
solidification.

Potassium sulfate reacts with carbon according to
20
K2S0; + 2C = 2K + 80; + 2 CO
At above 1406°C, the equilibrium is shifted to the

right. All the components are gaseous and leave the
25 reactor 6.1.

Sodium sulfate reacts in the reactor 6.1 according to

Na80, + 2C = 2Na + 80, + 2 CO

30
Equilibrium of the reaction at 1190°C; all the
compeonents are gaseoug and leave the reactor 6.1.
However, K and Na also react with the Si0 according to
35

2K + 8i0 = 81 4+ K,0 below 950

2Na + 8i0 = Si + Na,0 below 1150°C



4.3: material stream of silicon dioxide arising as a 20by-product in the reactor 4.1 4.4: supply of a
source of carbon, for example gas, preferably natural gas, oil or sugar into the reactor 4.1 25 6.3: hot
gas line for conveying SiO and CO from the reactor 6.1 into the reactor 4.1. 7.2: material stream, for
example feed line(s) and 30 optionally production staifes; via which the product from 7.1 can be
transferred to the reactor 6.1 or to further processing 8.1, - 39 - Energy streams 5.2: electrical energy
flow, for example line for conducting electrical energy; 5 5.3 thermal energy flow or energy flow, suqh
as superheated steam or low-temperature steam, which is used, for example by tubes, optionally with
connected heat EREfFEgERVS TEBUtTiZME thenDwasEHeat forparl; whith @thrﬁ@t@@h@@?&'_).l, for
drying or tempematare acﬁusﬂmerﬁmv..;;_tﬁ_la% thetroal efergydlovs iqrj__@@ggle line€s), inpasticular with
connected heat £xhangers &for 13udliing e waste Nezhligny® 11y 7 4, referably apg, secondary
circutt 5 zone, while the Na and K then in part vaporize agairn.

In this manner, Na and K accumulate in the reactor 6.1

and in the eliminated micrcsilica.

Further possible contaminants are sulfides such as
190 Fe3;, MnS, Mg8 and CaS. A roasting reaction cannot
occur in the Si arc furnace gince no free oxygen is

present.

Pyrites accoxdingly decompose at below 700°C to form

15 FeS and S. FeS reacts with Si according to
FeS + 81 = SiS + Fe equilibrium at 1250°C
Sis evaporates from the reactor 6.1, while Fe is
20 dissolved im the Si. Additional purification wmay
proceed by Scheil solidification.
Manganese sulfide MnS reacts according to:
25 MnS + 8i = 8i8 + Mn equilibrium at 2000°C
818 evaporates, while Mn dissolves in the g1,
Additional purification can only proceed by Scheil
solidification.
30
Magnesium sulfide MgS reacts according to:

2MgS + 3Si = 2818 + Mg:Si equilibrium at 1940°C

35 SiS evaporates. Mg dissolves in the 8i. Additional

purification can only proceed by Scheil sclidification.



In the Figures: 20Figures 1, la: show alternative plants combinations or partial combinations of
reactors for producing carbon and silicon; connected by the silicon oxide circuit 254.2/6.3. Figures 2,
2a: show alternative plants combinations or partial 30 combinations of reactors for producing carbon
and silicon; connected by the silicon oxide circuit 4.2//2/6.3 Figures 3a to 3i show combinations
according to the 35 invention of plants in which the waste heat or waste gas streams of the reactors

41and61are ed for exam le in the tem eratur 2 ustl step or in the drying st in the
production of SI|IC§01FI ioxi e e[A)f ?par?lywéga oM meCF:hea hd oﬁfé?%%@ 5‘?[1% 6t5. 2) or via

heat exchangers 8. IRRHJIB6S S BkErnERids 32RRY Sh theldHrgy Strsamissobtdiret: Sy means of the
combined heat arappemier cydie fromvthenwasteineatang thegwaste gasgs of the reactar4 i are used

to operate the reductign geactot 6,1. Figures 4a to 4h show combinations according to the
5

Reference numerals:

1, la, 2, 2a, 3, 3a, 3b, 3¢, 34, 3e, 3f, 3g, 3h, 31i, 4,
4a, 4b, 4c, 4d, 4e, 4f, 4g, 4h: alternative piants or

16 combinations of plants, overall plant;
Reactors/devices:

4.1: reactor for the thermal conversion of carbon-

15 containing compounds, for example reactors for
producing carbon black or for pyrolysis of
carbohydrate, such as the pyrolysis of sugar

optionally in the presence of silicon dioxide:
20 5.1: combined heat and power cycle, thermal station

6.1: reactor for producing gilicon from silicon dioxide
and carbon, for example electric melting furnaces,
induction furnaces, arc furnaces (further

25 alternatives are mentioned in the description);

7.1: device for use for producing silicon dioxide, for
example in a drying stage, preferably a dryer, for
example fluidized bed reactor or other reactor for

30 drying substrates, a reactor (furnace for
producing pyrogenic silica) or also a

precipitation vessel;

8.1: device/machine/installation for further processing

35 material streams 4.2 and 4.3 comprising for
example a mixing unit in which carbon and silicon

dioxide are mixed as homogeneously as possible

and/or a unit for producing shaped articles from



invention of plants in which the waste heat or waste 10 gas streams of the reactors 4.1 and 6.1 are
used, for example in the temperature-adjusting step or in the drying step in the production of silicon
dioxide 7.1, partly via a combined heat and power cycle (5.1, 5.3 or 5.2) or via heat exchangers 8. In
addition, in 15 alternatives 4a and 4b the energy streams-obtained by means of the combined heat
and power cycle from the waste heat and the waste gases of the reactor 4.1 are used to operate the

reduction reactor 6.1. Unlike in Figures 3 to 3i, the plants according to Figures 4a to 20 h additionally
ilike in,Elour 58

comprise a further procéssig apparatad 87F which EhSlres tRaHHE 4% maefidR €62 3dd C are

supplied to the reductioPtrEdeest 618 inptimieeforavanhglat an vptmureweigitiratick@5vEigures 3
and 4 show a plant 3 campHsingaseacter4. 1 festhe thermal egrvetsiery gf-cagban;eenigining
compounds, the reactog heing.connected to a combined heat and power cycle 5.1, via which a
proportion of the waste%weat 53%?5 & t%a&%:%& from the thermal conversion 30 and another proportion is
converted ifto mechanical or electrical energy 5.2. The extracted heat is discharged via the line 5.3.

Depending on tre:process tortralhaththerwastehent psaipropestipn f theywastedast aay be used to
adjust the temperature of the.devicg 4.1 éﬁ%%ﬁféguﬁ%%%d@si&&dr%% toly oy for.energy recovery.
0

The waste heat may be used to adjust the temperature of a precipitation vessel or indee 36 operate
dryer 7.1. (thermal ~ energy) from processes, in 4.1 and/or

6.1, and supply of thermal energy into endothermic

10 processes, in particular in 7.1 for drying;
Material streams

4.2: material stream of the carbon produced in the

15 reactor 4.1, preferably in the form of carbon

black or charcoal or the pyrolysis product of a
carbohydrate

4.3: material stream of silicon dioxide arising as a

20 by-product in the reactor 4.1

4.4: supply of a source of carbon, for example gas,
preferably mnatural gas, oil or sugar into the
reactor 4.1

25
6.3: hot gas line for conveying 8i0 and CO from the
reactor 6.1 into the reactor 4.1.
7.2: material stream, for example feed line(s) and
30 optionally production stages, via which the

product from 7.1 can be transferred to the reactor

6.1 or to further processing 8.1,

8.2: material stream of the product from further

35 processing 8.1 to the reduction reactor 5.1



The electrical energy produced may be forwarded via - 41 - 5.2. The electrical energy may be fed into
the public electric power grid or used in the method for producing silicon dioxide or directly in an
overall process for producing silicon in an electric furnace, for example 5 an arc furnace 6.1 (see
Figures 3a, 3b, 3g, 4a to 4g). According to plant 3c-f akd-4c-d, 5.1 may be used for power generation,
it also being possible to use the power to operate 7.1 or other plant parts. 10 A specific plant according

to the invention,&% iIIustrat?q:éc,chematically in Figure 4e, with its energy and material streams, will be

explained in more detall be oW, 15 This plant comprises a plant for producing silicon dioxide 7.1, with a

precipitation vessel, apparatuses for working up the precipitation suspension such as for example filter
presses and a deying appaxatus terThe bighretrity siliean dioxisie okigined1As the iput inge-20 7.1, 9.3

kg of water glass are introduced pe kgfééig'@ SQPI%%QP harged from 7.1. This water glass contains
2.15 kg of 9i02 per kg of finished Si02 and 7.251|<g of waterggr’ kg of finished 3i02, which has to be

evaporatedeuring drying. For this purpose, 14.33 kWh 25 of energy are required per kg of Si02
obtained from 5.3 thermal energy flow or energy flow, such as

gsuperheated steam or low-temperature steam, which
ig used, for example by tubes, optionally with
connected heat exchangers 8, for utilizing the
10 waste heat from 4.1, which is extracted via 5.1,

for drying or temperature adjustment in 7.1;

6.2: thermal energy flow, for example line(s), in
particular with connected heat exchangers 8, for
15 utilizing the waste heat from 6.1 din 7.1,

preferably as a secondary circuit;
In the Figures:
20 Figures 1, la:

show alternmative plants combinations or partial

combinations of reactors for producing carbon and

silicon; connected by the sgilicon oxide circuit
25 4.2/6.3.

Figures 2, 2a:

show alternative plants combinations or partial

30 combinations of reactors for producing carbon and
gsilicon; connected by the silicon oxide c¢ircuit
4.2/8.2/6.3

Figures 3a to 3i show combinations according to the
35 invention of plants in which the waste heat or waste
gas streams of the reactors 4.1 and 6.1 are used, for
example in the temperature-adjusting step or in the

drying step 1in the production of silicon dioxide,



7.1. This energy is obtained in part from the waste heat or from combustion of the tail gas of the
carbon black reactor 4.1 contained in the plant via the energy stream 5.3 and has to be obtained upon
first startup of 30 the plant in part from an external energy source. Further energy input into 7.1 is
required in order to be able to perform precipitation & &emperatures of between 60 and 96C. However,
this quantity of energy is quite small in comparison with the energy expended 35 during drying. Once
the reduction reactor 6.1 has been started up,.the waste_heat of the reduction reactor 6.1 may
additionally be L?saerd,{ % v%%xaofafhéj%%“a% s?;‘l‘grﬁ 5 1§ty B Shicd i %di?Ahhis”’s%gS?’the - 42 -
total energy reqBirémentdt 14733 k\WikearergEEFRGGEZE02 Bbtainkd froadiltiey be cowered by

energy streamszl2 andH:2-& 2. 1540 0 310D andhe.45kg.af ptearpamkg of-3t02.are obiained as
output from 7.1, The 5i02 is supplied to,a CI}gti ing installation 8.1 via the mate al stream 7.2.
Furthermore, 1 TI]?g of carbon blLT]gCBk IS sﬁ%?le% to%tlhe pellégtlll?n instaflation via 4.2 aRd 0. gig of

5 waste heat and the waste gases of the reactor 4.1 are

used to operate the reduction reactor 6.1.

Figures 4a to 4h show combinaticns according to the
invention of plants in which the waste heat or waste
10 gas streams of the reactors 4.1 and 6.1 are used, for
examplie 1in the temperature-adjusting step oxr in the
drying step in the production of silicon dioxide 7.1,
partly via a combined heat and power cycle (5.1, 5.3 or
5.2) or wvia heat exchangers 8. In addition, in
15 alternatives 4a and 4b the energy streams obtained by
means of the combined heat and power cycle from the
waste heat and the waste gases of the reactor 4.1 are
used to operate the reduction reactor 6.1. Unlike in
Figures 3 to 3i, the plants according to Figures 4a to
20 h additionally comprise a further processing apparatus
8.1, which ensures that the raw materials 8i0C, and C
are supplied to the reduction reactor 6.1 in optimized

form and at an optimum weight ratio.

25 Figures 3 and 4 show a plant 3 comprising a reactor 4.1
for the thermal conversion  of carbon-containing
compounds, the reactor being connected to a combined
heat and power cycle 5.1, via which a proportion of the
waste heat 5.3 is extracted from the thermal conversion

30 and another proportion is converted into mechanical or
electrical energy 5.2. The extracted heat is discharged
via the line 5.3. Depending on the process control, all
the waste heat or a proportion of the waste heat may be
used to adjust the temperature of the device 7.1 (see

35 Figures 3a to i and 4a to h) or for energy recovery.
The waste heat may be used to adjust the temperature of
a precipitation vessel or indeed to operate dryer 7.1.
The electrical energy produced may be forwarded via



10 Si02 is supplied thereto from the carbon black reactor 4.1 via 4.3. The three components are mixed
together and press-molded into pellets, such that a total of 3.789 kg of 8i02/C pellets are obtained as
output from 8.1. By means of these pellets, a stream 8.2 of 3.789 15 kg of 3i02/C per kg of finished
silicon, isolated from 6.1, is supplied to an arc furmacé®.t. To produce one kg of finished silicon, an
energy input of 13 to 17 kWh is required in the arc furnace 6.1. 20 1 kg of the final product, i.el.
material stream of 2.332 kg of CO per kq of finished silicon and a material stream
of 0.481 kg of S?go'a%ér Iighgf fien?gﬁ%%rsjﬂfcagﬁ aertl-:-g %B@fné%a ds %)Lﬁp Srom thePark Bin& Fifthermore,
9 kWh of energyep&rie 625 fiiskedSilidor aratdisdiphtedthe costingysh dflatent hedt wiich is
supplied as enetgylsiream 6.24eite siicorudioxide drying:stage &:le Faeimaieralksiteams,of CO and

elemental silico

Si0 are combineg sych R hat.an yerall aigrialsiiean 63 of 2813 kg ol 3I0/GO bet ko
Oan ac

silicon is supplied to the ca

reactor 4.1. In"addition to this matefial sﬁjéam, 5@

of finished

g of oil per

kg of carbon pratiticBd and S8 Ry 6f wattF per Kg 6FESBoAProddted e 363upplickab the carbon
black reactor 4. Beiackd fogguencipihgmpurpases. larthis aayd an sutpuiis,achievad ©fi1.28% kg carbon

in the form of casbar blacle Whichtissuppliad ta hepelietizing stege 8 g - A3 malgrialstream
4.2.Furthermore %Sggk%of

10

15

20

25

30

35

) © operate 7.1 or other plant parts.

A specific plant according to the invention, as
illustrated schematically in Figure 4e, with its energy
and material streams, will be explained in more detail
below.

This plant comprises a plant for producing silicon
dioxide 7.1, with a precipitation vessel, apparatuses
for working up the precipitation suspension such as for
example filter presses and a drying apparatus for the
high purity silicon dioxide obtained. As the input into
7.1, 9.3 kg of water glass are introduced per kg of
finished Si0, discharged from 7.1. This water glass
contains 2.15 kg of S8i0, per kg of finished Si0, and 7.2
kg of water per kg of finished 8i0,, which has to be
evaporated during drying. For this purpose, 14.33 kWh
of energy are regquired per kg of 8i0, obtained from
7.1. This energy is obtained in part from the waste
heat or from combustion of the tail gas of the carbon
black reactor 4.1 contained in the plant via the energy
stream 5.3 and has toc be obtained upon first startup of
the plant in part from an external energy source.
Further energy input into 7.1 1s required in order to
be able to perform precipitation at temperatures of
between 60 and 96°C. However, this quantity of energy
is quite small in comparison with the energy expended
during drying. Once the reduction reactor 6.1 has been
started up, the waste heat of the reduction reactor 6.1
may additionally be used, by way of the heat stream
6.2, to dry the silicon dioxide. At this stage, the



pulverulent Si02 is obtained, which is supplied to the pelletizing stage 8.1 via the material stream 4.3.
Finally, a tail gas with a calorific value of 5 kWh/kg 5 C and 3.847 kg of steam is obtained, which are
supplied via the combined heat and power cycle 5.1 energy stream 5.3 to the precipitation stage
energy stream 5.2 shown in Figure 4e is not this exafriple, but instead the energy obtained 10
combined heat and power cycle is used via drying of the Si02, Prior to initial startup of the arc furnace
6.1, the silicon digxide production 7.1 and the carbon 15 production in 4.1 must firstly be performed
once. After startﬁg)%?t peegr%]?af)ﬁagg%%,xtﬁg%%%vg%egfgrb‘j’e?ﬂ iﬁ D3HY2IE iEBEtabHshal between
the arc furnace 61%n@RiedarBen B réadtorayl. Fmishetesiftcbrils deawnoff fedm¢simeycle and
new Si02 from the 204tecipitation stage 7.1 is introduced into the cycle via 7.2. The SiO and CO
formed in the arc furnace during the reduction reaction are utilized in the carbon black reactor. The
main waste product of the cycle is thus principally CO2, which has to be disposed 25 of. Further waste

products may arfsen Jralftd vehPanfdlqfarttiie& due to 886 eoRBIMIkENRE sfiPas #6iexample
H2S if sulfur corthtririants arsspreseptthe®imn he.method «lesarihed abewephy way of example leads

to a 30 marked peduction i the ayantitiesafisiaing, sybstances je. of,apRPX,20% farwater glass
andOfapmox'%?QNhﬁggr é%¥g¥g?ﬂfoggﬂg?|%ﬁibgglblack is supplied to
the pelletizing installation wvia 4.2 and 0.65 kg of
10 S5i0; is supplied thereto from the carbon black reactor
4.1 via 4.3. The three components are mixed together
and press-molded into pellets, such that a total of
3.789 kg of 5i0,/C pellets are obtained as output from
8.1. By means of these pellets, a stream 8.2 of 3.789
15 kg of 8i0,/C per kg of finished silicon, isolated from
6.1, is supplied to an arc furnace 6.1. To produce one
kg of finished silicon, an energy input of 13 to 17 kWh

is required in the arc furnace 6.1.

20 1 kg of the final product, i.e. elemental silicon, a
material stream of 2.332 kg of CO per kg of finished
silicon and a material stream of 0.481 kg of Si0O per kg
of finished silicon are obtained as output from the arc
furnace. Furthermore, 9 kWh of energy per kg of

25 finished silicon are dissipated by cooling and latent
heat, which i1s supplied as energy stream 6.2 to the

silicon dioxide drying stage 7.1.

The material streams of CO and Si0 are combined, such
30 that an overall material stream 6.3 of 2.813 kg of
S10/CO per kg of finished silicon is supplied to the
carbon black reactor 4.1. In addition to this material
stream, 1.28 kg of oil per kg of carbon produced and
3.843 kg of water per kg of carbon produced are
35 supplied to the carbon black reactor 4.1 wvia 4.4 for
quenching purposes. In this way, an output is achieved
of 1.281 kg carben in the form of carbon black, which
is supplied to the pelletizing stage 8.1 wvia the



Patent claims 1. Plant (1) comprising at least one reactor (4.1) 5 for the thermal conversion of

- carbon-containing compounds and at least one reactor for reducing metallic compounds (6.1),
characterized in that the reactor (6.1) is supplied with the carbon produced in the reactor (4.1),
preferably in the form of carbon 10 black or charcoal ¥ the pyrolysis product of at least one
carbohydrate, via a material stream (4.2) and with the silicon dioxide arising as by-product in the

reactor (4.1) via rig| stre 4.3) and the mixture of carbon monoxide and silicon monoxide
arising 15 as byzfﬁé‘)ér{(\gJ ng%t% the %gg:&gﬁ(ﬁ.l%iégrétqm%%%{%ﬁé{ rrneoarcefh(_jr (4.?)‘\%36&1 mat&rial Sfeam (6.3).
2. Plant (2) accdrdihy s Eisit 1, citradtriskFmimat in widigdn tostheepRipor@ntscof thesoverall 20

plant (1), it comprisese deving or smaghine ®r instalation &:1) fex furtherprosessiag of4he silicon

dioxide stream (ﬂ@ﬁgjpf the ¢arpon stream; (@,2) .S t Jg_JE.Lt,}ne mate ial str S % nd (4.3) are
fed to (8.1) and the product of the furth%r 25 p]r'oce,sgirrg%lg !tgorwa:rﬁed %itﬁ% ré%i%r . y&iga material
stream (8.2}, 3.‘PI&RCactofdidg @Cﬁm%%r&ﬁe%’ﬁ%ﬁ%th@%bea&r@nﬁéﬁiﬁé beshstallation
(8.1) 30 comprisesa niikiag watinimeich dazban amcdthesificon dioyickaresmixed:as homegeneously

as possible andionart farproghiciag §h%®dﬁ{gdﬁ%%kea@§9§i”&ea?&oxiﬂﬁa}nd & grinding
apparatus. 35 4.Plant according to ope of Claims 1 to 3, characterized in that the material stream 6.3

is conveyed via & ot Gas fife. =85 = 5% Plﬁlﬁ?g@coﬂd?ngFtb%%eof EFaims 1 B4, chafsttetiZed in that
the reactor (6.1)/Cohipriseamnigre finbce be haafectiic meltingdurnabs o petfeframeadter or an

induction fugnace @rfiles meHingheeaetoeia blastdurnasgs 16 Plaat (3)rd4) vagcorging tospne of Claims
1to 5, character&ggiil[; hg th@l{gagtj% (4.1) for the thermal conversion of carbon-containing
compounds is 10 conn&cted to a combined heat and power cycle (5.1), via which at least a proportion
of the waste heat (5.3) is extracted and/or at least another proportion of the waste heat is converted
into mechanical®r &tectrical enetgy £5.2)s auindhat tbe reactor 4-3) iseenneded .1, the

silicon dioxide production 7.1 and the carbon
15 production in 4.1 must firstly be performed once. After
startup of the axc furnace 6.3, the above-described
8i0/810, cycle is established between the arc furnace
6.1 and the carbon black reactor 4.1. Finished silicon
is drawn off from thig c¢ycle and new 810, from the
20  precipitation stage 7.1 is introduced into the cycle
via 7.2. The Si0 and CO formed in the arc furnace
during the reduction reaction are utilized in the
carbon black reactor. The main waste product of the
cycle is thus principally €O, which has to be disposed
25 of. Further waste products may arise in small to very
small guantities due to educt contaminants, such as for

example HyS if sulfur contaminants are present therein.

The method described above by way of example leads to a
30 marked reduction in the quantities of starting
substances, i.e. of approx. 20% for water glass and of

approx. 10 kWh energy equivalent for natural gas.



15 to a thermal power station (5.1), via which the waste heat is converted into mechanical or electrical
energy (5.2). 7. Plant according to Claim 6, characterized in 20 that the extracted waste heat (5.3)
is directed to the device (7.1 transferred means of a the device 25 producing preferably a dryer. ), in
particular the waste via a heat exchanger (8), secondgty <€ircuit, into the (7.1) preferably being part
heat (5.3) is preferably by device (7.1), of a pant for 8. Plant according to one of Claims 6 or 8, 30
characterized in that the electrical energy (5.2) is supplied to a reactor (6.1). 9. Plant according to any
of Claims 6 to 8, characterized in that the hot gas line (6.3) is 35 designed such that at least a
proportion of the"Rétgesesfroihe reactor (6.1) is supplied to the combined heat and power cycle or
to the thermal power station (5.1). - 46 - 10. Plant according to one of Claims 6 to 9, characterized in

thatitis designed such thap e waste heal,seam,(©.2) of the reactor (6. 1)Is. v or (4.1)
5 for the thermal conversion of carbon-containing
compounds and at least one reactor for reducing
metallic compounds (6.1), characterized in that the
reactor (6.1) is supplied with the carbon produced in

the reactor (4.1), preferably in the form of carbon

10 Dblack or charcoal or the pyrolysis product of at least
one carbohydrate, wvia a material stream (4.2) and with

the silicon dioxide arising as by-product in the
reactor (4.1) wvia a material stream (4.3) and the
mixture of carbon monoxide and silicon monoxide arising

15 a8 by-preduct in the reactor (6.1} is returned to the

reactor (4.1) via a material stream (6.3).

2. Plant (2) according to Claim 1, characterized
in that, in addition to the components of the overall
20 plant (1), it comprises a device or machine or
installation (8.1) for further processing of the
gilicon dioxide stream {4.3) and of the carbon stream
(4.2), such that the material streams (4.2) and (4.3)
are fed to (8.1) and the product of the further
25 processing is forwarded to the reactor (4.1) via a

material stream (8.2).

3. Plant according to Claim 2, characterized in
that the device or machine or installation (8.1)
30 comprises a mixing unit in which carbon and the silicon
dioxide are mixed as homogeneously as possible and/or a
unit for producing shaped articles of carbon and

silicon dioxide and/or a grinding apparatus.

35 4. Plant according to one of Claims 1 to 3,
characterized in that the material stream 6.3 is

conveyed via a hot gas line.



5 directed to the device (7.1) for reducing metallic compounds and at least a proportion of the energy
of the waste heat stream (6.2) is utilized in the device (7.1), the waste heat (6.2) preferably being
transferred via heat exchangers (8) from the reactor 10(6.1) into the device (7.1). 11. Plant according
to Claim 10, characterized in that the waste heat, in gartieular a waste heat stream, (6.2) of the
reactor (6.1) is connected to the device 15(7.1). 12. Plant according to one ofrcl:laims 1 t(? 11,20
characterized inthat the reactor 6.1 and/or%‘ue reactor 4.1, preferably hoth of them, are of an

airtight construcédn, such t%%? E)létnet?aﬁ%%ro lo%geﬁcfs avoided°113. MERABE forlopetrﬁtinét'he plant
according to on€BRERFHE ALY, éRarddiafized e thaesitisorris 25 ptoducethinthesreduttion furnace

(6.1) from silicomgioxigierancteabpnard 4 Method acerrdingde Cﬂaméae;fwagﬁggz&%i)ﬁhtgaé)thed
plant is operate ol of t rial, 30 streams (4.2), 4.3{;and 3) or (4. 3),(6.3) an
(8.2) such that ;1{ %éa%?%%%o%ff t%% gﬁ%%%lﬁt%géug%rﬁé the régterlaingt}‘((g&m%.%?n fr&oith of S|I|c_on
dioxide is disch&tgBd #om e ictor (6.1) as pure silicon. 35 15. Method according to one of Claims
13 or 14, characterized in that the silicon dioxide supplied to the reduction furnace (6.1) directly or via

the further 6. Plant (3} or (4), according to one of Claims 1
to 5, characterized in that the reactor (4.1) for the
thermal conversion of carbon-containing compounds is

10 connected to a combined heat and power cycle (5.1), via
which at least a proportion of the waste heat (5.3) is
extracted and/ocr at least another proportion of the
waste heat is converted into mechanical or electrical
energy (5.2), or in that the reactor {(4.1) is connected

15 to a thermal power station (5.1), via which the waste
heat is converted into mechanical or electrical energy
(5.2}.

7. Plant according to Claim 6, characterized in

20 that the extracted waste heat (5.3) is directed to the
device (7.1), in particular the waste heat (5.3) is
transferred via a heat exchanger (8), preferably by
means of a secondary circuit, into the device (7.1},
the device (7.1) preferably being part of a pant for

25 producing silicon dioxide, the device particularly
preferably being a precipitation vessel, reactor and/or
a dryer.

8. Plant according to one of Claims 6 or 8,
30 characterized in that the electrical energy (5.2) is

supplied to a reactor (6.1).

9. Plant according to any of Claims 6 to 8,
characterized in that the hot gas 1line (5.3) is

35 designed such that at least a proportion of the hot
gases from the reactor (6.1) is supplied to the
combined heat and power cycle or to the thermal power
station (5.1).



- 47 - 5 processing (8.1) following limit boron, calcium, zinc in each case and the carbon do not
exceed the values for contaminants: aluminum, iron, nickel, phosphorus, titanium, at m_ost 10 ppm.
16. Method according to one of Claims 13 to 15, characterized in that a precipitated silica or silica gel
or a pyrogenic silica or mixed forms thereof or mixturé$ thereof are introduced into the plant by the_ 10
material stream (7.2). 17. Use of silicon dioxide obtained in a reactor (4.1) for the thermal conversion
of carbon-containing compounds for producing silicon, preferably by means of 15 a reduction furnace
6.1).
( 10. Plant according to one of Claims 6 to 9,

characterized in that it 1is designed such that the

waste heat stream (6.2) of the reactor (6.1) 1is

5 directed to the device (7.1) for reducing metallic
compounds and at least a proportion of the energy of

the waste heat stream (6.2) is utilized in the device

{7.1), the waste heat (6.2) preferably being

transferred via heat exchangers {(8) from the reactor
10 (6.1) into the device (7.1).

11. Plant according to Claim 10, characterized in

that the waste heat, in particular a waste heat stream,
{6.2}) of the reactor (6.1) is connected to the device
15 {7.1).

12, Pilant according to one of Claims 1 to 11,
characterized in that the reactor 6.1 and/or the
reactor 4.1, preferably both of them, are of an
20 airtight construction, such that penetration of oxygen

is avoided.

13. Method for operating the plant according to one
of Claims 1 to 12, characterized in that silicon is
25 produced in the reduction furnace (6.1) from silicon

dioxide and carbon.

14. Method according to Claim 13, characterized in
that the plant is operated by control of the material
30 streams (4.2), (4.3) and (6.3) or (4.2), (4.3), (6.3)
and (8.2) such that at least 95% of the silicon
introduced by the material stream (7.2) in the form of
silicon dioxide is discharged from the reactor (6.1) as
pure silicon.
35
15. Method according to one of Claims 13 or 14,
characterized in that the silicon dioxide supplied to

the reduction furnace (6.1) directly or via the Ffurther



10

15
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processing ({(8.1) and the carbon do not exceed the
fellowing limit wvalues for contaminants: aluminum,
boron, calcium, diron, nickel, phosphorus, titanium,

zinc in each case at most 10 ppm.

16. Method according to one of Claims 13 to 15,
characterized in that a precipitated silica or silica
gel or a pyrogenic silica or mixed forms thereof or
mixtures thereof are introduced into the plant by the

material stream (7.2).

17. Use of silicon dioxide obtained in a reactor
(¢.1) for the thermal conversion of carbon-containing
compounds for producing silicon, preferably by means of

a reduction furnace (6.1).



