Met hod for purification and conpaction of feedstock for photovoltaic
applications The present invention relates to a nethod to re-use the waste
sili con pwoderomesevered from band saws and ot her sil i ceormredsnssyal
operations for both photovoltaic and mcroelectronic industry, as feed
material to prepare the crucible charges for casting of
polycrystallinemulticrystalline silicon ingots usable for photovoltaic
applications. Photovoltaic technology (PV) |s a wel |l established reliable,
renewabl e and envir onnent aMeghad : p ompagtien ot ri cal energy and
t he photovol taic industry i dee skiferphotoy aNE year of additi onal
power. So far the photovoltaic industry has been using, and in a certain
extent it is still using, as feedstock materials for solar cells the excess
capacity in the high purity electronic grade polysilicon and the recycled
;/vast/et f rf)mqeieg@bﬂe%rﬁ arade tsidr Q@lﬂeﬁ:@'t%‘ Calr tyr&attaiod rtd)‘éﬁ:ter%ﬁS(é- Hg%
ops/tails an r n wafers) , e ilt-in di sadvan of a
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conpetiti vesmsian A&cpmn@mm togeoratndust riprd dagrrowihng dvadtiteri d lzarl
M cr ool ot RS sl UG SIILEon J SIRLETI) At PeapE Jar gt and

nor e expenS|ve 0 over cone the shdrtage icon 51 talc
appl i cat i orgruchié lfeoldhewiarg tiechrelsdgires cCapallve ve tprldvindge sol ar  gr ade

si licon havg heen developed And @re idlgdeastsdd Pardr dvpadyused: Changes
to the Set up of the chem cal producti'on processes for electronic grade
si licodlvi gpplications.

Photovoltaic technology (PV) 1is a well established
reliable, renewable and environmentally benign source of
clean electrical energy and the photovoltaic industry is

expected to add tens of GW/year of additional power.

15 So far the photovoltaic industry has been using, and in a
certain extent it is still using, as feedstock materials
for solar cells the excess capacity in the high purity
electronic grade polysilicon and the recycled waste from
electronic grade silicon single-crystal industry (ingot

20 tops/tails and broken wafers), with the built-in
disadvantages of a limited and unreliable availability of

silicon poly-crystalline at non competitive cost.

As photovoltaic industry is growing faster than
microelectronic industry, the silicon raw material has

25 Dbecome rarer and more expensive. To overcome the shortage
of silicon for photovoltaic applications the following
technologies capable to provide solar grade silicon have

been developed and are at least in part already used:

- Changes to the set-up of the chemical production
30 processes for electronic grade silicon via
trichlorosilane, aimed to reduce the production costs
by providing a polycrystalline with quality
characteristics less stringent than those required by

the micro-electronic industry, but at the same time



trichlorosilane, ainmed to reduce the production costs by providing a
polycrystalline with quality characteristics |l ess stringent than those
requi red wp 2bfvmosiser o- el ectroni ¢ i ndustry, but at the saoe/Bp2evsssotiin |ine
with the requirenents of photovoltaic industry Direct purification of

metal lurgical silicon Carbon thermal reduction of quartz However these
addi tional technol ogies are not enough to satisfy the grow ng denmand of
solar grade silicon that has grown and will grow at the estinmated rate of
25 %to 30 % pemeyaarin 11N eORGIHESItOR: thefd rendials eTough teloltsiild con
capacity to supply, both m croel ectronic and photovoltaic markets. In spite
of the fact thafj¥ﬁf rket is adjusting to these new requirenents by
installing additional polysilicon capacity, there will continue to be a
silicon feedst odk rshdr trage fowert itdre afexte fedw wredircs lustiilliadme new capacity
can match the growi ng demand. It has been estinmated that availability of

sol ar grade pol y&j /i &on nM s 1INt J1REGhH t Re RhRLvol taic growh trend unti
2010. As consequence of this situation there is the urgent need to find out

new or ?Iternative source of sol ar grade silicon. This serious shortage of
sol ar gradé!%i9Vior S e At P CEFHE HSTe otV ol Adust ry has
pressed toward dfie tdevejrepnent defmdrec il guds: f orddee sidcever yhand e use of
the silicon waste powder, that i nerated as kerf (m.cransize sjJi,con
powder) at gr]r:é)é“ﬁlarlain%glw%&ergéfﬂwor?zt igtﬁlepﬁostt&\w&%teé%(craé:ned e e2%t r°o§1f’|oc%1|0|ncfust ries.
per year. In conclusion there is not enough poly-silicon
capacity to supply both microelectronic and photovoltaic

10 markets.

In spite of the fact that the market is adjusting to these
new requirements by installing additional polysilicon
capacity, there will continue to be a silicon feedstock
shortage over the next few years until the new capacity can

15 match the growing demand.

It has been estimated that availability of solar grade
polysilicon will not match the photovoltaic growth trend
until 2010. As consequence of this situation there is the
urgent need to find out new or alternative source of solar

20 grade silicon.

This serious shortage of solar grade silicon at competitive

price for the photovoltaic industry has pressed toward the

development of technigues for the recovery and re-use of

the silicon waste powder that is generated as kerf (micron-
25 size silicon powder) at mechanical operations in

photovoltaic and electronic industries.

In fact it has been estimated that the silicon kerf, that
could be recovered as fine silicon powder is about up to 35

% of the total silicon that i1s fed as raw material in the

30 processes for the production of solar cells.



In fact it has been estimated that the silicon kerf, that could be
recovered as fine silicon powder is about up to 35 %of the total silicon
that is fwod2em/maussmaterial in the processes for the predumrras/osdozsol ar
cells. The recycling of silicon rejects fromPV and mcro electronic
productions has been and still is the ol ect of several research projects
i nvol vi ng both european and governnental offices for the solar energy
devel opnent and al so sone sawi ng equi pnent producers. The key issues that
any silicommowdelydlacey ey {indeess hmasdte salote Br erddenifald-owi ng: a )

ffect t f I kerf f th f . h d
ari nder s o FrghEaRed SE I agss oY FOM Saridustad SIurFELE  am wire
saws oper atseorsad )regesirding richie aod datwodwmmuqtdlﬂagﬁmmmaomm of the
kerf during, %%%%é S & )fl%fefé Cf' tthre@ga‘ﬁ%' éﬂn%nets \?\}h the

serio I

| evel reqU|re otov talc industry ties
mel ting> th@lﬁéCGVéﬁeﬁaWQm@'ﬁ@&mﬁﬂ@ﬂﬁ afeslusieg]s - si ze of the partlcles and
their low density as well as their surface oxidation conditions. No fully

sati sfact OrﬂheSQdel{[/t ilme@\t@la&e%yf eund &9 fwdal alesda-anpeeenemical and
recover cristalline silicon netal kerf from

enV|ronnentaI ni gn et ho
mechani cal p itﬁbﬁgfh %ﬂﬁéi%ﬁf%%gsald recovered crystalline silicon

kerf. Regarding point a ) of the issues that faces the industry nowadays it
is inter estai)n@ﬂf@cma'ﬂztei Gaegahﬁatpa:teruf WS 12003/ K34A1B8Fronhitdte desdrd bes a

method to reuse 9f (e S Lon S AMMIEs SAW ARG QNS N Anfgfed ©

manuf acturer . . .
coming from exhausted slurries from wire saws operations

b) avoiding the oxidation and hydrogen development of the

kerf during operations

c) efficient removal of metal impurities at the level

required by photovoltaic industry

15 d) serious difficulties when melting the recovered kerf
because of the small size of the particles and their low

density as well as their surface oxidation conditions.

No fully satisfactory solutions have been found so far

relates to an economical and environmental benign method to
20 recover cristalline silicon metal kerf from mechanical

operations and melting of said recovered crystalline

silicon kerf.

Regarding point a) of the issues that faces the industry
nowadays it is interesting to mention the patent US

25 2003/0041895 which describes a method to re-use of the
silicon from wire-saw operations in order to manufacturer

thin layer PV cell.

The method to recovery silicon kerf and obtain material

from PV applications consists of the following steps:



thin layer PV cell. The nethod to recovery silicon kerf and obtain materi al
from PV applications consists of the following steps:a ) by neans of a
conmrer ci avbyosvmsdsabl e sl urry recovery system concentr ate/Brb@sssdosron
slurry into silicon sludge b ) recover the silicon kerf fromthe said

sl udge by neans of froth flotation (or dther separation-concentration
techni ques) and surfactants ¢ ) the silicon kerf obtained by flotation or
ot her concentration nmethods is mxed with an organic binder in order to

produce a silhroy keydhsmdianggermeind 1d; )aidia s31ld eanker frgmlvding
conpound i s shaped . into thinl a%/Iert PV.cel I, .confi Lil’ati on ec&) t.0 .renove the
bi nder and si nt & Y& biFrder e St e tiire I8 i Fithal” [ferge 1 CO0

configuration. WSR3/ 0041895 relates to the recovery of silicon kerf from
wire saw slurries by nmean of comrercially avail able systens and of silicon

flotation, w Ahe fdnal .get. 10 i jnteri idi i
| ayer struct u%g to B]feérgiatrhee::%lrlg%.ucsofand k%%tfﬁuf:}l%ypﬁh{oe?os\%(%ﬁgsi%%g Ibgg%ve%?{snh to

menti ondt hat thicE ifRAsHY ifdP tddeP oo Taddieds Seme fiads g ~sfonded thiagh on

| i kel i hood of siddgen @ddatdren anddhaindhe purity of final product is not
addressed either. The low flexibility of the nethod in terns of feedstock

d duct d .i. wb ither. .l t t derli
fhat "t he.r ecokbry or HE Gl IH-dan QEGrr - Bom Hg Thor rhSEha e Gper ati ons. of
silicon, such asdrarhtsaws canthegricnteriss, nviberde vwidth econsimemed: i rideirs
appl i cation. Regardjng the pAipts.d J s iMeanng Aol ding the gyidatd on of

10 d) the silicon kerf molding compound is shaped into thin-

layer PV cell configuration

e) to remove the binder and sinter the binder free

structure to its final dense configuration.

US 2003/0041895 relates to the recovery of silicon kerf

15 from wire saw slurries by mean of commercially available
systems and of silicon flotation, with the final target to
obtain by sintering a silicon thin layer structure to be
directly used to build photovoltaic cells. Worth to mention
that this invention does not address the issue of the high

20 likelihood of silicon oxidation and that the purity of
final product is not addressed either. The low flexibility
of the method in terms of feedstock and products produced
is a severe drawback either. Important to underline that
the recovery of the silicon kerf coming from mechanical

25 operations of silicon, such as band saws and grinders,

where not considered in this application.

Regarding the points b), meaning avoiding the oxidation of
silicon and point c¢) that is about contaminants level in
the recovered silicon, the literature does not provide

30 sound solutions.



silicon and point ¢ ) that is about contam nants |evel in the recovered
silicon, the literature does not provide sound solutions. At this very point
t he aut howe 2emniedet o |i st the nethods commonly used i npchiErP2ovsiossosy of
sem conductors to clean silicon . a ) Piranha etching : H2SO4, H2Q2, 4:1 at
90 "C, used mainly to renove organic cortam nants b ) Hydrofluoric acid :
silicon surface oxide is renoved by HF dilute solutions or by buffered HF
sol utions; however when rinsing silicon with deionised water or exposing

t he cl eanedtswirfiacerdry the ral rehed duayRIr Ofwatatddve oxXiide ithd medicatel y

grown (wWith a thi.ckness, af out, 15 Anstr C andard Cean 2 (SC2 ):
POl based MY Nk Ly Be e titoh < HESR SR TR RS, 1k MR s ask 15
t he renovalsidfiamet.al | i ¢ contam nations (to this purpose the recommended
ratios are HO : H2O2 : HRO = 1:1:5) d ) Standard Clean 1 (SC-1) : it is
based on NHACH,, HRQR.£R2Q mixedywi & s i T fiep enty ratios, o whi | ¢, dhe cl assic
formulation is i t—5,at 710 €, Tits man task is the removal of nultival ent
netal lié ions. e JaRCAYweP EFBANE ngr Pprotessonienimydlses both SC-1 and SC 2
at 70 C, where SC-1, due to ammoni a, conpl exes many nul tival ent netal ions,
\Allh: I ehSC- 2 dUﬁk;gOHyaﬁofmoﬁQ@t@mdregpylﬂj@oﬁl %@J_rfa@@doi;[@élsiéi pagovedal s.

t hese nmet hods_do_nof.sofve the two listed issues because : a ) it is
applied to standar¥ @\gfé?’iuéﬁdsgﬁlFi(&rﬁs chlinkE bIPHERERRSE1ie Pl

however when rinsing silicon with deionised water or

exposing the cleaned surface to the air, a layer of
10 native oxide is immediately grown (with a thickness

of about 15 Anstrong)

c) Standard Clean 2 (SC-2): it is based on HC1l, H,0,,

H-O mixed with different ratios; its main task is
the removal of metallic contaminations (to this

15 purpose the recommended ratios are HCl : H;0, : H,O =
1:1:5)

d) Standard Clean 1 (SC-1): it is based on NH4;0H, H,0,,

H-O mixed with different ratios, while the classic
formulation 1is 1:1:5, at 70 “C; i1ts main task 1is the

20 removal of multivalent metallic ions.

e) RCA wet cleaning process: it involves both SC-1 and

SC-2 at 70 °C, where SC-1, due to ammonia, complexes
many multivalent metal ions, while SC-2 due to its

HC1l content removes alkali and transitions metals.

25 All these methods do not solve the two listed issues

because:

a) it is applied to standard wafers and silicon chunks
or silicon rods and not to fine powder and this is
crucial because the fine silicon powders typically

30 shows a higher metals contamination level than

silicon wafers or chunks, just because it has a much



or silicon rods and not to fine powder and this is crucial because the fine
silicon powders typically shows a higher netals contam nation | evel than
sili con wabens/mB4sehunks, just because it has a muchhi glren/Eppesiossost sur f ace
and typically it has been in contact with nmetallic tools and piping. b )

Al'l the |isted processes do cause the oxadation of treated silicon,
including that wwth HF. Herewith the authors wanted to discuss the
literature that tries to address the purification (netal contam nation) and
t he oxides renpvahi§eet cSpedISt 20064 0042539 @r oyb des1 ay pur enxatiesecl eani ng

method that is applied after. a prelimnary,etch. of.polycrystalline silicon

chunks by neans ogogtﬁ?gt%+ého?gﬁ?ii?% gﬂ%lﬁyﬁ?%f$h§+?%'acids. The renoval

effects of the proposed nethod, with respect to certain types of netal

ions, are extrénehylinipeovedtdy psdngspas ednaternse halhe hasideenopueffi ed by

conbi ning reverse. ps é&ss£1§?$ﬂ?”£néﬂgdl98 exghapge,tggat ment. The patent
o

does not guarantee the renova oxl de layer on the final product because
the last step is a washing with clean water. Moreover it is used only for

chunks of <iS4eeGtardenst N S He Thse teh & USEidisnd- isovidere iativdico trd:

submi cro pawders) ttheideateend tGN A AFAQ atelat egdte 1a Jraaid g tiRin)od for
renovi ng cqontam nants fromthe surface of rejected silicon pieces in order
to re-use Jﬁﬁh@ % G196ty $¥FePS are described: i nmerse waste silicon
pieces in alkali solution, flushing with purified water, drying, dip in a
second al kald 2981autliodhy,5 X9 petowiidas purtivrice dakatrerc, 1 edmyiinggmethod that

is applied after a preliminary etch of polycrystalline
10 silicon chunks by means of a mixture of nitric and

hydrofluoric acids.

The removal effects of the proposed method, with respect to
certain types of metal ions, are extremely improved by
using pure water that has been purified by combining

15 reverse osmosis treatment and ion exchange treatment.

The patent does not guarantee the removal of oxide layer on
the final product because the last step is a washing with
clean water. Moreover it is used only for chunks of silicon
and not for the more challenging powder (micro and sub-

20 micro powder)

The patent CN 1947870 relates to a cleaning method for
removing contaminants from the surface of rejected silicon
pieces in order to re-use them. The following steps are
described: immerse waste silicon pieces in alkali solution,

25 flushing with purified water, drying, dip in a second
alkali solution, flush with purified water, drying,
immerging in solution containing HCl and H;0;, bubble with
compressed air, rinse with purified water and bake. The
authors of that patent claim the removal of dirt and

30 contaminants from the surface of rejected Silicon scrap
material, that typically have discrete sizes. On the other
end the type of chemicals used and the baking applied at

the end cause the formation of oxides.



imerging in solution containing HJ and H2O2, bubble with conpressed air,
rinse wwth purified water and bake. The

r enoval
mat eri al

fromthe surface of

aut hors of that patent claimthe

ovodbroooassd cont ami nants fromthe surface of rejpertrrdooSiossospn scrap
that typically have discrete sizes. On the other end the type of
chem cal s used and the baking applied at7 the end cause the formati on of

oxi des. CN 1947869 provides a cleaning nethod for renoving the inpurities

rejected silicon material in order to re-use it; it
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this application.

WO 2006126365 filed by Sumitomo provides a method for

cleaning polycrystalline silicon with a high level of

surface quality, suitable to be used as raw material for

melting in the production of CZ silicon single-crystal for

semiconductor applications or used for solar cells

applications.

The advantages of the proposed process are: lower cleaning

costs, reduction of silicon loss and of environmental

issues related to the disposal of waste chemicals and of

NOx gas. The drawbacks of this patent are due to the fact

that this method is suitable for chunk but not for powder

or kerfs because it would lead to a very low yield.

Process steps: polycrystalline silicon is cleaned with

hydrofluoric acid to remove the contaminated oxide,

followed by a light etching with fluor-nitric mixture or,

more preferably the polycrystalline silicon is treated in a

furnace with a clean gas containing water vapour, in order

to grow an oxide film with no significant contamination

left on the surface of the polycrystalline silicon.

The WO 2006126365 process target is to growth an oxide

layer on the silicon surface,

while present invention



or kerfs because it would lead to a very low yield. Process steps:
polycrystalline silicon is cleaned with hydrofluoric acid to renove the
cont am navedomwiodss followed by a |ight etching with fl eormpeaosiossosi xt ure
or, nore preferably the polycrystalline silicon is treated in a furnace
with a clean gas containing water vapour§ in order to grow an oxide film
with no significant contamnation left on the surface of the

pol ycrystalline silicon. The WD 2006126365 process target is to growh an
oxi de | ayerprarddie Sidineon swriaceie whida s enti dhvent inenpriocess cl ai ns
to provide a scurf.acec.oxi and .nmet al contO%m' nation free silicon powder. KR
20020065105 Provirdes 2 et tdd For TeeyAd i t he silicon particles collected
fromthe waste water of a saw process, with the target of obtaining high
purity sil ikfa.20Ee prlpds e wfvitdees isnwerithiooh,fdmaolagdialg rey glheamiing cstrep by
mean of acelans,ciis ARG LHAUN B LNl RQACT: & Wgh Juydda silica

sol . KR_ 20020065105 and the present invention relate to the same feedstock,
that is”siiddh Henwderr 9831 e toddF firogmandsitd wattert Yofs idiliGecon sawi ng

process, but they have different targets, that are the production of silica
sol for KRT2R02006%K35 cand mpuriirfieed i99r,1 conr 1powdey o oyl gmlitigng appldycat i on
inthe field of solar cells for .the resio%tsa.i nventf'r.lon. TW 279393 B provi des

a met hod t &S50 i%y 9561 gSnder™ Dby 8F o trEat eI fank with

an aci d solhitghopuedatyed idtica proddet er mi ned tenperature and for
predeterm ned period of tinme, wth the support of a stirring system The

powder is then seRArahed fhomdhe Add S0LWIOR R0 L8kte to the same

10 feedstock, that is silicon powder collected from waste
water of silicon sawing process, but they have different
targets, that are the production of silica sol for KR
20020065105 and purified silicon powder for melting
application in the field of solar cells for the present

15 invention.

TW 279393 B provides a method to purify silicon powder, by
means of a treatment in a tank with an acid solution heated
at a predetermined temperature and for predetermined period

of time, with the support of a stirring system.

20 The powder is then separated from the acid solution and can
be submitted to a second or to multiple acid corrosion
treatment to obtain silicon powder with higher purity for

silicon material to be used as substrate for solar cell.

The stirring system can be a mechanical one as well as an

25 ultrasonic based system.

The cleaning process described by TW 279393 uses multiple
steps of “acid corrosion” to etch off silicon not just to
remove surface oxide; this means that some hydrofluoric
acid is mixed with an oxidizing agent, while the process

30 claimed in the present invention just removes surface oxide

and the metals.



be submtted to a second or to nultiple acid corrosion treatnent to obtain
silicon powder with higher purity for silicon material to be used as
subst r at ewbaniemobas cell. The stirring system can be a metheniosabsene as
wel | as an ultrasonic based system The cleaning process described by TW
279393 uses nultiple steps of "acid corrsion” to etch off silicon not just
to renove surface oxide; this neans that sone hydrofluoric acid is m xed

wi th an oxidizing agent, while the process clainmed in the present invention
j ust renoveseswifacs roxipde @t the JrtRls bhheric |2eam gty ipy geass aeseri bed by

TW 289393 f d th t t of h t t d aof
ul t rasoni cI ittl e;tlh%rreé&?&vggrﬁ %ﬂlal Zle{) Ce}erﬁ' %é/ e“ﬁ%ﬁ#ﬂ% % %Egaa%roéglecn?

invention issimumrat syedrant,emperlat uhe p'EWcZ&ZﬁS%aanmd’rw prhec gss sthogs  not
have the target .of prq |f[q; ng .a ,suf atcegnﬁ%)gac{%rfree silicon powder, that is

i nst ead one of tar et of the pr esent vention. Wth regards to the issue
cal |l ed ., that |s about the potential difficulties that one could face

in the ﬁel tithg Priscess agfmed SiNqaess poRfedtt Hagendiheh ted 9feéntdfon the US
7,175, 685 Wish descrd hes @ dar Qﬁ@sﬁa ffqreerraﬁmrl@osﬂ ldser meldretts iy

corrpactl on .of the high purit |ne silicon powder com ng as
by- pr oduct ¥ R r‘% fg %ﬁ’e&c e @40 Fanuf ¥ UrE i gh purity

el ectroni c grade polysilicon or conmng as reaction residues from
prepar at i oigfh okdgerosi [taneseusismgicelcentdrtcalD)si Itihedn igncdoydr agen chl ori de

apglhfcgf‘ir gg}ot%nttl%% CAMAGHIN dS g ke SiddiconRe! 156t & for, Elting
10 process of a silicon powder it is worth to mention the US

7,175,685 which describes a process for making silicon
pellets by compaction of the high purity ultra fine silicon
powder coming as by-product of the fluid bed process used
to manufacture high purity electronic grade polysilicon or
15 coming as reaction residues from preparation of
chlorosilanes using elemental silicon and hydrogen

chloride.

The target of the compaction is to make silicon pellets for

melting applications.

20 To the purpose a controlled amount of silicon powder free
from additives and binders is fed into a pellet die and
compacted at room temperature and at high pressure to
obtain pellets having a density from about 50 % to 75 % of
theoretical density of silicon and specified size and

25 weight.

UsS 7,175,685 relates to the recovery of the ultra fine
silicon powder available as by-product from the fluid bed
process used to manufacture high purity electronic grade
polysilicon and to the re-use of said silicon powder for

30 directly making silicon pellets for high purity silicon
ingots production. The authors do not provide a solution to
the melting of fine powder coming from the processes that

this invention means to address. The present invention



To the purpose a controlled anount of silicon powler free fromadditives
and binders is fed into a pellet die and conpacted at room tenperature and
at hi gh pwvessiwm®34i56 obtain pellets having a density frowcampedoshssa3sto 75 %
of theoretical density of silicon and specified size and weight. US
7,175,685 relates to the recovery of th&lultra fine silicon powder

avai l abl e as by-product fromthe fluid bed process used to manufacture high
purity electronic grade polysilicon and to the re-use of said silicon

powder for r@dir-eeld yi mddary 3 [Hheon eeldeats der dhegh purdd b fsivasae@n i ngots
production. .The authors do, nat prowdqiafs%utlontothe | ti.ng .of fine
powder conming FrOMANE S r SE&svedd % Fat Hils Hhventilon e difs g ess. The

present i nwemradnreglsates instead to the recovery and the re-use of waste
silicon powder deriving as kerf fromsilicon nmechanical operations . US

2007014682%5@@%@1@@ gf%g ﬂfbecso%aa%tda%“ o%”% ‘?r@é%tfldnc%tdaon high purity

silicon_po r to define eonetric forns and shapes; to thecgurpose hi gh

purity 3ilidee®igowierl ars Mg PYRbied wiltlisog é@“@@cre&ooldrﬁfel&e nd pressed
into desiregcshanes |ﬂbr@n§%§ﬁﬁ@kﬂa@es€‘qbﬂop% pukhe mﬂ@h ipuriepved ei ther

in separate ep or_ conbi ned th a Subse nt si ter gper ation. The
patent rel a?tl(Salec{)ﬁi1 e cd\Fer%,}w t'] iné bdd\iv{?e(rs &S ng as
by- pr oduct pofeddes filrticd otwir@robcmﬁasaaasadn taommm;afra(da]r eduiigmepur.i ty

el ectroni c grade polysilicon or com ng as reaction residues fromthe

t f I t d | i
o ot ho 112 (RS FUaR IR, 18 TR el RO AN I U or! de
with a subsequent sintering operation.

The patent relates to the recovery of the ultra fine
silicon powder coming as by-product of the fluid bed
process used to manufacture high purity electronic grade
polysilicon or coming as reaction residues from the

15 preparation of chlorosilanes using elemental silicon and
hydrogen chloride and to the re-use of said silicon powder
for directly making pellets to be used as feedstock in the
photovoltaic industry. Therefore the feedstock is
completely different as well as the problems that are

20 considered from those addressed by the authors of the

present invention.

As already said the present invention describes a process
for the re-use of silicon powder recovered from band saws
and other silicon mechanical operations at both

25 photovoltaic and microelectronic industry, as feed material
to prepare the crucible charges for casting of
polycrystalline-multi-crystalline silicon ingots usable for

photovoltaic applications.

In very general terms the process is characterised by

30 the following steps:

a) silicon powder recovery from band saws / wire
saws, grinding operations by filtration and by

treatment of the exhausted slurries



for directly making pellets to be used as feedstock in the photovoltaic

i ndustry. Therefore the feedstock is conpletely different as well as the
pr obl ens wbabioanssseonsi dered from t hose addressed by thecamrbasssosit he
present invention. As already said the present invention describes a
process for the re-use of silicon powletlrecovered from band saws and ot her
silicon nechani cal operations at both photovoltaic and m croel ectronic
industry, as feed naterial to prepare the crucible charges for casting of
pol ycrystal line-nubji-ceystiathbnensi bhcasni-pgotiszusgbkaviesnfabatovol taic
applications. In very general terms the process is characterised by the
follow ng steps: a ; %ECOQm owder . ﬁcg §£¥f§£891gang aws / wire saws,
grindi ng operatlons by Pt i'on an rea t“of “the exhausted
slurriesb ) condltlonlng in non- OX|d|2|ng environment ¢ ) treatnments with
hydrofluoric acid 4 ) treasheantwithhhjddoenhorrécaesrddaadfidoprhydrof |l uoric

acid and hydrogen per0Xh98r8flué?QQngcﬁaeéﬁaﬁﬂgdﬁbggnh?QEQQHHQr'C acid f )
preparation for the conpaction step g ) conpaction of the silicon In this

section_the authors wanted to go nore in depth in the process steps
descripfion. Mst 8 th&StPhesTtRaTEERAI ¥iohi RYIretdBRsIbyaqdditi on of D |
wat er and non-oxidant acid. Worth to nention that al so the conditioning of
silicon with ethan6} orpacgheoaeion any ohberompganionsekepnt conpati bl e

Wi th strong acids

g) compaction of the silicon

In this section the authors wanted to go more in depth in

the process steps description.

10 Most of the times the conditioning is done by addition of
DI water and non-oxidant acid. Worth to mention that also
the conditioning of silicon with ethanol or acetone or any
other organic solvent compatible with strong acids
(excluding H3POs) could be used in either way with and

15 without conditioning in HCl/water. Non-oxidant acids are,

among the others, HCl, H»S0,, mono and dicarboxilic acids.

Re-slurry of cakes and/or sludges is done with DI water and
hydrochloric acids, by using the following recipes and

process conditions:
20 [Silicon content] : [HC1] = [1] : [0,05-0,5] by weight

Next step is the treatment of said slurry with hydrofluoric
acid: hydrofluoric acid is added in such a gquantity to

obtain the following ratios:

[Silicon content] : [HC1] : [HF] = [1] : [0,05-0,5]
25 [0.01-1] by weight

After the treatment the slurry is filtrated and the
filtration cake is washed with DI water; afterwards the

cake is treated with DI water in order to re-slurry.



(excl udi ng H3PO4) could be used in either way with and w thout conditioning
in HC /wat er. Non-oxidant acids are, anong the others, HO, H2SO4, nono and
di car boxiwoceoamiogss Re-slurry of cakes and/or sludges i ct@mpeoosiossysD |

wat er and hydrochloric acids, by using the follow ng reci pes and process
conditions: [Silicon content] : [HC] =1f1] : [0,05-0,5] by weight Next
step is the treatnent of said slurry with hydrofluoric acid: hydrofluoric
acid is added in such a quantity to obtain the following ratios: [Silicon
content] : TLﬂd@Jt%me'nt[le] sﬁﬂdl]sl:ur[rqﬁ Qgi@], 5}]yf@rlo[c@1.1(a>_]ril;] at@lfd/\@rght ﬁf;er_tEeD
t r eat ment e slurry is filtrat, nd t il.tration cake is washed wt

| water; a yéjﬁﬁéﬁ'ecﬁjsy%eﬁéjxcl e iweﬁg}gﬁt@ef@%ﬂvlﬁq "Wat'€r"S n order to

re-slurry. Treatment of said slurry with hydrochloric acid and hydrogen
per oxi de, wigih itdven fagintewitrig v diqdds [ SiHAGZdn tontldnt:] [O,[HA0, 5] [:H2Q2] =

[1] : [0, 05-0,8)-¢ 410 0%:0.4l by weight After the treatnment the slurry is
filtrated gfnd the'fi]ltrygtieorgﬂcake is washed with D1 water and then

reslurried with D.I. water. Alternativey to the treatnent with HCl/ H2Q2 t he
aut hor s°r ed9gifiz & Hendtr e Nery s tdp 'dah ise fddritricd@ o @IS wi t h HF/ H2O2
More in detiadatitdie slkig riy wirdergoes drhe1f eldwew ngid reaiimenrt- Wi th

hydr of | uoriﬁtaciidedfand h cbr gen eerroxi de, with the follow ng recipes:
[Silicon content] .W[ll—t«‘—%/ :'%['HQ@%] =[1] : [0,01 - 0,1] : [0, 05-0, 5] by
wei ght. Afterwards comes a re-slurry step with DI and then the
Alternativey to the treatment with HC1/H202 the authors
recognize that this very step can be carried out also with
10 HF/H202. More in detail: the slurry undergoes the following
treatment with hydrofluoric acid and hydrogen peroxide,

with the following recipes:

[Silicon content] : [HF] : [H202] = [1] : [0,01 - 0,1]
[0,05-0,5] by weight.

15 Afterwards comes a re-slurry step with DI and then the
treatment of said slurry with hydrofluoric acid with the

following recipes
[Silicon content] : [HF] = [1] : [0,05-0,15] by weight.

After the treatment the slurry is filtrated and afterwards

20 the acid cake is dried under vacuum / nitrogen to prevent
the oxidation of the silicon particles. The authors wanted
to underline that the acidic cake could be also treated

with alcohol in order to obtain a “wet-cake”.

At the end of the process comes the melting / casting

25 charges preparation, herewith the authors propose three
methods. The first is based on Vacuum-Nitrogen silicon
powder compaction process, applied to the decontaminated
and dried silicon kerf directly inside any industrially
available casting crucible, ready for transportation and

30 melting.



treatment of said slurry with hydrofluoric acid with the foll ow ng recipes
[Silicon content] : [HF] =1[1] : [0,05-0,15] by weight. After the treatnent
t he sl urnyoizsiddobsssat ed and afterwards the acid cake i spdriErdoognss®sl vacuum
/ nitrogen to prevent the oxidation of the silicon particles. The authors
wanted to underline that the acidic caké3could be also treated with al cohol
in order to obtain a "wet-cake". At the end of the process cones the
melting / casting charges preparation, herewith the authors propose three
met hods. Thed idgesiorics neased an \éawrpal‘cﬁttlrdag@to'ﬂdsjsc@f powd efe CoPRECT,I on
process, applied ta tljtfdgeco té% and drie 5| I i con kerf d| rectly

i nsi de any 95vdustYaA K fsjt BRI G Py S5dy S G @

t ranspor t atiing sand. angl vt |an@1m1$e¢nnnﬁam Hockd s:mp@mmam |mr©q@rsaacet§satof t he

d,
recover ed, ,decont ay Q]BEI%%Ltb %%tséd scﬁrlc%%"‘%%gcl%\s‘tsgﬁﬁg?ilhas as out put

|ndustr|ally avai | ee conpaction
sone cofpactedadills eon sgéucans cErstdinst $haigesbl e as silicon casting
charges. The third is about a sol-gel based nethod that | eads to green

bodi es t hatwearuﬁefds hapegh it ectdoyn Hget10 Yahe Chidgindle tnEhe teehnitgues
described in thi vention, can_ be ccordléjﬂ1 to F| ure 1 sunmmari.zed as

follows: 1998k Shé NGl i6oh %o et £ ES con

mechani cal operations of photovoltaic and m croel ect ronic industries and
from cakes Tore dagdgesieamadsg dridad he exthausitretniiros ,sawrslerri es after

separation 0f. SUSRRNAiNG 206t s and.ahrasives, £ae flgure 1, section A

10 1.1 Recover the silicon powder from the waste waters
of silicon mechanical operations of photovoltaic and
microelectronic industries and from cakes or sludges coming
from the exhausted wire saw slurries after separation of

suspending agents and abrasives.
15 see Figure 1, section A

1.2 Chemical Conditioning of the recovered silicon
powder to control the oxidation of the powder for safe

transportation and storing of the silicon powder.
see Figure 1, section A

20 1.3 Decontamination of surface impurities of recovered

and conditioned silicon powders.
see Figure 1, section B

1.4 Compaction method number 1: treating the purified
silicon powder with a vacuum-nitrogen densification process
25 for the preparation of compacted silicon powder charges

directly inside standard size casting crucibles.

In the details the steps characterising the methods are:



1.2 Chem cal Conditioning of the recovered silicon powder to control the
oxi dation of the powder for safe transportation and storing of the silicon
powder. swe 2bioguwss6l , section A 1.3 Decontam nation of pewrdpaes/ossypLriti es
of recovered and conditioned silicon powlers. see Figure 1 , section B 1.4
Conpaction nethod nunber 1 : treating thé purified silicon power wth a
vacuum ni trogen densif ication process for the preparation of conpacted
silicon powder charges directly inside standard size casting crucibles. In
the detail st f&ﬁfﬁbﬁﬂid&ﬁﬁ@ﬁﬁhﬁﬂ Singddel Me{Hels ar eriystdriyisi | i con powder
i s added |n§_de an, i ndystrial J%)dar astln cru0|bl t hat i s maintained

under nitr SJERENVI < 9 5 e erué " WS sﬂﬁ?ﬁﬂ?(ﬂy

powder i s putviumderentacuum untll t he vacuun1reaches the values in the
range (20-60) kPa c ) by neans of a nitrogen flow at roomtenperature, the

vacuum of - tfye t%vé:&%‘ﬁ%lte cantaliNg o hc%e”s‘ﬁ'f@o% fdr';) %%m)’c‘ﬂetrh itdhe i con

powder is released and the pressure is raised he “val ue of about 1 bar;
inits &HWWKWM@WWWBéﬁﬁ%bﬁ%%ﬁ%&%%IﬂWﬁﬁ%é@%ﬂ@%@@eﬁhﬁﬁfﬁfem
on the silicoRdarti-ams.xpd el ding a consistent conpaction of the silicon
powder (reduction to 60% 70% of initial volune) . see Figure 1 , section C
1.5 Cbnpactlon nmet hod n 3; t.he urlfled silicon omder wth

er_,
an i ndust ridl %Y &F&N%ab iqéi§ nﬁﬁtfi i G OEEdE Gt 1S
preparatiowamUQmIa&dﬂmp@dvﬂﬂpmmaﬁlsmmtdumxmgaﬂkzKhwcmumsihﬂdedhe dry

silicon pOWH%%.the silicon powder is released and the pressure is
10 raised to the value of about 1 bar; in its path through the
silicon particles, nitrogen creates a drag effect on the
silicon particles, yielding a consistent compaction of the

silicon powder (reduction to 60%-70% of initial wvolume).
see Figure 1, section C

15 1.5 Compaction method number 2: treating the purified
silicon powder with an industrially available binder free
compaction process for the preparation of silicon pellets
or discs. In detail the steps are: the dry silicon powder
under nitrogen is used as feed for this compaction process

20 for charges preparation. The dry silicon powder, kept under
nitrogen to prevent oxidation, can be used as feedstock for
one of the industrially available compaction processes,

without binding agent, to make silicon pellets or discs

25 see Figure 1, section C

1.6 Compaction method number 3: preparation of green
bodies out of the purified silicon powder by means of sol-

gel techniques.

The sol-gel based method is the only for which either the
30 dried powder or the wet (with alcohol) powder are suitable.

Sol-gel based method is based on the following steps: as



under nitrogen is used as feed for this conpaction process for charges
preparation. The dry silicon powder, kept under nitrogen to prevent

oxi dat i onwocarny/dssseased as feedstock for one of the i ndustmirebdogosseai | abl e
conpaction processes, w thout binding agent, to make silicon pellets or

di scs see Figure 1 , section C 1.6 Conpabtti on nethod nunber 3 : preparation
of green bodies out of the purified silicon powder by neans of sol gel

techni ques. The sol -gel based nethod is the only for which either the dried
pomger gr tﬂé%hd/\ﬁiaf rxl(\ll’det hu sl ehalh) aﬂ@&ﬂﬁff dl Ay tsuirtiaky @l?&@rglal dlaliﬁdel’dﬁﬁt hod
is based on t ol | owi t.eps: asfeed can be use t h .al cohol_.contai ni ng
mmter ol ORI SORIAEES e RRET MG Ao T it} a1 GONgI T ool Ut on
cont ai ni ng crgidianercard gilemekeptd umder kstatr nimager Hig rgrieen Wody s efror med
is then dri idl i 0 (e I |.i Wt r inements
defi ned byk%%%;gqi%ﬁ%@%ﬂgﬁ$éggﬁiqggg i%%ﬁ%f%ﬂ?ﬁg%%ﬁ%%q%%&ﬁﬁ?t‘%&Uel

ef f ect i Yeneyrdfieashearidin jtden Hrondercnsoriractaiomast doeddes sdésicidrbed bel ow of
this inventdpen,tMayies widely according to the process used, as hereafter
indicated: a ) sol-gel based conpaction: the density of the body is the
range 0,9-1,4 qr/cnB q_) Vacuum N t rogen conpaction process: the vol une of
the silicorSo &t ter S ¢tion is reduced to 60% 70% of the initial

vol une and the density is increased in the range 08-1,0 gr/cn8. c )

t abl et t i ng Ttenpadidan vpreces Sif ttree fainalcadensivide rofcdripeqieldret s i s abut

60- 70% of g}%c%es%se'st %e%fcrtirﬂ)%amb%%q} %lf this invention, varies widely

10 according to the process used, as hereafter indicated:

a) sol-gel based compaction: the density of the body is the
range 0,9-1,4 gr/cm3

b) Vacuum-Nitrogen compaction process: the volume of the
silicon powder after compaction is reduced to 60%-70% of
15 the initial volume and the density is increased in the

range 08-1,0 gr/cm3.

c) tabletting compaction process: the final density of the
pellets is abut 60-70% of the density of the elemental

silicon.

20 The authors wanted to underline that the compaction step by
sol-gel can be done directly in a mold. Once that the
silicon has been compacted in the mold comes the transfer
of the compacted silicon in a crucible or alternatively the
authors do not rule out the possibility to carry out the

25 process directly in the crucible.

As already said after the compaction step the silicon is
molten in the crucible that most of times is made of pure
silica. A problem that the operator could face in
performing such melting step is due to the difference in

30 terms of thermal coefficient between silicon and silica and
this could lead to a stress into the crucible that causes

breakage of silica crucible and leakage. The silicon



silicon . The authors wanted to underline that the conpaction step by

sol -gel can be done directly in a nold. Once that the silicon has been
conpact edwonroto®34ml d cones the transfer of the conpact edTairkéos®ssoBn a
crucible or alternatively the authors do not rule out the possibility to
carry out the process directly in the ctbcible. As already said after the
conpaction step the siliconis nolten in the crucible that nost of tinmes is
made of pure silica. A problemthat the operator could face in performng
EUCh mel ti Pﬂleitn%ﬂ ije?xpﬁli-ﬂfs_ i itod tda%ﬂﬁifd‘i%rrﬁtlnqesl ialbé)tl,ftr e 10f (tdheramalheaeefs i ci ent
etween sildcon .and silica and this caou ad t.,0 a str.ess inta.the

cruci bl e tf# o §§3L§ecsa blrtea}faglé%éf*qsq (I_i6§a Cg'r Bl & Sakd iteakage. l‘I]‘Ijiieeqy

si | i cont herfrred ténqran sicompacdefdn ciegmitodss tdladuta 117040 t(o 6)1 10C tikeer eas f or
silicait i 5510 .(-.6) - | S, rticular likely for those
conpacti on Csrﬁ%lt %%Lse %ﬁ:athasl %c%ﬁltmm ﬁalp%t(ﬁgt%r uci ble at its maxi num capacity.

A possible solution to this very issue that the author would like to
descri be i $ e ide ofs A ilmier ndiid 5 o he seicithicd. sy @ltdicdetail : i n

order to av@idd hatkd he siddGamdy SrIHd AgCalises tihgiest RS Gt hee
cruci ble nol d t.rklﬁseaut hor suggest .to have sonme caviti.e reaﬁld before the
C

conpact i on St¥g oficet’e! avilti & Wdul™® & Sreans of the
i nner nol d did i&omaypsinlltamd @durats déscrdthedd ort héepatrenti D201 D65766,
where are list one J nner | d i tabl e faor. .t.he i f.silic | ass
by neans ofthseoﬁa%d%]loﬁ &c %ecft}gls)t.o ag}écrsé%a eetfagfalvil—’ljtllse;gaf\%@rnﬁ%cgsbe%ﬁfl %rh'% in
order tlB gicpersore wpaden % lvergilldteon The swelllt igrd weotl & keatce esttesss on

the crucibhg, neans of the inner mold in a way similar to that
described in the patent WO02007 065766, where are listed
some inner molds suitable for the making of silica glass by
means of sol-gel techniques. The created cavities work as
15 “buffer” in order to give some space to the silicon to

swell and not create stress on the crucible.

Here the authors would like to give some more insights on
the inner molds features. The inner molds can be extracted
before the melting step and when the compaction step is at

20 completion but special care has to be put at the issue of
the adhesion of the compacted silicon to the mold. The mold
could be removed by mechanical extraction, especially if
the mold is stiff, or by deflating the mold in case have
been used inflatable molds or by melting the molds and

25 extracting the melt (by sucking). The inner mold can be
made of: plastic, glass, metal, waxes and silica glass

among the others.

The following examples are illustrative and not to be
considered as limited of the invention described in the

30 claims.
EXAMPILIES 1

Step 1: (Al in scheme attached)



Here the authors would |like to give sonme nore insights on the inner nolds
features. The inner nolds can be extracted before the nelting step and when
t he conpawbi2omy/®sep is at conpl etion but special care hasTiEP208/0p8981 at t he
i ssue of the adhesion of the conpacted silicon to the nold. The nold could
be renoved by nechanical extraction, espécially if the nmold is stiff, or by
deflating the nold in case have been used inflatable nolds or by nelting
the nolds and extracting the nelt (by sucking) . The inner nold can be nade
of . plasti gheglrass,ramtical cavaxes andhsid vdarglaass 1ameny dhewatdercs . The

foll owi ng exanpl are illustrative and not to consj dered .as |limted of
the | mvont A ERSIO e AT 15 b AL S TSy B P18 o1 & YA n schene
at t ached) Theefidrttr athiconregake drs afasthed adiltilvcan didwateed vsiddhutviagre rofthat

hydr ochl ori Gl d JmBiftai ned at pH of (3,5-4,5) to prevent the reaction
of the sil i(‘jjc%cr)fle ;)%V\e%gr yrVZ\%%ItO%}e\/\/a't er that generates hydrogen. The water content

of the filtration cakes is typically in the range 2 0 %- 60 %. Step 2 (B
1 in the aththechedsschardent THe thec dvidriad tsian corkasovidert Yk codnty tid t he
re-slurry, w@id hemas xaake fraggmefiltration or sludges fromcentrifugal
treatnment or as dry powder; the re-slurry operation is nmade by addition of

D1 water d drqochl ari ¢.acid;, the ratios anong the chemcals used in the
re-slurry ?r]:eeps 0 ’Herlé’ft& © :aqf[iglq%eé%r?c&?ﬁr{egm] c [HA] =1[1] : [0,2] by
wei ght

The recovered silicon powder i1s sent to the re-slurry,

either as cake from filtration or sludges from centrifugal

10 treatment or as dry powder; the re-slurry operation is made
by addition of DI water and Hydrochloric acid; the ratios
among the chemicals used in the re-slurry are shown
herafter : [Silicon content] : [HC1] = [1] : [0,2] by
weight.

15 DI water is added in such a quantity to adjust the density
of the slurry in the range 200-400 gr/1.

Step 3 (B,2 in the attached scheme):

The slurry coming from step 2, is sent to Reactor Rl (see
scheme) and then mixed with hydrofluoric acid in such a

20 quantity to obtain the following ratios by weight:
[Silicon content] : [HC1] : [HF] = [1] : [0,2] : [0,5]

DI water is adjusted to control the density in the range
200-400 gr/1.

Treatment Conditions for step 3:

25 a) Stirring: continuous
b) Temperature: 20 - 40 °C

c) treatment time: 1 hour



DI water is added in such a quantity to adjust the density of the slurry
in the range 200-400 gr/1. Step 3 (B, 2 in the attached schene) : The
slurry cownongidmssdsstep 2 , is sent to Reactor R | (seepstrromp/ossydl t hen

m xed with hydrofluoric acid in such a quantity to obtain the follow ng
ratios by weight: [Silicon content] : [H&l] : [HF] =[1] : [0,2] : [0,5] D
| water is adjusted to control the density in the range 200-400 gr/1.
Treatment Conditions for step 3 : a ) Stirring: continuous b ) Tenperature:
20 - 40f " l@lﬂa;e)r ttﬁﬁattrf%'aﬁcnfdd’ﬁe tlhle fmufﬁlfyt érs ts%@eft rteﬁtﬂmltﬂragcfl%rﬁhalﬂdy ig
sent to fi atlon the .result sl licon cake 1s ed with D.I. Step
4 (B, 3in é%el)ng Stie qnurcﬁﬁ(%cc}rﬁ Kg TS He: ctD\(,)\?LSstep 3, is nixed
wi t h hydrochl or| c acid and with hydrogen peroxide in such a quantity to

obt ai n t he SteH dwi (By X dini dshebysabeimghit:: [Silicon content] : [HA] : [H2Q2] =
[1] : [0,2] : [0O,1] by weight. DI water is adjusted to control the density
of the slurmy iN 48 ranaeLA-A0Q Qidthr -Ert%g)t r@nt scgﬂ%etd Qnsfor step 4 :

a ) Stirring: continuous b Tenper at ur e; Cc ) treatnent tine: 1
hour Af Per NYHE QG dgiiene tikk ad1curiyrh Svdnages é%fr%%éqlqut%tai on cake is

washed w t kyddnlt iwat el dgtguinds Hy amiflidutimat irent iand pyashiirghtcont ai ni ng HC
and H2Q2, are sent to

[Silicon content] : [HC1] : [H202] = [1] : [0Q,2] : [0,1]
by weight.

DI water is adjusted to control the density of the slurry
10 in the range 200-400 gr/1.

Treatment Conditions for step 4:

a) Stirring: continuous
b) Temperature: 20 - 40 °C
c) treatment time: 1 hour

15 After the treatment the slurry is filtrated and the
filtration cake is washed with DI water; liguids from
filtration and washing containing HCl and H;0., are sent to
a neutralization tank, which contains Ca(OH), in a water

solution.

20 The process step ends with the Re-Slurry of the silicon

cake with D.I. water.
Step 5 (B,4 in the scheme):

Slurry coming from reactor R3 is again mixed with
hydrofluoric acid in such a gquantity to obtain the

25 following ratios by weight:
[Silicon content] : [HF] = [1] : [0,1] by weight

Treatment Conditions:




a neutralization tank, which contains Ca(OH) 2 in a water solution . The
process step ends with the Re-Slurry of the silicon cake with D.I. water.
Step 5 (Byo4oiomo4sé schenme) : Slurry coming from react opcREPR@sSAgAEN M xed
wi th hydrofluoric acid in such a quantity to obtain the follow ng ratios by
weight: [Silicon content] : [HF] = [1] 19[0,1] by weight Treatnent
Conditions:a ) Stirring: continuous b ) Tenperature: 2 0 - 40 "Cc )
treatment tinme: 1 hour DI water is adjusted to control the density of the
slurry in tdhe g@nga n200-400 igrdclis After treatnment the slurry is filtrated
and the filtration cake, wet by hydrofluoric acid, is sent directly to the
cake dryi n%estIeetI)ﬁ whi.l e t.he20| i_qqliod fromfiltration and washi ng, containing

hydr of | uoric aci P ES 190 the nedtral i zation tank. Step 6 (B, 5in the

schene) : The silicon cake from process step (B, 4 see schene) kept acidic
by HF to prevemeatherdxitdats:on dfourhe silicon particles by water and air
and is dried under vacuum a ) Vacuumvalues: 2 0 nBar, in nitrogen

at nospher e gy )y kPeratdiitis ted 1o bR Neatintich oi 8t dihe rendefr.ihe
drying gycl,e vacuumis rel eased in nitrogen atnosphere. Step 7 (sol-gel
met hod) 0. 27y ¥ et Hoxyrdi 1% -are nixed with 5 g ethanol and
After treatment the slurry is filtrated and the filtration
cake, wet by hydrofluoric acid, 1is sent directly to the
cake drying step, while the liquid from filtration and
washing, containing hydrofluoric acid is sent to the

100 neutralization tank.
Step 6 (B,5 in the scheme):

The silicon cake from process step (B,4 see scheme) kept
acidic by HF to prevent the oxidation of the silicon

particles by water and air and is dried under wvacuum:
15 a) Vacuum values: 20 mBar, in nitrogen atmosphere
b) Temperature: 70 “C by RF heating

c) at the end of the drying cycle vacuum is released

in nitrogen atmosphere.
Step 7 (sol-gel method)

20 0.7 g of tetramethoxysilane are mixed with 5 g ethanol and
1 g water and the solution so obtained is kept under
stirring until complete hydrolysis of tetramethoxysilane
occurs (solution becomes completely transparent). Then 14 g
of silicon powder are added to the silane-based premix

25 (weight ratio 1:0,4%) and kept under stirring. The sludge
so obtained is then poured in the mold. The whole process
is conducted under nitrogen. Before the start of the drying
phase the sample is kept in a sealed container at room

temperature for the consolidation of the green body.



1 g water and the solution so obtained is kept under stirring until

conpl ete hydrol ysis of tetranethoxysilane occurs (solution becones

conpl et elwotzoemmpasent) . Then 14 g of silicon powder areTapded/oss33t he

si |l ane-based prem x (weight ratio 1:0,49) and kept under stirring. The

sl udge so obtained is then poured in thegOnold. The whol e process is

conducted under nitrogen. Before the start of the drying phase the sanple

is kept in a sealed container at roomtenperature for the consolidation of

tTEe gr egn @q%m.c&d imhﬁ@jytﬂe‘h_ tdlg_l’ébcdrdrﬁéruﬁzfé]?ft)%\/l%l’ttéd atced ead F or 3hdayS-
e product, has en _characteriz means_ of . ectrosco at has

Shown +hat P cOTFamE DS GRS s DT Hroduen Faeded iy iar 0 2

wt % becaus e pafc tirtves adgs e rihlzed Harse athroemt .thETe tady antrager tofo & 186 Qi doegshe

described i) iy GXampls e At dife green Dody, haohlal ned gld eady insi de

the casting cruci bl'es; as the green body mnthstané)nec ani cal stresses due

t o handPi nglesreamaty tieattnentcan be easily packed, shipped and used
directly in final casting facilities for nelting wthout any further

treat rrﬁnél. TEXA hm&%d_ lt%g%g%& ljthe wod;cé%r]ssdmli@etcﬁ_ qhﬁ&)éli@aeﬁammrea_tﬂsog cakeH
| S wasne Wt a Il ute (0] tr.on ydr oc ori c acl n mal nt al.ne at P
o (3 ooy Brat b R R L e A Ao T { il +hay
gener at es hydrcdgdres ; The wateerg reent éntdyofw itthes tfarld matdhem icakes tirsedgys cal |y

in the ran e2 too %afn\@q n(y,' m%ta?ﬁ nt% (tt%i’? t1 ek cita%e b%t te%CSQEﬂ/ %%%EI}%%?, . The
recovered silicon powaer S sen (6} e re-slurry,
10  shipped and used directly in final casting facilities for

melting without any further treatment.
EXAMPLES 2
Step 1: (Al in scheme attached)

The filtration cake is washed with a diluted solution of
15 hydrochloric acid and maintained at pH of (3,5-4,5) to
prevent the reaction of the silicon powder with water that

generates hydrogen.

The water content of the filtration cakes is typically in

C

the range 20 % - 60 %.
20 Step 2 (B,1 in the attached scheme):

The recovered silicon powder i1s sent to the re-slurry,
either as cake from filtration or sludges from centrifugal
treatment or as dry powder; the re-slurry operation is made
by addition of DI water and Hydrochloric acid; the ratios

25 among the chemicals used in the re-slurry are shown
herafter : [Silicon content] : [HC1] = [1] : [0,2] by
weight.

DI water is added in such a quantity to adjust the density
of the slurry in the range 200-400 gr/1.

30 Step 3 (B,2 in the attached scheme):



either as cake fromfiltration or sludges fromcentrifugal treatnment or as
dry powder; the re-slurry operation is made by addition of DI water and
Hydr ochl owdeoreiosyset he rati os anmong the chem cal s used ipoTiHPRIOS®S®BUIrry are
shown herafter : [Silicon content] : [HA] =1[1] : [0,2] by weight . DI
water is added in such a quantity to adpust the density of the slurry in
the range 200-400 gr/1. Step 3 (B, 2 in the attached schene) :The slurry
coming fromstep 2, that is already acid because of the hydrochloric

al ready adde@ aflstrep Birlind Sreentstep Reactor Rd aa&@atd}el’acadﬁ%d@idéé

hydr of | uori ¢ dlns tit t f ||OWI rati
wei ght : [ Si94 %glr? ﬁﬁ"]qorl%—@qreayd[ym—a]d%% f]nC hﬁﬁ.{f 1(§g QCOWat er is
adj ust ed téiecazmicrrolRJI feen dd et yadded Natﬂamgeirz;(ﬂlum&cgra/chd 'Eneastm:énta
Condi ti ons . Sthrri t rature: 2 0 - 40
"Cc ) trea %erltfitt?p = ofatholﬁlrte S ef;&tlﬁ%%deg%%%tsbtb?}(ﬁel ry is sent to
filtration and the resultlng silicon cake is washed with D.1, re-slurried
with D P adjSudtiany tset@enidi tty 6 ithhe rlddde =2d0-1400 g /21 andoséﬂt to
reactor R3 . Step 4 (B, 3 in the schene) : The slurry (2) comng from
reactor R2,pI sraatded sMady @ DfdUedre rati drandiamdiit yhyidr agen mpeigexi de in
such a qua%é)l ty40t90 ob al n the followng ratios by weight: [Silicon content]
[ HF] & [gf] [0,4] : [0, 15] by weight.

Treatment Conditions for step 3:

a) Stirring: continuous
10 b) Temperature: 20 - 40 °C
c) treatment time: 1 hour

After the treatment the slurry is sent to filtration and
the resulting silicon cake is washed with D.I, re-slurried
with DI adjusting the density to the range 200-400 gr/l1 and

15 sent to reactor R3.
Step 4 (B,3 in the scheme):

The slurry (2) coming from reactor R2, is added with
hydrofluoric acid and with hydrogen peroxide in such a

gquantity to obtain the following ratios by weight:

20 [Silicon content] : [HF'] : [H202] = [1] : [0,4]1 : [0,15]
by weight.

DI water is adjusted to control the density of the slurry
in the range 200-400 gr/1.

Treatment Conditions:

25 a) Stirring: continuous
b) Temperature: 20 - 40 °C

c) treatment time: 1 hour



DI water is adjusted to control the density of the slurry in the range
200-400 gr/1. Treatnent Conditions : a ) Stirring: continuous b )

Tenper at we:208/0345640 "C ¢ ) treatnment tinme: 1 hourAft epcrhr2d08@s8898ENnt t he
slurry is filtrated and the filtration cake is washed with Dei oni sed water;
liquids fromfiltration and washi ng contai ning HF and H2Q2, are sent to a
neutralization tank. The process step (B3) ends with the Re-Slurry of the
Silicon cake with D.I1. water, adjusting the density of the slurry in the
range 2]90 40Q egr Ithe SR;IBnérartyne%t) theg([jsag;r'iy( B,s ‘E(fl&fr}a&%oﬁ%hﬂ&)hde Sl urLy
comng fro act.ar I,S agal Wi t yro oric aci.din such a
quantity t%ﬂ olgatzfitnlotrhec %\er?gg i sthb;b O{J S 4S Con ‘St esnt] : [ HF]
=[1] : [ijr]orrbyflv]m@mo'ﬁ @atdmmtskﬁommqramnlr@g )HEStamrd imQ:, cont i nuous b )
Terrperatur ime: 1 hour DI water is adjusted
to control tehe %ensﬂy cc)Ef[% lzta %&?&%h]\gthe range 200-400 gr/1. After
treatnent the slurry is f||trated and the filtration cake, wet by

hydr of | dor iTCadi™ @ Case P difdctanfs o itHe ok &Sy vstodp, thhi I e the

i quid fromifiildoratdaae and nvas hi .nmat%qnt Qa!d”jldlﬁlhw)@drt@fé URIHG tacidt ithesent to

the neutralizayion tank  Step 648, L Ae SOHETP;)

Step 5 (B,4 in the scheme):

Slurry coming from reactor R3 is again added with
10 hydrofluoric acid in such a gquantity to obtain the

following ratios by weight:
[Silicon content] : [HF] = [1] : [0,1] by weight

Treatment Conditions:

a) Stirring: continuous
15 b) Temperature: 20 - 40 °C
c) treatment time: 1 hour

DI water is adjusted to control the density of the slurry
in the range 200-400 gr/1.

After treatment the slurry is filtrated and the filtration
20 cake, wet by hydrofluoric acid, is sent directly to the

cake drying step, while the liquid from filtration and

washing, containing hydrofluoric acid is sent to the

neutralization tank.
Step 6 (B,5 in the scheme):

25 The silicon cake from process step (B,4) kept acidic by HF
to prevent the oxidation of the silicon particles by water

and air 1s dried under wvacuum:

a) Vacuum values: 20 mBar, in nitrogen atmosphere



The silicon cake from process step (B, 4 ) kept acidic by HF to prevent the
oxidation of the silicon particles by water and air is dried under vacuum
a ) Vacuuwwowvalumes4s62 0 nBar, in nitrogen atnosphereb ) Permeea@sos®31 70 C by
RF heating ¢ ) at the end of the drying cycle the vacuumis rel eased in
nitrogen atnosphere. Step 7 (sol-gel nmethod) 0.7 g of tetranmethoxysil ane
are mxed wwth 5 g ethanol and 1 g water and the solution so obtained is
kept under stirring until conplete hydrolysis of tetramethoxysilane occurs
(solution becones aempleetghyct:r anspar edt RE. hEkenntd g of silicon powder are
added to the silane-based prem x (weight ratio 1:0,49) and kept under
stirring. The slﬁdgets% %b%%pne E%.then poure%llent gpvn%l The whol e
process is cond rogen. geforg'fﬁé Start of ¢ &rylng phase

t he sanpl e ried deeptd iim ausgaj%ah camtcesioiereat room t enper at ure for the
consolidation of the green body. Silicon body is then dried under
venti | at ed 3ed f qQfs ol GMS mekipd)r oduct has been characterized by neans of
XRD spectroscopy that Has shown that the content of SIQ2 in the silicon

pr oduct ralsed only of 0.5 wt% because of the described treatnment. The

advant age Of 't Ke 3r SESSTHEF I ed A HiSs TBx&TpI'e tils Xt Kat® THE Yr €84 body

i s obtained al ready iaisi ded fm)l@:aﬁltdmg;cﬁl’dMﬁathf%&i ias Kdre grernr body is very
stabl e and can “‘thSt%iq_QE%P nlcalsc§tresses i can b %95|I%_packed

shi pped and ‘uséd "di réct Hal TGN Fad ﬁiles el i 1ig Wi t hout
any furtheraquest n(aulut@wv%l_eE@Ir@s completely tranSparent) Then 14 g

of silicon powder are added to the silane-based premix

10 (weight ratio 1:0,49) and kept under stirring. The sludge
so obtained is then poured in the mold. The whole process
is conducted under nitrogen. Before the start of the drying
phase the sample is kept in a sealed container at room
temperature for the consolidation of the green body.

15 Silicon body is then dried under ventilated hood for 3
days. The product has been characterized by means of XRD
spectroscopy that has shown that the content of Si02 in the
silicon product raised only of 0.5 wt% because of the

described treatment.

20 The advantage of the process described in this example is
that the green body is obtained already inside the casting
crucibles; as the green body is very stable and can
withstand mechanicals stresses, it can be easily packed,
shipped and used directly in final casting facilities for

25 melting without any further treatment.
EXAMPLES 3
Step 1: (Al in scheme attached)

The filtration cake is washed with a diluted solution of
hydrochloric acid and maintained at pH of (3,5-4,5) to
30 prevent the reaction of the silicon powder with water that

generates hydrogen.



Step 1 : (Al in schene attached) The filtration cake is washed with a
diluted solution of hydrochloric acid and nmaintained at pH of (3,5-4,5) to
prevent twe wmawsisen of the silicon powder with water tpatr/Epeovsnssoss

hydr ogen. The water content of the filtration cakes is typically in the
range 2 0 %- 60 %. Step 2 (B, 1 in th24attached schene) : The recovered
silicon powder is sent to the re-slurry, either as cake fromfiltration or
sl udges fromcentrifugal treatnent or as dry powder; the re-slurry

oper ati on iThdmagde 1y caddidrhton oftHa If walrert iand Jadysoch afiigd ceaild; itrhe
rati os ano t he chemnj cal s ed |n the re-slurry are shown herafter :
[Silicon conterdty e [*HAT =91]° [0,2] by weight. DI water is added in
such a quantity to adjust the density of the slurry in the range 200-400
gr/l. StepS¥erB2 AH,1 tilne titet @ditethechealieme)The slurry conming fromstep 2
, that is already acid because of the hydrochloric already added at step

B,1, 1S sentd g dRAGLYY R i1 andh tﬂ?ﬁmﬂieardqeéj etch ol Luordig, 461 d in such a

quantl t%/ to obtain the f ég ratios wei_g [Silicon content]
[ HO ] [ HEL tR e jes qa@QZ]frO“[ l51]13]fl§tllQ)Uatoéfr ﬁléld&ﬂisuéiré)&l CEIEGTIEIE Y he
density in the tange 200400 Odolidelt;eatneite (andirty s 011 st e hadea )

Stirring: ont| us b erat ure: 0, - eat nent tlrre 1
nour  Afer Dhe T aater® (e Mt 1% RO D 1T PRI Hn it £t o8
among the chemicals used in the re-slurry are shown

herafter : [Silicon content] : [HC1l] = [1] : [0,2] by
10 weight.

DI water is added in such a quantity to adjust the density
of the slurry in the range 200-400 gr/1.

Step 3 (B,2 in the attached scheme):

The slurry coming from step 2, that is already acid because
15 of the hydrochloric already added at step B,1, is sent to
Reactor R1 and then added with hydrofluoric acid in such a

gquantity to obtain the following ratios by weight:
[Silicon content] : [HC1] : [HF] = [1] : [0,21 : [0,5]

DI water is adjusted to control the density in the range
20  200-400 gr/1.

Treatment Conditions for step 3:

a) Stirring: continuous
b) Temperature: 20 - 40 °C
c) treatment time: 1 hour

25 After the treatment the slurry is sent to filtration and
the resulting silicon cake is washed with D.I, re-slurried
with DI adjusting the density to the range 200-400 gr/l1 and

sent to reactor R3.



the resulting silicon cake is washed with D.1, re-slurried with DI
adjusting the density to the range 200-400 gr/1 and sent to reactor R3
.Step 4 (W0 281000034she schene) : The slurry (2) com ng fr eorEraaiBOssBL, S
added with hydrofluoric acid and with hydrogen peroxide in such a quantity
to obtain the follow ng ratios by weight5 [Silicon content] : [HF] : [H2O2]
=1 : [0,4] : [0,15] by weight. DI water is adjusted to control the
density of the slurry in the range 200-400 gr/1. Treatnent Conditions : a )
Stirring: cueg MUoEs P in Tiesatared:: 2 0 - 40 "Cc ) treatnment tinme: 1
hour After the treatnent the slurry is filtrated and the filtration cake is
washed wi th, Dei gnised ter; liguids fromfil ti.on a shi.ng cont ai ni ng
HF and H2 ,hearsceiusrerr% (t a Neuty gﬁoinatﬁegr?ttod:n%ﬁTﬁes &rd(;d?:eédé@qls hep (B3) ends
with the RéwvSlngfrlypagfica ke 18l lanchviddk éywhindped, e nuatiate, iadjswsth kg t he
density of ddgSldyf b Idb e, (A0S AA% A Gk ISty ki Step 5 (B, 4
in the schene) : Slurry comng fromreactor R3 is again added with
hydrofluoric acid in such a quantity to obtain the follow ng ratios by

wei ght : °[ SilSiddromtert] [HRIEET 1] HA@ 1T byl Meight? Frleat néht! 5]

Condi ti onspya weigHu.ri ng: continuous b ) Tenperature: 2 0 - 40 "Cc )
treatnment tinme: 1 hour

DI water is adjusted to control the density of the slurry
in the range 200-400 gr/1.

Treatment Conditions:

10 a) Stirring: continuous
b) Temperature: 20 - 40 °C
c) treatment time: 1 hour

After the treatment the slurry is filtrated and the
filtration cake is washed with Deionised water; liquids
15 from filtration and washing containing HF and H:;0,, are

sent to a neutralization tank.

The process step (B3) ends with the Re-Slurry of the
Silicon cake with D.I. water, adjusting the density of the
slurry in the range 200-400 gr/1 (slurry 3).

20 Step 5 (B,4 in the scheme):

Slurry coming from reactor R3 is again added with
hydrofluoric acid in such a gquantity to obtain the

following ratios by weight:
[Silicon content] : [HF] = [1] : [0,1] by weight

25 Treatment Conditions:

a) Stirring: continuous

b) Temperature: 20 - 40 °C



DI water

cake, wetwbyotwuds4t! uoric acid,

while the
is sent to

silicon cake from process step (B, 4 ) kept acidic by HF to prevent the

oxi dati on

is adjusted to control the density of the slurry in the range
200-400 gr/1. After treatnent the slurry is filtrated and the filtration
is sent directly to thepcaler2aispssdg: st ep,

liquid fromfiltration and washi ng, contai ning hydrofluoric acid

the neutralization tank. Step66 (B, 5 in the schene) : The

of the silicon particles by water and air is washed wh a
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product rainsed renliyadgfi . Samtkd because of the described treatnment. The

of the process described in this exanple is
Step 6 (B,5 in the scheme):

The silicon cake from process step (B,4) kept acidic
by HF to prevent the oxidation of the silicon particles by
water and air is washed wth a alcoholic solution made of

ethanol and water in ratio by weight 95:5
Step 7 (sol-gel method)

0.7 g of tetramethoxysilane are mixed with 5 g ethanol and
1 g water and the solution so obtained is kept under
stirring until complete hydrolysis of tetramethoxysilane
occurs (solution becomes completely transparent). Then 17 g
of wet silicon coming from step 6 are added to the silane-
based premix (weight ratio 1:0,49) and kept under stirring.
The sludge so obtained is then poured in the mold. The
whole process is conducted under nitrogen. Before the start
of the drying phase the sample is kept in a sealed
container at room temperature for the consolidation of the
green body. Silicon body is then dried under ventilated
hood for 3 days. The product has been characterized by
means of XRD spectroscopy that has shown that the content
of Si02 in the silicon product raised only of 0.5 wt%

because of the described treatment.

The advantage of the process described in this example is
that the green body is obtained already inside the casting

crucibles; as the green body is very stable and can



that the green body is obtained already inside the casting crucibles; as
the green body is very stable and canw t hstand nechani cals stresses, it can
be easi | ywpackad34sshi pped and used directly in final cagtCirmp2éisossosti es for
melting without any further treatnent. EXAMPLES 4 Step 1 : Al in schene
attached) The filtration cake is washed2With a diluted sol ution of

hydrochl oric acid and mai ntained at pH of (3,5-4,5) to prevent the reaction
of the silicon powder with water that generates hydrogen. The water content
of thehfi I tmfiéttkihs&dl’arﬁjaﬁ%%ﬂa&itdéﬁiscaiﬂﬂésjsi’ést,he__tlrmﬁb% @ %i-1 6@ %ke St eph2 (B,
1 in the attached, schene) : The recover silicon .po r .i.s.sent to the
re-slurry, Seiths zf?dgég(?q‘ oSG a6t oYt SATgeY FrSidéntTS fiidal

treat ment arelas rdr wigdwder ;artyhe uretsdurimeadpemrat.i on i s made by addition of
DI water and Hydrochloric acid; the ratios anong the chem cals used in the
re-slurry are shown herafter : [Silicon content] : [HO] =1[1] : [0,2] by
weight. DI water is added in such a quantity to adjust the density of the
slurry in the range 200-400 gr/1. Step 3 (B, 2 in the attached schene)

The sl urry EEOMERFS om step 2, that is already acid because of the
hydrochl ori c al ready added at step B,I, is sent to Reactor R| and then
added wi t h Sbegy df:l adr it aihdnien aitathedjuantity to obtain the foll ow ng
ratios by weight: [Silicon content] : [HO] : [HF] =1[1] : [0,2] : [0,5]D I

vater is adjysted 1,9,.controh the densidy Jinqt e 4:3n9e 2091499 9r /ot
hydrochloric acid and maintained at pH of (3,5-4,5) to
prevent the reaction of the silicon powder with water that

10 generates hydrogen.

The water content of the filtration cakes is typically in

C

the range 20 % - 60 %.
Step 2 (B,1 in the attached scheme):

The recovered silicon powder i1s sent to the re-slurry,

15 either as cake from filtration or sludges from centrifugal
treatment or as dry powder; the re-slurry operation is made
by addition of DI water and Hydrochloric acid; the ratios
among the chemicals used in the re-slurry are shown
herafter : [Silicon content] : [HC1] = [1] : [0,2] by

20 weight.

DI water is added in such a quantity to adjust the density
of the slurry in the range 200-400 gr/1.

Step 3 (B,2 in the attached scheme):

25 The slurry coming from step 2, that is already acid because
of the hydrochloric already added at step B,1, is sent to
Reactor R1 and then added with hydrofluoric acid in such a

gquantity to obtain the following ratios by weight:

[Silicon content] : [HC1] : [HF] = [1] : [0,21 : [0,5]



Treatnment Conditions for step 3 : a ) Stirring: continuous b ) Tenperature:
20- 40 "Cc ) treatnent tine: 1 hour After the treatnment the slurry is
sent to fwbtwakdogsseand the resulting silicon cake i s wasbedpreaoshsdosl ,
re-slurried with DI adjusting the density to the range 200-400 gr/1 and
sent to reactor R3 . Step 4 (B, 3 in the8schene) / case B : The slurry (2)
comng fromreactor R2, is added with hydrofluoric acid and with hydrogen
peroxide in such a quantity to obtain the follow ng ratios by weight:
[Silicon contentder ilHEdFudtd2O2]o =drtlrol [thetldendiGylSn Mhangighte D |
water is ad)r@s_tll%%oto ontrol the density of the slurry in the range 200-400
gr/ 1. Treat t fdi’ti‘ons : a) Stirring: continuous b ) Tenperature: 2 0
- 40 "Cc ) treatnent tinme: 1 hour After the treatnent the slurry is
filtrated dhgathenft |Garatiitoprcakier stwasi¥ed wi th Dei oni sed water; |iquids
fromfiltration and washing containing HJ and H2O2, are sent to a
neutral i zatjyorytiank (Lo ANING & (OH) 2).The process step (B3) ends with
the Re-Slurry of the Silicon cake with D.I. water, adjusting the density of
the slurry in the range 200-400 gr/1 (slurry 3 ) . Step 5 (B, 4 in the
schene)>:  S)urSPREGH Y S orlh r"eaé‘gjt o R3 is again added with hydrofluoric
acid in such a quantity to obtain the

c) treatment time: 1 hour

After the treatment the slurry is sent to filtration and
the resulting silicon cake is washed with D.I, re-slurried
with DI adjusting the density to the range 200-400 gr/l1 and

10 sent to reactor R3.
Step 4 (B,3 in the scheme) / case B:

The slurry (2) coming from reactor R2, is added with
hydrofluoric acid and with hydrogen peroxide in such a

gquantity to obtain the following ratios by weight:

15 [Silicon content] : [HF] : [H202] = [1] : [0,4]1 : [0,15]
by weight.

DI water is adjusted to control the density of the slurry
in the range 200-400 gr/1.

Treatment Conditions:

20 a) Stirring: continuous
b) Temperature: 20 - 40 °C
c) treatment time: 1 hour

After the treatment the slurry is filtrated and the
filtration cake is washed with Deionised water; liquids
25 from filtration and washing containing HC1l and H;0,, are

sent to a neutralization tank (containing Ca (OH)Z2).



following ratios by weight: [Silicon content] : [HF] = [1] : [0,1] by

wei ght Treatnent Conditions : a ) Stirring: continuous b ) Tenperature: 2 0
- 40 "C owp roamsssent tinme: 1 hour D | water is adjustegcr@preasiossblt he
density of the slurry in the range 200-400 gr/1. After treatnent the slurry
is filtrated and the filtration cake, wep by hydrofluoric acid, is sent
directly to the cake drying step, while the liquid fromfiltration and
washi ng, containing hydrofluoric acid is sent to the neutralization tank.

Et ep 6 _(5 Thd @Hﬁd&F @Cfb&l@ Bﬂh%@iédimﬁml e;alllc@e Rfer—(BDulfi_fr@CQﬁS t3leep (B, b4 )
ept aci di A to nt the oxidation, .o ilicon rtic y
waber and SRiER [ FETAe VR B et TR G i n

ni trogen atsmspherie tth)e 'E@nrmre?t&@r—elOW@r'/G bys IRErheat)i.ng ¢ ) at the end of
the drying cycle the vacuumis released in nitrogen atnosphere.Step 7
(vacuum ni tgygens ngd hod), e dasRs describes the nethod for the

conpacti on of "the dr'y, “oxide free silicon powders coning from process step
(B, 5); i.s based on the densif ication capacity of a gas, in this case
ni trogeﬁ \/@HéFFIiY[ FrEKEY iHLThFHIR A0 Ggh thédfeiss a&dedirw $h i con parti cl es,
kept in a wesnlendirconEy in Fierchoigerrofi i tdogetdis dee to the need of

avoi di ng a%ﬂowdl%tg} ?:%t%fost Q)ey swl l.i %an particles.

[Silicon content] : [HF] = [1] : [0,1] by weight

Treatment Conditions:

10 a) Stirring: continuous
b) Temperature: 20 - 40 °C
c) treatment time: 1 hour

DI water is adjusted to control the density of the slurry
in the range 200-400 gr/1.

15 After treatment the slurry is filtrated and the filtration
cake, wet by hydrofluoric acid, 1is sent directly to the
cake drying step, while the liquid from filtration and
washing, containing hydrofluoric acid is sent to the

neutralization tank.
20 Step 6 (B,5 in the scheme):

The silicon cake from process step (B,4) kept acidic by HF
to prevent the oxidation of the silicon particles by water

and air and is dried under wvacuum:
a) Vacuum values: 20 mBar, in nitrogen atmosphere
25 b) Temperature: 70 "C by RF heating

c) at the end of the drying cycle the wvacuum is

released in nitrogen atmosphere.



Compacti on process, steps description : a ) the dry silicon powder is
poured inside an industrial standard casting crucible that is maintained
under ni twogeny/m@pussr onnent b ) the crucible filled w thpChapsidgiosses: dry
powder is put under vacuum until the vacuumreaches the values in the
range 30 kPa c ) by nean of a nitrogen BDow at room tenperature, the vacuum
of the environnent containing the crucible filled with the silicon powder
is released until the pressure is raised to the value of 1 bar. Inits path
t hrough t hetsg I7Tcovadain-tlidsoged megivod)r eates a drag effect on the
silicon particles, yielding a consistent conpaction of the silicon powder

(reduction 9 6%%(37@%‘@ oeslcr}:l tb'easl t\ﬁol u ESCSo Ste on( Al thescheme
at t ached) he FIYTatT on Cake S mashe UtET s I'on “of

hydr ochl or idxvacick iaked ﬁmmt@lne:cbnatpqmdecrfs (<3>Ir5m43 E)rqrromro@ﬁ@ﬂ st r eacti on
of the siligon)powder; Wit water ttﬂéatdeguesrl%rl%taecsio@y%f %%%tv%fv@t &faL£ont ent

of the f||trat|on cakes Is typically 1n the rang % - % . Stép 2 (B,

1in thé attadked W@ltrwfréo&mﬂéd Hﬁhq%dﬁ%m G st 06 t he

re-slurry, reidheyr agcake ffdemddddiratdon wipslivdges, fdem centri f ugal

treatnment or as dr% powder; the re-slurry operation is nmade by addition of

D1 water ‘oric acid; the ratios anong the chemcals used in the

re-slurry are shown herafter : [Silicon content] : [HO] =[1] : [0,2] by
The choice of nitrogen is due to the need of avoiding any

oxidation of the silicon particles.

10 Compaction process, steps description:

a) the dry silicon powder is poured inside an industrial
standard casting crucible that is maintained under nitrogen

environment

b) the crucible filled with the silicon dry powder is put
15 under wvacuum, until the vacuum reaches the wvalues in the

range 30 kPa

c) by mean of a nitrogen flow at room temperature, the
vacuum of the environment containing the crucible filled
with the silicon powder is released until the pressure is

20 raised to the value of 1 bar.

In its path through the silicon particles, nitrogen creates
a drag effect on the silicon particles, yielding a
consistent compaction of the silicon powder (reduction to

60%-70% of initial volume).
25 EXAMPLES 5
Step 1 (Al in scheme attached)

The filtration cake is washed with a diluted solution of
hydrochloric acid and maintained at pH of (3,5-4,5) to
prevent the reaction of the silicon powder with water that

30 generates hydrogen.



weight. DI water is added in such a quantity to adjust the density of the
slurry in the range 200-400 gr/1. Step 3 (B, 2 in the attached schene)

The sl ur nyocomimgustrom step 2 , that is already aci d becawsr2ai/o58¥81
hydrochl ori c already added at step B,I, is sent to Reactor RI| and then
added with hydrofluoric acid in such a gquantity to obtain the foll ow ng
ratios by weight: [Silicon content] : [HA] : [HF] =[1] : [0,2] : [0,5] D
| water is adjusted to control the density in the range 200-400 gr/1.

Tr eat nent @Qf@dimiait@ls doarcesttep 3 thea i 1$tdatiiong .ca@ iinuaus kgl 1kenper at ur e:
2 0- 40 "C.c ) treatpent ti R 1 hour After the treatnent the slurry is
sent to filtrati®olfS ar%?iaet%e resulting silicon cake is washed with D. 1,
re-slurried with D1 adjusting the density to the range 200-400 gr/1 and
sent to re&dtem RIB,3t dm £heBatFachadheschemels) / case B : The slurry (2)
comng fromreactor R2, is added with hydrofluoric acid and with hydrogen

per oxi de i 'Th%u%c%v%‘{@?} istM th)rP?}oWdért *1% fs@dto“ﬁd]&k{eatﬂea%l%ﬂﬁﬁl ght
[ Silicon content] [ HF] [ H2QO2 [ 5] by weight.

water i3 adiidedd as @ o ﬁélaefﬁéawl i tsr%]éldge@r rf31;f T e 4 l2oo 400
gr/1. ) Tr eatgentteondidd GRS drya Powdldd;r ithg reeHliviuGUS I na thenparaies 2 0
- 40 °C by addition of DI water and Hydrochloric acid; the ratios

among the chemicals used in the re-slurry are shown

herafter : [Silicon content] : [HC1] = [1] : [0,2] by

10 weight.

DI water is added in such a quantity to adjust the density
of the slurry in the range 200-400 gr/1.

Step 3 (B,2 in the attached scheme):

The slurry coming from step 2, that is already acid because
15 of the hydrochloric already added at step B,1, is sent to
Reactor R1 and then added with hydrofluoric acid in such a

gquantity to obtain the following ratios by weight:
[Silicon content] : [HC1] : [HF] = [1] : [0,21 : [0,5]

DI water is adjusted to control the density in the range
20  200-400 gr/1.

Treatment Conditions for step 3:

a) Stirring: continuous
b) Temperature: 20 - 40 °C
c) treatment time: 1 hour

25 After the treatment the slurry is sent to filtration and
the resulting silicon cake is washed with D.I, re-slurried
with DI adjusting the density to the range 200-400 gr/l1 and

sent to reactor R3.



C ) treatnment time: 1 hour After the treatnment the slurry is filtrated and
the filtration cake is washed with Deionised water; liquids fromfiltration
and washiwg 20mntoadsei ng HO and H2O2, are sent to a neut pefriEradosessosank. The
process step (B3) ends with the Re-Slurry of the Silicon cake with D. |

wat er, adjusting the density of the sluB2y in the range 200-400 gr/1
(slurry 3 ) . Step 5 (B, 4 in the schene) : Slurry comng fromreactor R3
is again added with hydrofluoric acid in such a quantity to obtain the

fol | ow ng rsadepost B \@eiightthd Sdhedmd) oyt B:: [HF] = [1] : [0, 1] by

wei ght Treatnment Conditions: a ) Stirring: continuous b ) Tenperature: 2 0

40 "Cc ) treatnent tiyje: 1 .hour. D 1 water | dj.usted, to cantrol the
density of TEhhee Ssﬁulfrrryy (:detcﬁénlrngngferofb&e Od:r%fé Aft eardddterOfe)evlqtl(r)r%lnt the slurry
is filtratéddand ltvure ifd |aaiat iconl cakd, haestrdperhydnofdiger iio aciah, a s sent
direct |y {oude Gake flding Step Ml e ddayd Iy apdgidiration and
washi ng, containing hydrofluoric acid is sent to the neutralization tank.
Step 6 %B, 5 .in the schene) : The silicon cake from process step (B, 4 )
kept acPdi dBy et SPrEvert t hd X datifs®df Tt he i 5 ddh YPartild-ds by
wat er and ay widyhts dried under vacuum a ) Vacuumvalues: 2 0 nBar, in
nitrogen atnosphere b ) Tenperature: 70 "C by RF heating

DI water is adjusted to control the density of the slurry
in the range 200-400 gr/1.

Treatment Conditions:

10 a) Stirring: continuous
b) Temperature: 20 - 40 °C
c) treatment time: 1 hour

After the treatment the slurry is filtrated and the
filtration cake is washed with Deionised water; liquids
15 from filtration and washing containing HC1l and H;0,, are

sent to a neutralization tank.

The process step (B3) ends with the Re-Slurry of the
Silicon cake with D.I. water, adjusting the density of the
slurry in the range 200-400 gr/1 (slurry 3).

20 Step 5 (B,4 in the scheme):

Slurry coming from reactor R3 is again added with
hydrofluoric acid in such a gquantity to obtain the

following ratios by weight:
[Silicon content] : [HF] = [1] : [0,1] by weight

25 Treatment Conditions:

a) Stirring: continuous

b) Temperature: 20 - 40 °C



c ) at the end of the drying cycle the vacuumis released in nitrogen

at nosphere. Step 7 (pelletisation/tabletting nmethod) The dry silicon
powder, kwptolomderseni trogen to prevent oxidation, can becwspdomsssfeedst ock
for one of the industrially avail able conpaction processes, w thout binding
agent. The chem cal cleaning with hydroBBuoric acid applied to the silicon
powders according to section (4.2) of this invention, provides an

oxi de-free silicon particles that are suitable for the fabrication of

conpact ed )l itcentpeldettsney: di sesiby nmean of high pressure at room
tenperature . The density of the pellets obtained with this process is

about 60-70% of. the densi {y, of, the elemental, silican:, theycan he used stand
al one or mixed W th'si 150N nuggets(?or the 5%arges B?epara i on oP’casting
appl i cati ons\ Grai nerbePr2ddedd) Of gr tlhe re-use of silicon powder recovered

from band saws and other silicon nechanical operations, as feed material to

prepare the grdcihle chargesd o Gast iing Ofitrated and the filtration
polycrystalline-nulticrystalline silicon ingots usable for photovoltaic

appl i caPi ofSkeThe'Shr S dw 41 fdirardct érGised 15y S FOIISGHIg St é5€ : a .
silicon powdele rRGAVRS Vb Hdigmulpand saws 1/1i gMire fSanws,figrddadiing, epeY ati ons by

filtration _ and .treatnent .of. the exhausted slurrjes b . caonditioning in
non- oxi i 21 KRG T SRTALTE 50 PR N TGt FEHY & ol d |
treat ment wietdt rdayidrzedhloor itearéci d and/ or

Step 6 (B,5 in the scheme):

10 The silicon cake from process step (B,4) kept acidic by HF
to prevent the oxidation of the silicon particles by water

and air and is dried under wvacuum:
a) Vacuum values: 20 mBar, in nitrogen atmosphere
b) Temperature: 70 “C by RF heating

15 c) at the end of the drying cycle the wvacuum is

released in nitrogen atmosphere.
Step 7 (pelletisation/tabletting method)

The dry silicon powder, kept under nitrogen to prevent
oxidation, can be used as feedstock for one of the
20 industrially available compaction processes, without

binding agent.

The chemical cleaning with hydrofluoric acid applied to the
silicon powders according to section (4.2) of this
invention, provides an oxide-free silicon particles that

25 are suitable for the fabrication of compacted silicon
pellets or discs by mean of high pressure at room

temperature.

The density of the pellets obtained with this process is
about 60-70% of the density of the elemental silicon; they



hydr of l uori ¢ acid and hydrogen peroxide e . second treatnment with
hydrofluoric acid f . preparation for the conpaction step g . conpaction of
the siliowopovaesse2 Process for the re-use of silicon powderoosesdser ed
from band saws and other silicon nmechanical operations in accordance to
claim1l1 characterized in that the chem 84l conditioning, step b ), to
prevent the oxidation of the cakes and/or sludges recovered by filtration
or centrifugal agglonmeration of silicon kerfs, is perforned at pH between

-0,5 and 5dmran@ el preefrer ablondeimeakedl and b silbydreansyo@fta for
non- oxi di si 1 aci d, .nmono car.boxylic and dicarboxylic

) ing %%jd such as a qhner o d,, .mono 3
organi ¢ acids BIEcCedd FoAhe T d-Us €61 219 i%dh Powder S'ecover ed from
band saws and other silicon mechanical operations inaccordance to claim1l
characterized in that the chem cal conditioning, step b ), to prevent the
oxi dation of the cakes and/or sludges recovered by filtration or
centrifugal aggloneration of silicon kerfs, is perforned with an organic
sol vent not acid sensitive, such as, acetone, ether, ethanol, propanol,
i so- propanol , nethanol, butanol. 4 Process for the re-use of silicon powder
recovered from band saws and other silicon nechanical operations in
accordance to claim1l1l characterized in that the chem cal conditioning, step
b ), to prevent the oxidation of the cakes and/or sludges recovered by
filtration or centrifugal aggloneration of silicon kerfs, is performed in
two steps: first a conditioning in an organic solvent not acid sensitive,
such as, acetone, ether, ethanol, propanol, isopropanol, nethanol, butanol
followed by a conditioning in a

10

15

20



non- oxi di sing acid such as a mneral acid, organic acid, such organic acid
can be nonocarboxylic or dicarboxylic . 5 Process for the re-use of silicon
powder rewovercdsfssom band saws and ot her silicon necharcralp2aes@s®Bi ons in
accordance to claim1l characterized in that the treatnent with hydrofluoric
acid, stepc ) , is perforned in a way @here the ratio Si and HF is [1]

[ between 0.01 and 1 ] by weight . 6 Process for the re-use of silicon
powder recovered from band saws and other silicon mechanical operations in
accordance to claim1l characterized iolalwmg the treatnent d ) is perforned
in away where the ratios Si:HO:H2Q2 are [1] :[from 0,05 to 0,5]: [from

0,05 to O, %]EgycxxﬁQQ%r_7 Pracess. for th re-use o S|I|con129

the se O 1COon ey, recov rom
recovered from saws and ot her st iscon Trechani cal opera ions in

accor dance Hegccls@iwn Brchaﬁéeﬂemxﬁaiqm1mduhanﬂuahrqﬁﬁnﬁnuon$) diss fperdt or med
in a way Vwﬂ%rt%rtlréq rt%t p%p%'reHEch'éz@rb@‘l%l[el]cha[rfgre%m%rojcatsct19191]of [from

0,05 to 0,5] by weig . Process he re-use of | 1 con powd

recover &d’ ﬁﬁémqﬁﬁﬁi%%%&?%mmyhﬁ%ﬁﬁy%§QLhﬁﬂ$rﬁﬁ%ﬁ%ﬂQxﬂHQQiﬁ%ﬂﬁ%ﬁ%$|ﬁ?r

accor dance dip t&v@j1mak chgyacterdized in that the treatnent e ) is perforned
in a way where the ratio Si: HFis [1] : [fromO, 05to O, 15] . 9

Process for the re-u g of silicon pogd ecovereg gnlﬁ Eg saws and ot her
silicon nechani cal ﬁ rabr8hs°FPn*8ctordah Sr%89§| Ym gracterPzed in
that the treastent:f ) is perforned under inert gases or vacuum and the
tenperature is raised up to 100 OC 10 Process for the re-use of silicon

powder recovered from hand saws,and other, sili ganmechani.cals operatd ons in

10 saws, grinding operations by filtration and

treatment of the exhausted slurries
b. conditioning in non-oxidizing environment
c. treatment with hydrofluoric acid

d. treatment with hydrochloric acid and/or

15 hydrofluoric acid and hydrogen peroxide
e. second treatment with hydrofluoric acid
f. preparation for the compaction step
g. compaction of the silicon powder

2 Process for the re-use of silicon powder recovered from

20 band saws and other silicon mechanical operations in
accordance to claim 1 characterized in that the chemical
conditioning, step b), to prevent the oxidation of the
cakes and/or sludges recovered by filtration or centrifugal
agglomeration of silicon kerfs, is performed at pH between

25 -0,5 and 5,5 and more preferably between 3 and 5, by means
of a non-oxidising acid such as a mineral acid, mono

carboxylic and dicarboxylic organic acids.

3 process for the re-use of silicon powder recovered from

band saws and other silicon mechanical operations in



accordance to claim 1l characterized in that the treatnment f ) is perforned
by washing the silicon cake with an organi c sol vent such as et hanol,

i sopr opamnwD,20twoaesel , net hanol, ether or a m xture of tperarbooshisoPr ocess
for the re-use of silicon powder recovered from band saws and ot her silicon
mechani cal operations in accordance to ébaim 1 characterized in that the
conpaction step, g ) , is perforned in a nold. 12 Process for the re-use of
silicon powder recovered from band saws and ot her silicon nechani cal

oper at i ons ddr@AcLeI@ance d1e il ai mhklk chardactey iizedHat thhat drhenimelld can be
a crucible made .of silica., 13.Process for theC re-use ch. sil iﬁcg%sepomder
@ i in

recovered oM Tard S¥iks SAi® &ther S MY medlamcdl® 'orer &

accor dance daked ami/br chardactsemezed drmed et fihe maglidbrcanr kaare rirfivera Inol d
that could r 1 r f e r.e- f. sidi wder
recover ed fa%?r%ogﬁéetgf&%afﬁdﬁgﬁh%grn %lrell%%dn l%eébﬁegrr#cra doafei%glt P%ns in

accor dafce A@adlidl rAolY seharadt exdifed Sns itthate t Ife'Gfoled ,c @rbe@rienf | at abl el5

Process forithe redse of, sidddzon nowder-decrvened rfdemband waws, and ot her
silicon nmechani cal operations in accordance to claim 13 characterized in
that the nold can bef\gralter sol ubl e and/ or, et hanol sol ubl e and/ or_ acet one

f

sol ubl e. 16 Pro&ESS (HE FETSE oF SHHEH R FSEVEES 176 band
saws and otdzerd sidwiscemdrechan call iaper atdcons iica lacgerdancead drcl ai m 13

char acteri %?f% Iy that the moldcan Re gharacter Z%%aQy 3 Tel i ng pai nt
| ower than o] gj(? 1'}OProcess for the re-use of silicon powder ‘recovered
from 10 conditioning, step b), to prevent the oxidation of the
cakes and/or sludges recovered by filtration or centrifugal
agglomeration of silicon kerfs, is performed in two steps:
first a conditioning in an organic solvent not acid
sensitive, such as, acetone, ether, ethanol, propanol, iso-
15 propanol, methanol, butanol followed by a conditioning in a
non-oxidising acid such as a mineral acid, organic acid,

such organic acid can be monocarboxylic or dicarboxylic.

5 Process for the re-use of silicon powder recovered from
band saws and other silicon mechanical operations in

20 accordance to claim 1 characterized in that the treatment
with hydrofluoric acid, step c¢), is performed in a way
where the ratio Si and HF is [1]: [between 0.01 and 1] by
weight.

6 Process for the re-use of silicon powder recovered from
25 Dband saws and other silicon mechanical operations in
accordance to claim 1 characterized in that the treatment
d) is performed in a way where the ratios Si:HC1:H202 are
[1]:[from 0,05 to 0,5]: [from 0,05 to 0,2] by weight.

7 Process for the re-use of silicon powder recovered from
30 band saws and other silicon mechanical operations in
accordance to claim 1 characterized in that the treatment
d) is performed in a way where the ratios Si:HF:H202 are
[1]:[from 0,01 to 0,1]: [from 0,05 to 0,5] by weight.



band saws and other silicon nmechanical operations in accordance to claiml
characterized in that the treatnent g ) is perforned follow ng the steps
her eaf t erwbi2stoad34sa ) dried silicon powder is added i nsipde/Eepoosnsiest ri al
standard casting crucible that is nmaintained under nitrogen environnent b )
the crucible filled wwth the silicon dry7powder is put under vacuum until

t he vacuumreaches the values in the range (20-60) kPa ¢ ) by nean of a
nitrogen flow at roomtenperature, the vacuum of the environnment containing

the cruciblee fEddedamdy thme &@4‘@@1 Jrowderi don Rlwersed cand diiel messure is
raised to tbhe val ue oféj: chl :L n|t aththror% the silicon
particles, Tt 6GeF GPehed s it g-LCé)fnf &etc e $85 Bar ticl es,

yi el di ng aacmwdsatrmﬁ teonpadin dn abfa rave esiildecon rpdweier .thES tRreedess1tf or t he

re-use of Med elqloxéerﬁgfewh%rp%)at@% %aa\%aa%q otﬁer i I ]l jcan

mechani cal era ons in accordan aim racterize |n that t he
t r eat meft dfﬁqns Ooé¥f draréd 19y -t abl etting or pelletizing the dried silicon
powder .

9 Process for the re-use of silicon powder recovered from
band saws and other silicon mechanical operations in
accordance to claim 1 characterized in that the treatment
f) is performed under inert gases or vacuum and the

10 temperature is raised up to 100°C

10 Process for the re-use of silicon powder recovered from
band saws and other silicon mechanical operations in
accordance to claim 1 characterized in that the treatment
f) is performed by washing the silicon cake with an organic
15 solvent such as ethanol, isopropanol, butanol, methanol,

ether or a mixture of thereof.

11 Process for the re-use of silicon powder recovered from
band saws and other silicon mechanical operations in
accordance to claim 1 characterized in that the compaction

20 step, g), is performed in a mold.

12 Process for the re-use of silicon powder recovered from
band saws and other silicon mechanical operations in
accordance to claim 11 characterized in that the mold can

be a crucible made of silica.

25 13 Process for the re-use of silicon powder recovered from
band saws and other silicon mechanical operations in
accordance to claim 11 characterized in that the mold can

have inner mold that could be removed.

14 Process for the re-use of silicon powder recovered from

30 band saws and other silicon mechanical operations in
accordance to claim 13 characterized in that the mold can
be inflatable
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15 Process for the re-use of silicon powder recovered from
band saws and other silicon mechanical operations in
accordance to claim 13 characterized in that the mold can
be water soluble and/or ethanol soluble and/or acetone

soluble.

16 Process for the re-use of silicon powder recovered from
band saws and other silicon mechanical operations in
accordance to claim 13 characterized in that the mold can

be characterized by a melting point lower than 150°C.

17 Process for the re-use of silicon powder recovered from
band saws and other silicon mechanical operations in
accordance to claim 1 characterized in that the treatment

g) 1s performed following the steps hereafter listed:

a) dried silicon powder is added inside an
industrial standard casting crucible that is

maintained under nitrogen environment

b) the crucible filled with the silicon dry
powder is put under vacuum, until the wvacuum

reaches the values in the range (20-60) kPa

c) by mean of a nitrogen flow at room
temperature, the vacuum of the environment
containing the crucible filled with the silicon
powder 1s released and the pressure is raised to
the value of about 1 bar; in its path through the
silicon particles, nitrogen creates a drag effect
on the silicon particles, yielding a consistent

compaction of the silicon powder.

18 Process for the re-use of silicon powder recovered from
band saws and other silicon mechanical operations in
accordance to claim 1 characterized in that the treatment
g) is performed by tabletting or pelletizing the dried

silicon powder.



