METHODS TO RECOVER AND PURI FY SI LI CON PARTI CLES FROM SAW KERF FI ELD OF THE
DI SCLOSURE [ 0001] The present disclosure generally relates to nethods for
recover i ngoWwloze4f rom saw kerf, or anp exhausted abr asipge/uSkemwnyecte
resulting fromthe cutting of a silicon ingot, such as a single crystal or
pol ycrystalline silicon ingot. Mre particularly, the present disclosure
relates to nethods for isolating and purifying silicon fromsaw kerf or the

exhausted slurry, such t\apdie #&SttkddRtR S SR be used as a raw

material, such as a sol CORs T i BACKGROUND COF THE
DI SCLOSURE [0002] Sili c%‘fhl'%a e(ra%%%rie conven ﬁ@{l y %Fr' epared froma single

crystal or a polycrystalline silicon ingot, which typically has a
cylindrical shape. The ingot is sliced in a direction normal to its

| ongi t udime 1. RXB THE Woshuoss@s: many as several hundred thin, disk-shaped
wafers. The slicing operation is typically acconplished by neans of one or
nore reciprocating wire saws, the iqgft bei ng contacted with the

reci procating Wi%® hi | e 197RA 51 THF§E oMt HHY Abrasi e gi%i s, such

as silicopgardl deyr i sURPH.RE 40 B-GONtAGH afgacbet wegn e ingot and the
wire. Conventional wire saw slurries typically conprise a lubricant acting

as a susperdivgtehdioootivg $lwidy, suohuasing ofr exanpt esuat mqeralaoil or
sonme wat esrlsloilcuobrll eirlléoq:u,l ds cei'l gas foéflne&lhéllgrnfs@éycoorl PO rycl:;:EyG talline

silicon ingot. More particularly, the present disclosure

relates to methods for isolating and purifying silicon
from saw kerf or the exhausted slurry, such that the
resulting silicon may be used as a raw material, such as a

solar grade silicon raw material.

BACKGROUND OF THE DISCLOSURE

[0002] Silicon wafers are conventionally prepared
from a single crystal or a polycrystalline silicon ingot,
which typically has a cylindrical shape. The ingot is
sliced in a direction normal to its longitudinal axis to
produce as many as several hundred thin, disk-shaped
wafers. The slicing operation is typically accomplished
by means of one or more reciprocating wire saws, the ingot
being contacted with the reciprocating wire while a liquid
slurry containing abrasive grains, such as silicon
carbide, is supplied to a contact area between the ingot
and the wire. Conventional wire saw slurries typically
comprise a lubricant acting as a suspending and cooling
fluid, such as, for example, a mineral oil or some water-

soluble liquid (e.g., polyethylene glycol, or PEG).

[0003] As the ingot is sliced, the abrasive

particles of the slurry are rubbed by the wire saw against



[0003] As the ingot is sliced, the abrasive particles of the slurry are
rubbed by the wire saw agai nstthe ingot surface, causing silicon particles
from t he wogoto/drez7he renoved, as well gs netal (e.g., iPomuskeoonsiche wire
itself. A significant anount of silicon particles are |ost during cutting.
The silicon material that accunulates as an ingot is sliced is
conventionally known as the "saw kerf." As the concentration of silicon, as

vel | as other; partigulale ( ecaalsi@t@i!lip@aﬁ i CUlat&)es i A-de sl urry

i ncreases, the efticiency of the i cing operation decreases. Eventually,

t he sl ur ryndyeconesos nefriectd veys orel'exdaustted], " (. t hierpnt font ypical |y

di sposed tg; or. di scar ded. 'Ir;{ad.i tionall t he exhausted slurry has been

di sposed Bt BY e retat i or ot 44 eat G by S Whst e viat er“¥'F eat ment facility.
However, dubritidiged herslgdy genaiatas: €aidon thoxd de and sending the slurry
to a waste water treatnent facility typically results in the formation of a
sl udge t hdtatmatcHel g sposed B I | ahdfi1ded Act otdt iRy 4 oot Y appr oaches
of di sposalo @ & nfiay orabl g Jrem an, envid QUELAL DOI G OF ¥ Sols vel | as
the costs associated therewmth. As a result, sone have proposed mnet hods by
whi ch t heeabralsl vees sdtrey waant e sy cledy andnatelsgeh ri(iSeel ates )g. ,iU. S.
Patent No. 7,223,344, the entire contents of whj c{hare I ncorporated herein
by rof er ertte SHIE | eI Wt AP Conlel SLEHLY Bt fd¥os 130 15004] However , i n
addi tion 4@ the envidonpenal andecomon) ¢ ancerns assacdmdes with the saw

kerf, or ineffective, or “exhausted,” and then it is typically
disposed of or discarded. Traditionally, the exhausted
slurry has been disposed of by incineration or treated by
a waste water treatment facility. However, burning the
slurry generates carbon dioxide and sending the slurry to
a waste water treatment facility typically results in the
formation of a sludge that must be disposed of in a
landfill. Accordingly, both approaches of disposal are
unfavorable from an environmental point of view, as well
as the costs associated therewith. As a result, some have
proposed methods by which the abrasive slurry can be
recycled and reused. (See, e.g., U.S. Patent No.
7,223,344, the entire contents of which are incorporated

herein by reference for all relevant and consistent

purposes.)

[0004] However, in addition to the environmental
and economic concerns associates with the saw kerf, or
exhausted slurry, the loss of potentially useful silicon
material should also be considered. Specifically,
although wire saw technology has improved, each pass of
the wire through the silicon ingot results in the lost of
an amount of silicon equivalent to about a 250 to 280

micron thick slice of the ingot. As technology enables



exhausted slurry, the loss of potentially useful silicon material should
al so be considered. Specifically, although wire saw technol ogy has

i nproved,woeaectv/qpsxzg of the wire through the silicon i ngeCTrsseessie the

| ost of an anount of silicon equivalent to about a 250 to 280 mcron thick
slice of the ingot. As technol ogy enabl esthi nner and thinner wafers to be
slice fromthe ingot, nore and nore passes of the wire through the ingot

occurs, r&sulidng i (1pfs,and, IRl e '&?%&fsﬁléi%xﬁ O iRaW kerf . For

exanple, wth existing wre saw technol ogi es | oss can represent from
about 25%d1e abolutm&owisddre i Iukmamulr&gdihm@r idle {0DO5]odMhids t here

have been so neral ) estions reco er| ng the SI|IC terial from
e o e e R P B R i S D e e ol
cells (semr %)%mplLéSwP@{ enti Noind, 7865 665, thenentdg e coment s of which
is incorporated herein by reference for all rel evant and consi st ent

pur poses)lOSi’t Hetle R Se/Er af T At adbratk 2 O Foro ekt 201 hef priesri ousl y known
met hods do, not. pr (#ételﬁa of addr essi ng bul k and surface netal

cont am natl on that e prese in silicon obtained fromthe kerf. This

can have a significant inpact on the purity of the recovered silicon, and

subsequent |y o G@Hel end Wisielse ttﬁ&tr@r@\e&/é@éabl@M@rg&r’r@ralecovered silicon.

Further, the nethods of silicon rec ve ftroth fI tathTn recovery)
used t o- FHEITpi €Al 15 S HOfS Tetdv Cgh:ﬂae t~ ot si't% con

particl essdwrrd€r us€.exhausted slurry for use 1in, for example,
photovoltaic cells (see, e.g., U.S. Patent No. 6,780,665,
the entire contents of which is incorporated herein by
reference for all relevant and consistent purposes), there
are several drawbacks. For example, the previously known
methods do not provide a means of addressing bulk and
surface metal contamination that may be present in silicon
obtained from the kerf. This can have a significant
impact on the purity of the recovered silicon, and
subsequently on the end uses that are available for the
recovered silicon. Further, the methods of silicon
recovery (e.g., froth flotation recovery) used to-date
typically do not recover an adequate amount of silicon

particles for re-use.

[0006] Accordingly, there remains a need for a
method to recover and purify silicon particles created by
the cutting of silicon ingots so that the recovered
silicon can, for example, be melted and recycled for use
in various applications, including solar grade silicon
material. Optionally, such a method would additionally
allow for the recovery of the silicon carbide used in the

slurry process, so that it may also be re-used.



[ 0006] Accordingly, there remains a need for a nethod to recover and purify
silicon particles created by the cutting of silicon ingots so that the
recover edweizbiomose7ean, for exanple, beynelted and recyclped/uses0906%16 n
various applications, including solar grade silicon material. Optionally,
such a nmethod woul d additionally allow for the recovery of the silicon
carbide used in the slurry process, so that it may al so be re-used. SUMARY

OF THE DI SGhEBURE  0RGY]pBrdefdpne therefore, the present disclosure is

di rect ed to, T one enbodrent, a net hod for separating and recovering
silicon particles fromsilicon saw kerf resulting fromslicing silicon
wafers froma Ki0G'tlon i Myoteflhe Fawkierfe conpr isiarperat |dibydloaturg fluid
and a mxture of solid particul ate conpri.sing abrasiv rains, .silicon
SRR R ottt bl polihaclitb LA Bisthionlea il TRt U
separ at i nthdtrd @asdrianpafil atorofpdhe d e | Cadnh ngi Tladd favomdhe solid
particul ate m xture; washing the solid particulate mxture with an acidic
sol uti on T (1500 Hel K 11% o pefdh (e 5 of Ubst anitd &Y i nsol ubl e,

and (1) g netalo pantieles afd.oxaes panbleles Al salublfq netal
particles and oxide particles being dissolved fromthe solid particulate
m xt ure; ciottwect iy $diel dvashed: sold tte parmtp il iate ahxaare; diweivashed

m xture conprising silicon particles and abrasive grains; and, separating
The i 11 comP it sk o RE et o e | o e R e T

parti cul atres mednb®. c AP age st ynathey separad e&d sidd convpadt igles

lubricating fluid from the solid particulate mixture;
washing the solid particulate mixture with an acidic
solution in which (i) the silicon particles are
substantially insoluble, and (ii) the metal particles and
oxides particles are soluble, metal particles and oxide
particles being dissolved from the solid particulate
mixture; collecting the washed solid particulate mixture,
the washed mixture comprising silicon particles and
abrasive grains; and, separating the silicon particles
from the abrasive grains in the washed solid particulate
mixture. Advantageously, the separated silicon particles
may have a carbon content of less than about 50 ppma and
have a content of metal contaminants of less than about

150 ppma.

[0008] The present disclosure is further directed
to such a method wherein washing the solid particulate
mixture comprises contacting the solid particular mixture
with an acidic solution capable of creating a flotation
froth with the solid particulate mixture, the froth

comprising silicon particles and abrasive grains.

[0009] The present disclosure is further directed,

in another embodiment, to a method for separating and



may have a carbon content of |ess than about 50 ppma and have a content of
nmetal contam nants of |ess than about 150 pprma. [0008] The present

di scl osurwoize1oiaasither directed to suchza net hod wher ei npeadaiseovg/otdses sol i d
particul ate m xture conprises contacting the solid particular m xture with
an acidic solution capable of creating a flotation froth with the solid
particul ate m xture, the froth conprising silicon particles and abrasive

grains. [,0009)cThe, present, discl asure § 5,4 urther, disested,in anot her

enbodi ment, to a nethod for 'separating andrecovering silicon particles from
silicon sexgkering eSwdnt i gl d¥rom sl i iciag v f6cont waf ex ssfyiomra silicon

i ngot, the saw l%ekgf conpri sj ncg an .osrajgf?ani c lubricating fluid and a m xture

of solid P& cut’st & Tonpi'si Ay Sabrasi ¥ e yrd e L sit Fpartd cles, netal
particl esrand axides particless £ Thel metdod comyisessmeondact i ng the saw
kerf wth a chelating agent soluble in the organic lubricating fluid to
forma coHplasd V& tH DHE ors norheta] sl preserte il el e %@rdnd i xi ng t he

chel at ed sawkert, soluti on wid hanagusays, acld solutdon and al|an ng the

m xture to separate into an aqueous pha an organi ¢ phase, the aqueous
phase conpriSiwiglsid i cdonl pairtg desnan tdlel origanite phaseniconpri si ng t he
conpl ex fornmed between chel ati agent and the netals; collecting the
aqueous pHISE Forptd o HL4 He of THah (Tt dl Carithe 1¥cdVend ng at | east a

portion qlietddes shtd SO paf tired esaf nam £ hey agueous Phase - Ady atageousl y,

t he recovered
kerf solution with an aqueous acid solution and allowing
the mixture to separate into an agueous phase and an
organic phase, the aqueous phase comprising silicon
particles and the organic phase comprising the complex
formed between chelating agent and the metals; collecting
the aqueous phase comprising the silicon particles; and,
recovering at least a portion of the silicon particles
from the aqueous phase. Advantageously, the recovered
silicon particles may have a carbon content of less than

about 50 ppma and have a content of metal contaminants of

less than about 150 ppma.

[0010] The present disclosure is further directed
to one or more of the preceding embodiments, wherein the
silicon particles are recovered by subjecting the (i)
collected, washed solid particulate mixture, or (ii) the
froth formed from the washed solid particulate mixture, or
(iii) the aqueous phase comprising the silicon particles,
to a density-dependent separation technique, and in
particular a density-dependent separation technique
selected from sedimentation centrifugation, filtration

centrifugation, and hydro-cyclone separation.



silicon particles may have a carbon content of |ess than about 50 pprma and
have a content of netal contam nants of |ess than about 150 pprma. [0010]
The presewD 2digoBgure is further diregted to one or noreTafs2abecpnecedi ng
enbodi nents, wherein the silicon particles are recovered by subjecting the
(i) collected, washed solid particulate m xture, or (ii) the froth formed
fromthe washed solid particulate mxture, or (iii) the aqueous phase

conprising the sidigon pardigles,,t o a density-depandent, separatd on

t echni que, and In particular a density-dependent separation technique
sel ect ed o omseds mentatd dtlcemredadyaty embddingrats onvloent i fugati on, and

hydr o- cycl ne separ 0011] The pr nt |sclo ure is fur directed
to one or® Ceorbfpat]%elcgjr eadﬁ%gree%oegﬁfgﬁ?%, i iHe §iFi éjtr}n particles
are recoveseckdyed, r@swcyls"tglltdnqaa(ﬁal&md@é:tmtmhaﬁr soliy pagticul ate
m xture, or (”fi) the froth formed fromthe washed solid particul ate

9

m xture, oot it9rRefe Horedus presetotprisitg tHe1sie dopartd ctes, and

t hen subj Cid n frnorh t Q i g?% elddi.e., a
magneti c e]l dgcg%é;gicg%tﬁg an %be K f}e%ar atgek%t hrge Si oEﬁ Epﬂartl cﬁ( 'es from

t he abr asanxé et | ollkess ctandy ndree qbrazréd ciif @irlt yesid |rwrr1nazrﬁmdwe abr asi ve
particles 0012] %'e p esent disclosure ,; Cgl |1 furt directed to one

or nore JRYHEBT Je‘nebwofdlarré?f’t%neW‘Fer Ak e”br%ﬁ . and in
particul afo ss!é}ié:lq{té;atr}@ dei 1 aFgh addi i onad | - decavergd-f o1 4 e- use.

particles, and more particularly silicon carbide abrasive

particles.

[0012] The present disclosure is still further
directed to one or more of the preceding embodiments,
wherein the abrasive grains, and in particular silicon

carbide, are additionally recovered for re-use.

[0013] The present disclosure is further directed

to a method for preparing a solar grade silicon pellet

from a silicon saw kerf as detailed above. The method
comprises: (i) recovering silicon particles from the saw
kerf by one of the preceding embodiments; (ii) melting the

recovered silicon; and, (iii) forming a solar grade

silicon pellet from the melted silicon.

[0014] The present disclosure is further directed
to a method for slicing a silicon ingot. The method
comprises contacting a surface of the silicon ingot with a
reciprocating wire saw and a slurry comprising an organic
lubricating fluid, an abrasive particulate, and a metal

chelating agent soluble in the organic lubricating fluid.



[0013] The present disclosure is further directed to a nethod for preparing
a solar grade silicon pellet froma silicon saw kerf as detail ed above. The
net hod cowproeers27¢i ) recovering silicen particles frompCassesok®sné by one
of the preceding enbodi nents; (ii) nelting the recovered silicon; and,

(tii) formng a solar grade silicon pellet fromthe nelted silicon. [0014]
The present disclosure is further directed to a nethod for slicing a

silicon ifgetr Jhe-pEihach conprisessopni@acting a surface of the silicon
ingot withra recrprocattng wre saw and a slurry conprising an organic

| ubricating fluid, an abrasive particulate, and a netal chel ati ng agent

sol ubl e in thel@igani ¢ IRigricatd nigs fd ui @k BRI EF BESCRIIPTY GN GRStHE. DRAW NGS
[ 0015] Fi ure 1lis ft rkfrl ow depifttikpg a_general. overvirew of the process
of the present i st ostir €79 hel udind ‘Segar@tion of° the tibri cating agent
fromthe solliwhpay tdedl @€l dh Xd Urnd Ndhe Saw kerdged O06)m Rigure 2 is a
wor kf | ow depi cting a general overview of a portion of the process of the
present digsttdRAEL G DizttiqlH e optishst for renoving metal and
oxi de particles fromthe solid particulate m xture . [0017] Figure 3 is a

wor kf | ow depi ctifigsa generdl-Overvd ew of g pay tdam of the, pagess) of the
present disclosure, and in particular an optional nethod for renoving netal
and oxi deoyrartiew est fa amttheosaw kdrd andtstd | of pare i sget mi xt ure.

disclosure, and in particular the options for removing
metal and oxide particles from the solid particulate

mixture.

[0017] Figure 3 is a workflow depicting a general
overview of a portion of the process of the present
disclosure, and in particular an optional method for
removing metal and oxide particles from the saw kerf and

solid particulate mixture.

[0018] Figure 4 is a workflow depicting a general
overview of a portion of the process of the present
disclosure, and in particular the options for separating
silicon particles from the abrasive grains (e.g., silicon

carbide).

[0019] Figure 5 depicts an arrangement of 12 40Moe
magnets with an iron wrapper and iron poles in the center.

The magnetic field lines are made to follow the cross-

section of a toroid around the air core. The arrangement
is 12 mm’. The arrows in each magnet indicate magnetic
north.

[0020] Figure 6 depicts a magnitude of |H]

relative to the iron poles and the respective density

plots of |H| and A/m’.



[0018] Figure 4 is a workfl ow depicting a general overview of a portion of
the process of the present disclosure, and in particular the options for
separ at i ngosbliwerr4particles fromthe gbrasive grains (eCyus2abloswos
carbide) . [0019] Figure 5 depicts an arrangenent of 12 40Moe magnets with
an iron wapper and iron poles in the center. The magnetic field lines are
made to follow the crosssection of a toroid around the air core. The

arrangement | s ime . e Arr oW eachy rmanclo ol cate, amanst| ¢ north.

[ 0020] Figure depicts a magnitude of [HTelative to the iron poles and

t he respect itvtes desidtyl plotsoftdH dite A . J0021dr Kwguwre 7 depicts
HgradH across the center of the gneti.c separatqgr. .The solid |ine or curve
r epr esent’SRHe Hiner it AU 5L i S Ca‘ﬁuattj‘r%n BHoken o dasHed T i ne or curve

repr esentda el NUITRS | € expeed atd e sd 022 hdiguier & dephLdsaten L er mi nal
velocities by particle radius of silicon carbide, silicon, and silicon

di oxi de, where radH = 5 x 1015 A2/ nB and sane sign as g .. The units of
nmeasur enent ar & H ni nutiel e pardsrRiEss i et ermindboBoF gire Wis a

gr aphi cal, depi ctd on, of, 4 her magnet 9; ALehl -r&’éiess[lefif , wherely {he, magneti
configuration of Figures 5 and 6 is rotated. [0024] Figure 10 depicts the
t er m nal dish:ociei esrdnye paytdd e radi us) 'of Asin| eon carmei degrsialsi gon and
silicon . . .

The units of measurement are mm/minute for particles in

water.

[0023] Figure 9 is a graphical depiction of the
magneto-Archimedes effect wherein the magnetic

configuration of Figures 5 and 6 is rotated.

[0024] Figure 10 depicts the terminal velocities
by particle radius of silicon carbide, silicon and silicon
dioxide in a field gradient where HgradH = 2 x 10'° aA%/m’
and same sign as g. The units of measurement are

mm/minute for particles in the air.

[0025] Figure 11 depicts a schematic illustration

of an inclined magnetic separator.

[0026] Figure 12 depicts the terminal separation
velocities of silicon carbide, silicon and silicon dioxide
versus particle diameter for silicon carbide, silicon and
silicon dioxide by gravity and magnetic filter in liquid

air where HgradH = 0.037-10'% A%/m’.

[0027] Figure 13 depicts agueous sodium

metatungstate viscosity versus density.

[0028] Figure 14 depicts the centrifugal density

separation at 17,000 g in sodium metatungstate ligquid.



dioxide in a field gradient where HgradH = 2 x 1016 A2/ n8 and sanme sign as
g . The units of neasurenent are mmim nute for particles in the air. [0025]
Fi gure liwdepiooi’s27a schematic illustragi on of an incli nedTrosgeenswsie
separator. [0026] Figure 12 depicts the term nal separation velocities of
silicon carbide, silicon and silicon dioxide versus particle diameter for
silicon carbide, silicon and silicon dioxide by gravity and magnetic filter

0 1 aui do Al tasher e HanadH .0, 037 30 182008 . {002/]1 £l gure, 43 depi cts
aqueous sodi um netatungstate viscosity versus density. [002 Figure 14
depi cts tHE) centsifugal aehsity meparabtdon crididdQdeginlspdiamus
nmetatungstate liquid. Figure 14 further depicts the sedinentation velocity
of 500 nrii% ]Ilfné:dﬁeu[a% ri%%cafﬁﬁ S199%0n’ carbi de particles versus sodi um

nmet at ungstate density. [0029] Figure 15A depicts the tine dependant bul k
met al out-diffusizo fromigsphers farpidid idle congerdd@i@muzy1initi al
total content_ in reduced units is 4/3 p when a=| and D=I. Figure 15B

depi cts reRfial ConcEntati Gh Trdt i eI T e ties 0.0001, 0.01, 0.04,
0.08, 0.16, and 3%n [A0S0]; H gures: 164 and, LGB dapi Gyl lmees, ofs silicon

kerf particles separated fromsaw kerf. [0031] Figures 1/7/A- 1/D depict EDX
spectra ofs foliFll difdrerent aid ilgon. partduwtesl SE 0B322 ctd gur@didlBA is a 400
m cron Nomar Ksi i . . .

concentration profiles at reduced times 0.0001, 0.01,

0.04, 0.08, 0.16, and 0.32.

[0030] Figures 16A and 16B depict images of

silicon kerf particles separated from saw kerf.

[0031] Figures 17A-17D depict EDX spectra of four

different silicon particles.

[0032] Figure 18A is a 400 micron Nomarksii
microscope image of flakes broken off of a silicon pellet.
Figures 18B and 18C depict 100 micron Nomarksii microscope
images of flakes broken off a silicon pellet, showing
interior and exterior surfaces. Figure 18D is a 3 to 10
micron Nomarksii microscope image of flakes broken off of

a silicon pellet.

[0033] It is to be noted that corresponding
reference characters indicate corresponding parts

throughout the several views of the drawings.

[0034] It is to be further noted that the design
or configuration of the components presented in these
figures are not to scale, and/or are intended for purposes
of illustration only. Accordingly, the design or
configuration of the components may be other than herein

described without departing from the intended scope of the



m croscope i mage of flakes broken off of a silicon pellet. Figures 18B and
18C depict 100 mi cron Nonmarksii m croscope images of fl akes broken off a
silicon pebl2eto/078iTaWi Ng i nterior and exferior surfaces. PETgse@9oL8016 s a 3
to 10 m cron Nomarksii mcroscope i mage of flakes broken off of a silicon
pellet. [0033] It is to be noted that correspondi ng reference characters

i ndi cate correspondi ng parts throughout the several views of the draw ngs.

[0034] 1t5is:d,0 bcﬁéd{réél%e no"ﬂgeéé‘aﬁléﬂeeéjes‘?d&ﬁd”tmj%&% gidon,of the

corrponents presented in these figures are not to scale, and/or are intended
for purposesief i laistimattiony ordryse Accordi ngly, the design or configuration
of the conponents may be other than herein described w thout departing from

t he mteqﬁe& i ese figures should therefore
not be vi (e Sdbalge] ﬂ CRI PTI ON OF THE DI SCLOSURE

[ 0035] In accordance with the pr esent di scl osure, it has been discovered
that silicon perdix] es iIm aasididnicd ngoth save kerdsdor disexdwust ed sl urry)

resulting fromthe slicing of a silicon ingot) can be efficiently isolated

and puri fited@% R %9%?%&@@&%@@&%&%%9%% Yard |%1|]e]sc%rh| tabl e

for reuse as,a Jawmterial 4.0 oihers&d icon-applicationg (€-Gn 180l ar
grade silicon). As further detailed herein bel'ow, and as illustrated, for

exanpl e, $hiches wof kf | owsi ofn Firgartels dard, be heef §isolenttilon swlgwed ficati on of

the Sili%ﬂ&i%%éif%éﬁif%ﬁﬁgtréaéﬁrlng the isolated and purified
particles suitable for reuse as a raw material in other
silicon applications (e.g., solar grade silicon). As
further detailed herein below, and as illustrated, for
example, in the workflows of Figures 1-4, the isolation
and purification of the silicon particles from the saw
kerf may be achieved using a sequence of one or more
generally known liquid/solid, liquid/liquid, and/or
solid/solid separation techniques, in combination with the
treatment of the saw kerf, or a portion thereof, with an
aqueous acid solution. The resulting silicon particles
may have, for example, a carbon content of less than about
50 ppma (parts per million atomic), about 40 ppma, about
30 ppma, about 25 ppma or less (e.g., about 20 ppma, about
15 ppma, or even about 10 ppma), and/or may have a total
content of metal contaminants (e.g., copper, nickel, iron,
etc.) of less than about 150 ppma, about 125 ppma, about
100 ppma or less (e.g., about 90 ppma, about 70 ppma, or

even about 50 ppma), as further illustrated in the working

Examples.

[00306] In this regard it is to be noted that, as
used herein, the phrase “saw kerf” generally reference to
the waste material that results from the slicing of sawing

process utilized to cut a silicon ingot. This phrase may



kerf may be achi eved using a sequence of one or nore generally known
liquid/solid, liquid/liquid, and/or solid/solid separation techniques, in
conmbi nat iwo 2eicdrsithe treatment of the saw kerf, or a porCras2ddessed, W th
an aqueous acid solution. The resulting silicon particles may have, for
exanpl e, a carbon content of |ess than about 50 ppma (parts per mllion
atomc) , about 40 ppma, about 30 pprma, about 25 pprma or less (e.g., about

2 0 ppma, o, about - 115, BRITE, s Q4 18VenN; Rbi e 10, PRI, 1o 3RA/0T HBRYhavE a total
content of metal contam nants (e.g., copper, nickel, iron, etc.) of less

t han aboutex'50y g, s about” 125 mppme; 1 about 100 ppael ©rmd ess {aiigng about 90
pprma, about 70 pp . Qr even out 5 ma further illustrated in the
BTkl ng BT ES S eE T L h s S s ) 4 i e Hited-q hat | ae. used
herein, thesqtvasely saw ketder ganeiably fref esensesdd dhes wastey mat eri al

that results fromthe slicing of sawm ng process utilized to cut a silicon
i ngot . THiklighagse fesfoptti Ghat |54 beCUs et Fer et 3 nietehargeabi® with the

phrase "e;gggﬁllif]t d NAA si{deon, ingot i Ci ?qgw process,
whi ch genera yee’re e;{[s %/%Céaé%fgu%y ltﬁ%at&fﬂs esseczﬁti%l]lr&%% ongcgrg sui tabl e
for purposesalofpastticingpitst |icon wafdsss frlom al stingapergatoras a result of,
for exanpl e, ?ng unaccept abl ]Qj;qqh content of silicon and/or. netal

parti cul a%cé“ef_ L ¥itae { tc ; %qrﬁ%tp]ecf%?tb%.h i et i Vet THat silicon
particul at,e;di ndersi @y sddd €N d oot sddcd - opeiad igbad aoncentrat i ons
above about 1-5% by weight, of the solid matter in the slurry. It is also
by weight, of the solid matter in the slurry. It is also
believed that metal particulate hinders the slicing
operation at concentrations above about 0.5-2% by weight,

of the solid matter in the slurry.

[0037] Additionally, "spent abrasive graing"
generally refers to abrasive grains (e.g., silicon
carbide, or SiC) that, as a result of being worn down by
the slicing process, are of a diameter or size which is
generally no longer suitable for purposes of slicing
silicon wafers from a silicon ingot. Some believe that
abrasive grains are spent if they have a particle size of
less than about 1 micron (e.g., an approximate diameter of
less than about 1 micron). "Unspent abrasive grains"
generally refers to abrasive grains in the exhausted
slurry which are still suitable for purposes of slicing
silicon wafers from a silicon ingot, such grains typically
have a particle size of greater than about 1 micron. Some
believe that the spent abrasive grains hinder a silicon
ingot slicing operation at concentrations above about 5-
10%, by weight of the total abrasive grains (i.e., spent

and unspent abrasive grains).



believed that netal particulate hinders the slicing operation at
concentrations above about 0.5-2% by weight, of the solid nmatter in the
slurry. [WO2@jomemiiutional |y, "spent abyasive grains" gemeraliskgoonefoas s t o
abrasive grains (e.g., silicon carbide, or SiC) that, as a result of being
worn down by the slicing process, are of a dianeter or size which is
generally no | onger suitable for purposes of slicing silicon wafers froma

si licon ipgot -m%%[%i@e'éf\’&érﬁﬁaz%}”s?aﬂ%ﬂfa} s SREM 1Ay hey have a
particle size of I'ess than about mcron (e.g., an approxi nmat'e di aneter of

| ess than about 1 micron) . "Unspent abrasive grains" generally refers to
abrasive grai ns0G¥8t he extrustesdr st warmral wii € hvag eostidimesliiqrabl e f or

pur poses of slicing silicon wafers froma silicon ingot, such grains
typi cal | yrerparveeseantpégcr]t\’ecISeam 17 o Pgsraewa{ﬂeerrf hWa"jnStaebontlffngelrln‘:i1 crsglng me believe
that the speninabrasinergstdfsnddiides wasdd i€oncimngarsddeddg operation at
concentrations above about 5- 10% by weight of the total abrasive grains
(i.e., spertIhdunspentsabradt vigr i ns)Thase wals sisiiory BEMIeTy Saw

Kerf / Exhausted, sl urd vi {0038 &avd qBli1d & %‘ﬁ}é@i S(Has) Penf AnEd on

representative sanples of saw Kert” waste material slurry obtained from
repr esentaded/easvafter sibhcl oyt procelssies diesiingl es icriystralcaidiadodn i ngot s.

These waste slurry sanpl es re found to incl Ud‘LT é)ol yet hyl ene glycol (PEGQ
i ch VEE TS ReTTHS TUBTTCAT T 11U H THET 61, $111 Corf Car bi de, whi ch
was used @spddie, abias] Vel s dhereisspddiive oxides, and other
various impurities (of lesser concentrations as compared
to the other noted components). More specifically, by
successive treatments of samples (both the raw “saw waste”
material, as well as the “process waste” obtained from a
commercially available slurry recovery system) by means of
rinsing with water, an aqueous HCl solution, and agueous
HF solution, an aqueous HF/NO; solution, with intermediate
drying and weighing steps, the overall composition of the
representative saw kerf waste samples were found to be as

reported in Table 1 and Table 2, below.

Table 1:
Mass Fraction of Saw Kerf Components Including PEG.

(propagated weighing errors are one standard deviation)

Component weight Processed Waste Saw Waste
fraction

Polyethylene glycol 0.438+/-0.001 0.320+/- 0.001
HC1l removable 0.010+/-0.001 0.006+/-0.001
(metals)

HF removable 0.021+/-0.001 0.006+/-0.001
(oxides)

HF+HNO; removable 0.011+/-0.001 0.009+/-0.001
(silicon)

Impervious material 0.519+/-0.002 0.660+/-0.003
(SiC)




copper, zinc, silicon, their respective oxides, and other various
inpurities (of |esser concentrations as conpared to the other noted
conponentwd 20108E4speci fically, by suggcessive treatnenPeTaﬁzmaMQ%ms (both
the raw "saw waste"” material, as well as the "process waste" obtained from
a comrercially avail abl e slurry recovery systen) by neans of rinsing with
wat er, an aqueous HO sol ution, and aqueous HF sol ution, an aqueous HF/ NO 3
solution, with internediate dryi ngpggflewst ghi ng steps, the overal
conposition of the representative saw kerf waste sanples were found to be
as reported iMasmFiractian ofalfiaw xﬁrﬂ)&@woﬁmse Excludigyg ME&t i on of Saw
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Impervious material 0.924+/-0.006 0.970+/-0.006

(S1iC)

[0039] As the results of the Tables above

indicate, recovery of the silicon particles present in the

saw kerf or exhausted slurry may be achieved by proper

selection of a solvent (or solvents) that dissolve

unwanted contaminants (e.g., metal particles, oxide

),

a chelating agent which traps the unwanted contaminants

particles, etc. or alternatively by proper selection of

(e.g., metal particles), or a combination thereof, without

dissolving the silicon particles, and then further

selecting an appropriate means for separating the solid
silicon particulate from the other remain undesirable

solids (e.g., abrasive grains, such as silicon carbide

particles). Accordingly, in one or more of such

embodiments, the saw kerf or exhausted slurry is contacted

with a solvent in which the silicon particles are

substantially insoluble (e.g., a solvent in which less

than about 5%, about 3%, about 1%, about 0.5%, or less, by

weight of the silicon present is dissolved when contacted
with the solvent). In an alternative embodiment, however,
a combination of solvent and a chelating agent may be

used, the chelating agent trapping metal contaminants for



solids (e.g., abrasive grains, such as silicon carbide particles) .
Accordingly, in one or nore of such enbodi nents, the saw kerf or exhausted
slurry i swoantozos®md with a solvent in ﬂ?ich t he sili conppantscalmsIcas e
substantially insoluble (e.g., a solvent in which |less than about 5% about
3% about 1% about 0.5% or less, by weight of the silicon present is

di ssol ved when contacted with the solvent) . In an alternative enbodi nent ,

however, acapbi natd,onof sal Vﬁ?&f and aqehelatd ng %a{%/ dised, the

chel ating agent trapping netal contam nants forrenova romthe saw kerf or
exhaust edsstarfrycdland fmome Specs flicadd ydrom tde Sidt core parthel es that are
to be recover . Renoval of Metal / Oxide Particles and Contam nants
[ 0040] Re]feecfcﬁ\f%%ede?gal nto Figures 1-4, it accordingly to be noted that the
present disclosure is directed to nethods for separating and recovering
silicon particles fromsilicon saw kerf resulting fromslicing silicon
wafers froma silicon ingot. As previ ously noted above, the saw kerf

typically comrises brlc idand a mxture of solid particul ate,
the soli ¢ par t(RRE ‘?ﬁ Jg?x ahifgltedr \féprb'iad?’rféa ‘gs

silicon carbide) |, SI|ICOI’1 particles, metal particles and oxide partlcles

Generally, in gdigst ermoeimenigt lryptﬂpdg@mgé sesq optd onal |y separating
at least a portion (e.g., about 25 about 50% about 75% or nore, by

vei ght) ofcadeddnibiy can |b'fg Flpd Ehaﬁﬂtthfe wet e patitdcdHtes mikture, and
then V\B‘ShdinJgeétheed rteés%et%kp&jsso%érd £e%§f§tu1|% and recovering silicon

particles from silicon saw kerf resulting from slicing
silicon wafers from a silicon ingot. As previously noted
above, the saw kerf typically comprises a lubricating
fluid and a mixture of solid particulate, the solid
particulate including or comprising abrasive grains (e.g.,
silicon carbide), silicon particles, metal particles and
oxide particles. Generally, in a first embodiment the
method comprises optionally separating at least a portion
(e.g., about 25%, about 50%, about 75% or more, by weight)
of the lubricating fluid from the solid particulate
mixture, and then washing the resulting solid particulate
mixture (or slurry, depending upon how much, if any, of
the lubricating fluid is removed) with one or more acidic
solutions in which the silicon particles are substantially
insoluble, and the metal particles, the oxides particles,
or both, are soluble. 1In this way, the metal particles
and/or the oxide particles may be dissolved and separated
from what remains of the solid particulate mixture (and in
particular the silicon particles therein). The washed
solid particulate mixture, which comprises silicon
particles and abrasive grains (e.g., silicon carbide), may

then be subject to a solid separation process of some kind



m xture (or slurry, depending upon how much, if any, of the l|ubricating
fluid is renoved) with one or nore acidic solutions in which the silicon
particl eswanelwukzuantial |y insol uble, and the metal parCiralse@y/otdses oxi des
particles, or both, are soluble. In thi's way, the netal particles and/or
the oxide particles may be di ssolved and separated from what remains of the
solid particulate m xture (and in particular the silicon particles therein)

The wasfied, sl d pardicul @t e yi XLur & o i che cor iéﬁﬁmséﬂ' con particles
and abrasive grains (e.g., silicon carbide), may then be subject to a solid
separ at i orbprocessygfirsore ki ndin order to separate the silicon particles
fromthe abrasive grains. [0041] In an alternative enbodi nent, such as
wherein the sa d(ég’ff corq)r{i se n_organic lm%bcgé cati.ng fluid, netal

s .
cont ani nants nay r enoved 't Ker 6P hT by means OfS e cHei Gt i1y agent that is

sol ubl e iwhdheiorgani €aw ubgt £atdmgr fdan hn Spefddicaldyriddeisaw kerf is
contacted with a chelating agent soluble in the organic lubricating fluid

to form af Eoifpl &bt IFUHe B Hore Tt 1S PHevet Tt tHe Yawkerf. The
chel at ed gaw kerd . whi ch. iy, ?yérﬂc the f orm of 1.8, 8l urd v r nsion for

exanple, may then be contacte and optionally agitated wth,” an aqueous
aci d sol utulomn. cathieng eSlul td ng Hepreioiscd 1 oy garhie sawtheet issthen allowed to

separate into an uequs phase and an organic phase, the aqueous phase
conpr ot AP i T L R ar e B et anps | SR e Conpl x
formed between-ohelqati ng@gentré@nd a complex with one or more
metals present in the saw kerf. The chelated saw kerf,
which may be in the form of a slurry or suspension for
example, may then be contacted, and optionally agitated
with, an aqueous acid solution. The resulting aqueous /
organic mixture is then allowed to separate into an
agueous phase and an organic phase, the agueous phase
comprising silicon particles and the organic phase
comprising the complex formed between chelating agent and
the metals. The two liquid phases may be separated using
means generally known in the art. After collecting the
solids from the agueous phase (by filtration,
evaporation/drying, etc.), the resulting solids may be
separated to collect or recover at least a portion of the
silicon particles from the other solids present (e.g., the

abrasive grains).

[0042] In this regard it is to be noted that the
ratio of organic solution to aqueous solution, the number
of liquid/liquid extractions, etc. may be determined
experimentally, in order to optimize the amount of silicon

particles that are recovered.



the netals. The two liquid phases nmay be separated using neans generally
known in the art. After collecting the solids fromthe aqueous phase (by
filtrati omp2ewapsz7ation/drying, etc.),;4dhe resulting solPrCuasawg/bm16
separated to collect or recover at |least a portion of the silicon particles
fromthe other solids present (e.g., the abrasive grains) . [0042] In this
regard it is to be noted that the ratio of organic solution to aqueous

sol ution, the pyber of 4iqul dlidauid eXtiRGld s & s gy die: deter i ned

experinentally, 1n order to optimze amount of silicon particles that
are recoviered:4o43]g Ithe snatlslb drod ber notietk thvwt t valre Dusropttifonssdwr

renmovi ng .t he. netal . and/ or oxi d: rticles fromthe saw kerf are further
det ai | ed %%?%i%%e%%%%.O?edﬁ%%oﬁch|h%%a?e]o?wLubri cating Fluid [0044] As
not ed above, substantially all, or a portion of, the lubricating fluid
present in the saw kerf, or exhausted slurry, may optionally be renoved

prior to further treatnent of the solid particulate mxture. If desired,

essentially any kno met hod for_separating solids, of a snall dianeter
(e.g., typicalfREIAFLHLUBRE A ‘?:’r‘i?n'%lq%ﬂ‘uffé'b’tﬂjt 25 microns, the

silicon particles for exanple typically falling wwthin a particle size

range of betwegiapout o ALCIPNH AN, aho + 0 M crpnsL 1 oroabout 0. 75
m crons about 7.5 mcrons, while the abrasive grains, such as silicon

car bi de, RSkt |9L £ dihte witthi e et Par th ol ed s enanger ofhsdetawdirabout 2.5
and abou%n?%xhausted slurry, may optionally be removed prior to
further treatment of the solid particulate mixture. If
desired, essentially any known method for separating
solids of a small diameter (e.g., typically between about
0.5 microns and about 25 microns, the silicon particles
for example typically falling within a particle size range
of between about 0.5 microns and about 10 microns, or
about 0.75 microns about 7.5 microns, while the abrasive
grains, such as silicon carbide, typically fall within a
particle size range of between about 2.5 and about 25
microns, or about 5 microns and about 20 microng) may be
used. In one preferred embodiment, the method employed is
one that yields a lubricating fluid that is substantially
free of solids (e.g., preferably less than about 1 g of
solids per liter of lubricating fluid). Filtration of the
saw kerf, or exhausted slurry, using techniques generally
known in the art, such as press filtration, is an example
of a method that may be used to separate the solid matter
from the lubricating fluid. Press filtration generally
involves separating the saw kerf or exhausted slurry into
a liquid fraction and a solids fraction (e.g., a solid
particulate mixture) by passing it through at least one
screen, such as a polypropylene screen, having a pore or

mesh size which is sufficient to remove substantially all



m crons, or about 5 m crons and about 2 0 microns) nmay be used. In one
preferred enbodi nent, the nethod enployed is one that yields a lubricating
fluid thavoizsimukxstantially free of sojjds (e.g., preferablus0sssihan

about 1 g of solids per liter of lubricating fluid) . Filtration of the saw
kerf, or exhausted slurry, using techniques generally known in the art,
such as press filtration, is an exanple of a nethod that may be used to

separate jhe. g0l d o Rt terof ram the, d Wbrd cat ié‘lge\;alﬁgcg'plpéfﬁﬁﬁé.i Itration
general ly 1 nvolves separating the saw kerf or exhausted slurry into a
liquid fré&dtd,ore and af slolradsidr abttiaon { eexpyidedaln dJgarticul ate m xture)

naving o ure AR i e R ST e S e rbvee SRt ahal ly

allof the solids fromthe fluid at an el evated pressure. (See, e.g.,
filtration detgidssprovimhed idx 1S, y 2004 l4dr22:" Wi vl isdd ncorgpor at ed
herein by reference.) [0045] Filtration yields a "cake" of solids (i.e., a
sol i d pard iUt @3 Skttt X iebipr i Fest tHERi 15 Farti Bt &&® net al

part ¢l es, And: abr asidie, TAI NS dic e RPNy ADIASIYE Gl f15, ¢ Unspent

abrasive grains) ,”  and [iKely at [east sone trace anount of the |ubricating
fluid (thecooncamtaativongofidubrircatemy Fud diven dihweicake arypi cal |y bei ng,

for exanple, |ess than about 2,%’/ 20% 10% or, .even 5% by weight. of the
cake) . TSN 19 pertT et e ThSGUrd PRI T g rOR A 1T ratth or
separ at i opcHEycdhesh hes f Wd her proeessethg | Mordern tind sediat e silicon
particulate fromthe other solid particles
typically being, for example, less than about 25%, 20%,
10%, or even 5%, by weight of the cake). The solid
particulate mixture resulting from the filtration or
separation may then be further processed, in order to
isolate silicon particulate from the other solid particles
present therein. Optionally, however, prior to further
separating the solids, and while still in the filtering
apparatus, the solids may be washed with a solvent (e.g.,

water or methanol) to reduce the concentration of

lubricating fluid present therein.

B. HC1l / HF Solutions, and/or Chelating Agents

[00406] In one embodiment, the saw kerf may be
contacted (e.g., rinsed or washed) with individual aqueous
solutions of hydrochloric acid (HCl) and hydrofluoric acid
(HF), in order to dissolve and remove metal particles or
contaminants (HC1 solution), and oxide particles or
contaminants (HF solution) present therein, and/or to
remove metal contaminants present on or in (e.g., present

in the bulk of) the silicon particles.



present therein. Optionally, however, prior to further separating the

solids, and while still in the filteri ng apparatus, the solids may be
washed wiwb 2aimmo827¢nt (e.g., water gt hanol) t 0 r edueeTiUsR000OH@At r at i on
of lubricating fluid present therei n HF Sol uti ons, and/or

Chel ati ng Agents [0046] In one enbodi nent, the saw kerf may be contact ed
(e.g., rinsed or washed) with individual aqueous solutions of hydrochloric

acid (HO) and; gy of | uagig, Al thddPeo e ordRodp o snolye and remve

metal particl es or contam nants solution) , and oxide particles or
cont am nawt 1€ I-ﬂb%usbllmlte@,n)lmrmem hehereiar] @mll orha ocorermvier atet @l

cont am nan resen e. sent i.n the_ bul k of) the silicon
particl escfj% Ch?c%nje 1:p]eocqs’t d r?% ]$e TS et al TG O e $HFti cl es,
it isto mmoltﬁdcdrﬁaécﬁw wonc ety dratd o, Qafnd/rter agid sehutd ans,a@nd/ or t he
nunber of tines the saw kerf is contact ed with each one, and/or the anobunt

of acid sSéﬂ]tHfrﬂd?fl rfl,feféﬂ,ftﬂff(j?r & gJJv\éfﬁl AUt ot sel Ker T, riegy Bee opti ni zed
for a giv )ﬁ %ﬁn C&H&“ﬂ@%ai%ﬁ@i’@l Typi cal |y,
be 't trea

however, t e saw bet ween about and about 5 , or
about 2 artdltadmju’carAt resmcma:]hl ormtmmbhw Vlad ventesr of t Hdhes aaquenus
sol ution, the HCIeeCioI ut.i or both, relati conc ntra’;i' on (or

(0]
nunber oo VRIS TT SO B Esent=1hareih Rddit or
al t er nat Ia/red Yab@uit YPI ¢l d yorsidabl - aétgeméﬂs sof Lﬁﬂé)rhcf@e%u@s HiG

concentration of about 0.5 to about 5 nor mal
solution, the HC1l solution, or both, relatlve to the
concentration (or number of equivalents) of silicon
present therein. Additionally, or alternatively, a
typically suitable aqueous HC1l solution has a HC1
concentration of about 0.5 to about 0.25 normal (N), or
about 0.75 to about 0.2 N, or about 0.1 normal (N), while
a typically suitable agueous HF solution has a HF

concentration of about 40% to about 60% (by weight), or

about 45% to about 55%, or even about 49%.

[0048] In this regard it is to be noted that, in
addition to dissolving metal and oxide contaminants or
particles, treatment of the saw kerf with the acidic
solutions may also act to break bonds present between
silicon and, for example, carbide, that may be present,

thus enabling separation of the silicon from the carbide.

[0049] In this regard it is to be further noted
that, when certain fast diffusing metals (i.e., metals,
such as copper or nickel, capable of diffusing or moving
throughout the silicon in a relative short period of time,
on the order of a few hours - e.g., less than about 8
hours, about 6 hours, about 4 hours, or even about 2

hours, at for example room temperature) are present, the



about 0.75 to about 0.2 N, or about 0.1 normal (N), while a typically

sui tabl e aqueous HF solution has a HF concentration of about 40%to about
60% ( by vweOghtoyo7827@r about 45% to aboufg 55% or even abeut/v$96d/0pwB@el8] | n
this regard it is to be noted that, in addition to dissolving netal and
oxi de contam nants or particles, treatnent of the saw kerf with the acidic
sol uti ons may also act to break bonds present between silicon and, for
exanpl e, Separatd on of the
silicon f%m% e car b| de. 8%4%%?%%5%9%%@%&?5 to bézléfsﬁrther not ed
t hat , \A/naw&:mmaltrhefmltn,dmﬁa‘xusbm ‘gl o iaklquaretal sstautrasarcopper or

nlckel capabl e of diffusin vi ng throu hout t e SI|I on in a relative
short peri*dth G- 14 e, t%?'??%% rr{) €ofa % eW%% JL1Cerss t han about 8

hours, abouiti & ftpprtsmm@b%ﬁtkéem%gﬁor@roﬁvmlahptﬁh@ ah@MI Ssrédtridit exanpl e
roomterrperature) are present, thesaw kerf, and nore specifically the
silicon phrt§ ol e PHEBMT thereits) mayP el *agddmorfal [wed to stand at an
appropri mer e)f r of tine,

ei ther be %frfel?or dgéﬁaglsgﬁcecga%el dg??eﬁaete%%%ég C)f 15v%\{/aeshll%ct)ér)fgr| nsing), to
al I ow ti meeftorcidenrdi fhaisti mgpwret adrsd far reacdvddesuriaceciof the silicon
particle Cgld be trapped and/or renoved by the acid solution . [0050] In

this regatdit'9% to be still further noted that in saw kerf contai ning
pol yet hyl ene glycol (PEG, the nmetals may be renpved or |eached fromthe
[0050] In this regard it is to be still further

noted that in saw kerf containing polyethylene glycol
(PEG), the metals may be removed or leached from the
silicon particles by repeated washing with water and the
aqueous acid solution. In the presence of HF and
essentially no surface oxide, copper will plate out onto
the silicon particle surface. 1In the presence of HCI,
however, copper deposition on the surface of the silicon
particles can be prevented. Therefore, in agqueous systems
(i.e., saw kerfs or slurries), at least one cycle or step
of the washing or leaching step will preferably not use

HEF, but rather will preferably use HCI.

[0051] In this regard it is to be still further
noted that, in an alternative embodiment, a chelating
agent may be used alone or in combination (e.g.,
sequentially) with one or more of the aqueous acidic
solutions. A chelating agent may be use to trap or
sequester the metal as it diffuses to the surface of the
silicon particles. Essentially any known chelating agent
that is effective for sequestering the metal or metals of
interest (e.g., iron, copper, zinc, nickel, etc.), and
that is compatible with other components to which it comes

into contact, may be used.



silicon particles by repeated washing with water and the aqueous acid
solution. In the presence of HF and essentially no surface oxide, copper
wi || pl atwoauto/osa7e the silicon partic)ge surface. In thecprssenoessos HC ,
however, copper deposition on the surface of the silicon particles can be
prevented. Therefore, in agueous systens (i.e., saw kerfs or slurries), at

| east one cycle or step of the washing or |eaching step will preferably not
use HF, but ratdher, will preferghl vydse HG o [Q051] dn ghis regard it is to
be still furthFer not ed that, |%¥blanna [ternative en’Lodl ment, a chel ating

agent rraypal:ﬂetmebhlalejmta)ctnrmerrt,cmftﬂrmm o es i , k@@ﬁqmtemd%twm one or

ft d | ut hel at b to t
o Soquest ot The TG-S A1 1 ees Dy 1 Gl PR Ot TR of 11 con o

particl esnirdssentdal | ya aiye kowy chedad Iﬂ%@g@éﬂsdnadlé sieffractive for
sequestering the nmet al or metals of interest (e.g., iron, copper, zinc,

ni ckel , et%d9niqndRhiggat NG ARt bie wdded o‘%we%nbﬁ?fén%aéﬂtlﬁwl ch it
intg,
ot cul s A B e e M ot G S e e N, 00

an organicef Iubme,cautrtgeﬁ |lg Oh resucth anﬁtnﬁr dlawing adddhel@ie nthalgentng hat i s
soluble in theta{ ani c lubricating ?Fn is added thereto (the saw kerf
an &p

opt i onal 1379¢&T Fed ¢ & HGE f'o propti &t € itd OtPR9e, either

before orgafter davidg, added theschelat ing agent dhenet o to-allow time for
metal s, such as copper
particles present therein). A suitable chelating agent

may be selected from among those generally known in the
art, including for example known aldoxime chelating agents
(e.g., S5-nonyl-2-hydroxybenzaldoxime, or “P50”), which are
known to be effective to sequester, for example, copper.
The resulting slurry may then be contacted and agitated
(e.g., shaken) with an agqueous, acidic solution (e.g., a
solution have a pH between about 1 and less than about 7,
or between about 2 and about 3, such as a dilute HC1
solution). The silicon particles, which are hydrophilic,
will transfer to the aqueous phase of the resulting
mixture, leaving the bulk of the chelate-metal complex in
the organic phase. After allowing sufficient time for the
two phases to separate, the agueous phase may be collected
or separated using conventional methods generally known in

the art.

[0053] Regardless of the means by which the saw
kerf is initially treated for purpose removing metal
particles and/or oxide particles therefrom (including from
the bulk of the silicon particles themselves), the
resulting portion thereof that includes the silicon
particles (e.g., the solid particle mixture that remains

after treatment with the aqueous acidic solutions, or the



and/or nickel, to diffuse fromthe bulk of the silicon particles present
therein) . A suitable chelating agent nay be sel ected from anong those
gener al | ywbnown7s1r4t he art, including for exanpl e knownPpalrdszécpemhel at i ng
agents (e.g., 5-nonyl-2-hydroxybenzal doxi ne, or "P50") , which are known to
be effective to sequester, for exanple, copper. The resulting slurry may
then be contacted and agitated (e.g., shaken) with an aqueous, acidic

sl Ut 0N 4 hys Bisplaition, haus, ar R between, about, & and dess.dhan about 7

, or between about 2 and about , such as a dilute HOJ solution) . The
silicon pardn ciles, lui oteare hiydriophid icygamid) t mensfler fuwrtheer aqueous
phase of the resulting m xture, |eaving the | kK of the chel at e-netal
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phases to;$@par ad.e,dt el agiiequse phases diayybe 6old.eed.ed orssepasat ed using
conventional nethods generally known in the art . [0053] Regardless of the
means by RUFRI T HES a9 Ketd §&0 i i Tiisyeteated ¢ oreirgdose rishovi ng net al

part!cles; apdlar axd de.pardd digs ddierald om (d gl yllng drom Lhe, bul k of the

silicon partic ensel ves) , the resulting portion thereof that includes
the siliconl pardemdest{ien gogindefsolhalr phrttd icled mMaitanre ddlatw)r ermids after

treatment with the aqueous acidic¢c solutions, or theaqueous phase resulting
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may be further treated as necessary (e.g., filtered to renove excess water,
or dried, or used directly) , in order to suitably

C. Froth Flotation

[0054] In another embodiment, the saw kerf may be
contacted (e.g., rinsed or washed) with a mixed aqueous
solution of hydrochloric acid (HCl) and hydrofluoric acid
(HF), in order to dissolve and remove metal particles or
contaminants (HC1 solution), and oxide particles or
contaminants (HF solution) present therein, and/or to
remove metal contaminants present on or in (e.g., present
in the bulk of) the silicon particles, and further to
effectively separate the silicon particles from the
contaminants dissolved in the solution. Specifically, it
is to be noted that, in this solution, silicon is hydrogen
terminated, and therefore is hydrophobic. It is therefore
attracted to gas bubbles that form on its surface, while
in the presence of HF. A froth is generated as a result
of the volatile fluorides that are formed, and floating at
or near the top of this froth is the visible gray sheen of

silicon particles.

[0055] The concentration of the respective acids
in solution, and/or the ratios of the two acids in

solution to each other and/or the concentration of silicon



prepare the solids for a subsequent solid separation to isolate and recover
the desired silicon particles (the solid separation being further detailed
herei n beWowp1o/078avd optional |y recover,4 he abrasive grapos/ussoombdcis C .
Froth Flotation [0054] In another enbodi nent, the saw kerf nay be contacted
(e.g., rinsed or washed) with a m xed aqueous sol ution of hydrochloric acid
(HA) and hydrofluoric acid (HF) , in order to dissolve and renove netal
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contam nants (HF solution) present therein, and/or to renove netal
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t he saw kerf, and/or to
however, a ratio of about 75 to about 125 ml, or about 90
to about 110 ml, and in particular about 100 ml of a
dilute HC1l solution (0.5 to about 0.25 normal (N), or
about 0.75 to about 0.2 N, and in particular about 0.1 N),
is mixed with between about 5 and about 20 ml, or about 8
and about 16 ml, of an HF solution (the HF concentration
therein being between about 40% to about 60% (by weight),
or about 45% to about 55%, and in particular about 49%).
This solution is then typically applied to or mixed with
about 20 to about 50 grams, or about 25 to about 40 grams,
and in particular about 30 grams, of solids (e.g., saw
kerf material), resulting in a froth that is about 5 to
about 8 time the volume of the initial liquid + solid

mixture.

[0056] As disclosed in the working Examples below,
a exemplary hydrochloric acid and water mixture or
solution may have a ratio of about 1:9 36%HC1:H,0, while
the frothing solution may comprise a mixture of H;O, HF
(49% solution) and HC1l (a 36% solution) in a ratio of

about 10:3.125:1 (e.g., about 250 ml:80 ml:25 ml).

[0057] Once formed, the froth may be separated

from the remaining liquid or solution, using means



maxi m ze dissolution (and thus renoval) of nmetal and/or oxide contam nants
present therein. Additionally, the concentrations and/or ratios of the two
aci ds maywbeonld7ez7ed to ensure an apprppriate or sufficiremusasmonisiof froth
is formed (e.g., a sufficient amount to effectively suspend or float the
silicon present therein) . Typically, however, a ratio of about 75 to about
125 m, or about 90 to about 110 ml, and in particular about 100 M of a

dilute HQes0lution (0.5 1,0 ahout 0. 25 for el 1 (N; A1 abaut; @, 75,1 0 about
0.2 N, gnedr%%n pafti cul arl about Or.l %,&i's m xe@vﬁth <?‘le)t vvelen largyo)ut 5 and
about 2 Omdg arllabowd 8 @rel about oy g afieh HE sldwgd oo (itde HF

concentration therein being between about 40%to about 60% (by weight) , or
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then typigald vzl i@t Qe Mxead Wddhabopts2 A te@hauti §O) graas, or
about 25 to about 40 granms, and in particular about 30 grams, of solids
(e.g., saWwkerdr maerisd clausRis feisia froth that is about 5 to about 8
time the volunme of the initial liquid + solid mxture . [0056] As disclosed
in the working Exanpl es bel ow, a exenplary hydrochloric acid and water

m xture or solution may have a ratio of about 1:9 36%iC1: H 20, while the
frothing solution may conprise a mxture of HO, HF (49% sol ution) and HC
(a 36% soduti d¥9lidh Sepamatia about 10:3.125:1 (e.g., about 250 ni: 80 ni:
25 m). [0057] Once forned, the froth may be separated

[0058] After the saw kerf have been treated to
remove metal and/or oxide particles and contaminants, the
resulting solid particulate mixture, which comprises
silicon particles and abrasive grains (e.g., silicon
carbide particles), may be separated using one or more
means generally known in the art, including for example
means capable of separating particles based on mass (e.g.,
weight or density) or size. Exemplary devices suitable
for this type of separation include a hydro-cyclone
separator or a sedimentation centrifuge, both devices
being commercially available. Alternatively, and as
further detailed herein below, provided there is an
adequate difference in the diamagnetic properties of the
solids that are to be separated (such as, for example, the
differences between silicon and silicon carbide
particles), a magnetic field gradient may be applied to

the particles to separate them.

[0059] In this regard it is to be noted while the
solids may be separated after treatment to remove metal
and/or oxide particles or contaminants, in an alternative
approach the solid particles may first be subjected to
some form of separation technigque (as noted above),

provided the contaminants do not prevent an acceptable



fromthe remaining |iquid or solution, using nmeansgenerally known in the
art (e.g., filtration or skimmng) . Once collected, the froth may be dried
for |aterweabiodh7separation, or directly, subjected to anpapprse@iostses sol i d
separation technique (e.g., density solid separation), as further detailed
el sewhere herein. 3 . Solid Separation [0058] After the saw kerf have been
treated to renove netal and/or oxide particles and contam nants, the

resul ti ng, Al d partiou aledi xidir e M o GO s, Sld 10t pardd ¢l es and
abrasive grains (e.g., silicon carbide particles) ; may be separated using
one or nortes rdarss geneyed drys kndwr igxdiel e tin i solaidimgt frore examl e means

capabl e of. separating particles based on nass (e.qg.,, weight or density) or
Size. Excfipl Hr3 divA Ces S TR POt i 4 Ly BE i b ghrdiT gt 1 (e
hydr o- cycdone, separat Qfaofi @useditend atiom centyidaigese hoth, devi ces being

commercially available. Alternatively, and as further detailed herein
bel ow, prioveTdRedUHET 3% R RidERiat T efETrtel 9Th e kF atfagneti ¢

properti eécé)écpeézﬁgleg%é%o& hat, aé&;pné Sél%lengsecpf?é %Ffﬁfidééém&ﬁ??neés;?{s exanpl e,

the differences between silicon Icon car e partic a magnetic
field gradieawsyebe, dppldedk ttdhd hel pardn gpaast 1ol separtet ealideenivd 0059] I n
this regard it is to be noted ile the solids ma e separated after
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al ter nat iy.er@ppProachy fhes sof i & party o esrdmnf iwstgbes sibj eated 10s
to allow for separation (metals and metal oxides typically
having substantially higher densities than silicon and
silicon carbide). The resulting silicon particles may
then be subjected (or optionally subjected) to one or more
of the technigques previously detailed above, in order to
remove the metal and/or oxide particles or contaminants

still present therein.

A. Mass Separation

[0060] Typically, the materials that are to be
separated by, for example, centrifugation in the solid
particulate mixture are silicon, which has an average
density of about 2.33 g/cm’, and silicon carbide, which has
an average density of about 3.22 g/cm’. Additionally,
silicon dioxide has an average density of about 2.26 g/cm’,
but this can generally be removed by an acid wash or
treatment of some kind as previously detailed herein,
silicon dioxide for example being dissolved in a

hydrofluoric acid solution.

[0061] Centrifugal separation of the solids may
optionally being aided by the addition or use of a “heavy



sone form of separation technique (as noted above) , provided the

contam nants do not prevent an acceptabl eanount of the silicon particles

from bei goepe7sd7ed from t he abrasi vez%rai ns. For exanpCe/us2onodeaves

i nstances the silicon particles may be bound in some way to the abrasive

grit, and in particular to silicon carbide present. |If these bonds can be
broken, centrifugation may be an acceptable nethod for separating the

various conponent s.ipf the saw kerfy; hecause | gﬁéﬂééw partdel es, the

abrasive grit (e.g., silicon carbide), the ne and the oxide particles
have suf fdeienty ysuli fferent]l weilghts or densidtiesidalos abdiow f or separati on

(nmetals and netal , oxi des, typically having substantially higher densities
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[0060] Typi.cally;od W?il”?tte;&ilaéaﬁlt?ax%e %eecv&é)erpeagﬁpé‘rz"‘.tqeﬁcrpyanfor exanpl e,

centrifugation in the solid particulate mxture are sii’icon, ich has an
aver age demsit y3 of @bout, 2033 pgledmradplandidill beobetarkindepowhi ¢h 3has an
average density of about 3.22 g/em3 . Additionally, silicon dioxide has an
average dEHITt v 6f 3080t 22226 /Gftm 3, but this can general |y be rempved by
an acid wash or treatnment of sone kind as previously detail ed herein,

silicon dioxi depder] exanpl ecrbed ng=gissolveds ith e noted that there
are several potentially suitable fluids that can be used
in the heavy ligquid centrifugal separation, the term
“heavy liquid” being generally known in the art. Examples
of suitable heavy liquids, and their respective densities,
include: iodomethane (CHsI), 2.2789 g/cm3at 20°C;
diiodomethane (CH,I,), 3.325 g/cm3at 20°C; bromomethane
(CHBr3), 2.889 g/cm3at 15°C; tetrabromomethane (CBr,),
2.961 g/cm’ at 100°C and 3.420 g/cm’ at 20°C; hydrogen
iodide (HI), 2.850 g/cm’ at -47°C and 2.797 g/cm’ at -
35.36°C; bromine (Bry), 3.1028 g/cm’ at 20°C; potassium
fluoride mixture (KF-2H,0), 2.420 g/cm’ at 20°C; and,
agueous heteropolytungstates, which typically have
densities from about 1 to 3 g/cm’ at 20°C.

[0063] The suitable heavy liquids have differing
properties and costs associated with them. For example,
iodomethane and diiodomethane are good for microscale
tests when mixed with each other, but can be toxic and
mutagenous. Bromomethane may be ideal for microscale
testing, but can also be toxic and mutagenous. Hydrogen
Iodide can be toxic as well, but does provide an ideal
density separation for silicon and silicon carbide.

Bromine can be toxic and difficult to handle due to its



hydrof l uoric acid solution. [0061] Centrifugal separation of the solids may
optionally being aided by the addition or use of a "heavyliquid, " the
appropri ave 2biogqusri4bei ng sel ected to e a density suf Pcrivseabypemhose to
the materials being separated to aid in the separation. For exanple, when
separating silicon and silicon carbide particles in this way, the density
of the heavy liquid or fluid used in the separation will typically be

bet ween and.abo / [l . be between
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ez O
pot assi um fl uori de nlxture (KF- 2H20), 2.420 g/cm 3 at 3’ aqueous
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3 at 2 C . 0063] The suitabl e heav UIdS have differin roperties
and cost s A5<OE At etdq%\ﬁeﬁgﬁf% 9%0rS ee%a?ﬁpque Y‘Rﬁ héa gccﬁ) 9 odonet hane
are good fofuid c4OSERA| &nd the silicon layer can be scraped off

after freezing of the container (and contents thereof).

The mixture can also potentially etch silicon oxide on

silicon, which can be advantageous during separation

operations to break up chemically bonded agglomerates of

silicon and silicon carbide, when bonded by thin layers of

native silicon oxide. (See, e.g., H. Noguchi and S.

Adachi, Chemical treatment effects of silicon surfaces 1in

agqueous KF solution, Appl. Surf. Sci., Vol. 246, Issues 1-

3, pages 139-48 (June 15, 2005)).

[0065] Of the suitable heavy liquids, hydrogen
iodide, bromine, bromomethane, the potassium fluoride
mixture and the agueous polytungstates are typically the
most practical candidates for use. Suitable aqueous
polytungstates include polyoxytungsten alkali salts that
are capable of being partly substituted with any of the
group consisting of potassium, arsenic, silicon,
germanium, titanium, cobalt, iron, aluminum, chromium,
gallium, tellurium, boron, iodine, nickel, molybdenum,
beryllium, platinum, and the like. Suitably, sodium
polytungstate (SPT) and lithium polytungstate (LPT) are

used as the heavy liquids.



tests when m xed with each other, but can be toxic and nutagenous

Br ononet hane may be ideal for mcroscale testing, but can also be toxic and
nmut agenouwso 2bidrrezyen | odi de can be toxj£ as well, but dees/yscawioswsian i deal
density separation for silicon and silicon carbide. Brom ne can be toxic
and difficult to handl e due to itshigh vapor pressure. Further, brom ne has
been known to cause health effects associated with nental capacity.
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m xture and 4:he @&uﬁousSm)ytf@@gﬁtl@t el ntt¥RireRly skhe ramstnpracti cal
candi dates for use. Suitable aqueous
process, particularly given that cryogenic hydrogen
iodide, which may be used or formed therein, has a density
within the range bounded by the silane particles
themselves and the abrasive grains (e.g., silicon carbide

particles).

[0067] It is to be noted that conversion to SI4 is
a potentially attractive option, particularly due to the
potential for carrying out the conversion in a cost-
effective manner. Todine may be a naturally-occurring
element of a silicon/silicon carbide separation process,
and an iodide-based reactor process is known in the art to
be readily available (See, e.g., Cisek, et al., Solar
Grade Silicon from Metallurgical Grade Silicon Via Iodine
Chemical Vapor Transport Purification, National Renewable
Energy Laboratory Publication, NREL/CP-520-31443 (May
2002)) .

[0068] It is to be noted that the process
conditions used for solid separation (e.g., type of
equipment used, number of cycles or revolutions through
the device, or duration of the separation process), and/or
the type and/or quantity of the separation aid (e.g.,

heavy liquid), used may be determined experimentally using



pol ytungst at es i ncl ude pol yoxytungsten al kali salts that are capabl e of
being partly substituted with any of the group consisting of potassium
arseni c, wWol2omenrg27ger mani um titani umsgcobalt, iron, al egirnusa09obycosri um
gallium tellurium boron, iodine, nickel, nolybdenum beryllium platinum
and the like. Suitably, sodium polytungstate (SPT) and lithium

pol ytungstate (LPT) are used as the heavy liquids.[0066] In an alternative
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[0069] As previously noted, silicon and, for
example, silicon carbide, have different diamagnetic
properties that can be used to separate them by a strong
magnetic field gradient, which may be configured or
designed using technigues and methods generally known in
the art. Conventionally, there are three ways to make a
magnetic separation. The first method involves water, the
second method involves air, and the third method involves
oxygen (which is a paramagnetic material). During the
oxygen separation method, the magnetic forces on
diamagnetic materials can be enhanced. (See, e.qg.,
patents referring to paramagnetic fluids aiding in
levitation of diamagnetic materials in magnetic fields,
EP1181982, U.S. Patent No. 7,008,572 and 6,902,065).
Applying these known magnetic separation techniques, in
combination with the use of permanent magnets, may present
a cost-effective manner in which to magnetically separate
the particles of interest in the present disclosure. The
permanent magnet may be, for example, a neodymium magnet
of the NdFeB type, and in particular the permanent magnet
may be Nd,Fei4B.



be readily available (See, e.g., Csek, et al ., Solar Gade Silicon from
Metal lurgical Grade Silicon Via |odine Chem cal Vapor Transport
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non-uniform magnetic field of about 3 Tesla between a

first and a second pole. The magnetic field lines in

Figure 5 display the cross section of a toroid around an

air core. With the design of Figure 5, it is possible to

run a capillary tube down the center with particles

flowing inside. A combination of gravitational forces and

magnetic forces will then force particles to either side

of the capillary.

[0071] Referring now to Figure 6, it is possible
to calculate HgradH in the core of the magnetic field from
left to right, which can then be used to calculate the
forces on the particles within the field. The present
disclosure found that in small areas, it is possible to
obtain an HgradH from about 5-10%° 2%/m° to about 6-10%°
A’/m’. The terminal velocity of a sphere in a fluid is

calculated by:

(Equation 1)

a2
V(l’ ) - 9772r (g (pSolid = P fluia )+ Ho P soiia (Z Solid (mass) — A fiuid (mass) ))H[C;—Zj
fluid



di amagnetic materials can be enhanced. (See, e.g., patents referring to
paramagnetic fluids aiding in levitation of diamagnetic materials in
nmagnet i ¢ Woebten7sE®1181982, U.S. Paten{; No. 7,008, 572 amrdTAISI2/06B%) .

Appl yi ng these known nagnetic separation techniques, in conbination with

t he use of permanent nmagnets, may present a cost-effective manner in which
to magnetically separate the particles of interest in the present

di scl osur,g,. Jhe permanent magnet may be, for exanple, a neodym um magnet of
the NdFeB type, and in particular the permanent nmagnet may be Nd2Fel 4B
.[0070] As is generall y-recagu.zed icm’rHeaarb93di amagnetic materials are
repelled frommagnetic fields by a force proportional to HgradH.
Accordingly, andm:efer rilng Ifow0tocFi'gare 5 , a magnet arrangenent used for
maxi mum HgradH at the center.is illustr i ch icﬂl suitable for use in

at ed,
accordance wi th theé Presert b di'stosire’ ¥of Yeparatf ot 61 con parti cl es
from ot her pa(rJ_;i cl g§t,9Pes%%§NtiFr}l/tal}§erpe)eed solid particulate sanple (e.g.,
i . Thi's C

silicon carbid€ particles) rrangenment produces a non-uniform
magneti ¢ fiel d oftlaboidrdi rlels e hetween @ fhe stamand e secambipod er The
magnetic field lines in Figure 5 display the cross section of a toroid
around aniitheof el WEH Ahel Wes it off Fiigt*®S By #t is possible to run a

capi || ary, tube. down. 1 he. pens er, wi L parti cles, £l owinainsige.c A gondi nat i on
of gravitational forces and magnetic forces w then torce particles to
ei ther sidge of (thes caphl:Lbaty. the density of the separating fluid,

e.g. in kg/m’);

z is the direction of force exerted by gravity (i.e., it

is the coordinate of “up” and “down”); and,

H is the magnetic field in units of Amperes/meter (A/m).

[0072] Referring now to Figures 7 and 8, by using
the data displayed therein, it is possible to calculate
for expected particle size ranges the terminal velocity of
particles in water. Due to the combination of forces of
magnetism, liquid viscous drag, gravity, and broad size
distribution, separation by this magnetophoresis can be
difficult in water. If, however, the particles are dried
and suspended separated in air (as opposed to bonded to
each other), and HgradH is increased to 2-10'° A%/m°, then
it is possible to produce separating motion based on the
particular chemical identity of the particle. Through the
use of ligquid oxygen or ligquid air, the permanent magnets

can support the particles.

[0073] Referring again to Figure 6, and now to
Figure 9, the central region of Figure 9 illustrating the
center of Figure 6 in schematic form, it is to be noted

that by utilizing the magneto-Archimedes effect, the



[0071] Referring nowto Figure 6 , it is possible to calculate HgradH in
the core of the magnetic field fromleft to right, which can then be used
to cal culwoeotinesier ces on the particlgs within the fielrdT/USb@opsesent

di scl osure found that in small areas, 1t is possible to obtain an HgradH
from about 5-10 15 A2/nB to about 6-10 15 A2/nB . The term nal velocity of
a sphere in a fluid is calculated by: (Equation 1 ) (nmass)where : Xwater

| mass) ‘mat7erla1159%a?n Gd é&éée?d/lrgg@ {h O3 1 LBUMBSS)s 1 ﬁigur?'eslz 107

cnVg; g is acceleration of gravity 1n the z- dlrectlon rrO = -10 7
newt on/ anperred 24 ar(d )ratsattde serthatal thestocig yarofuzmmr med ch@mr radi us r

in the zcgé ction in water of VI 05|t t he eé% of the
mat eri al Td By THEe Stivrs ¢t pjt ‘%ieh% Jlglﬂref s’the density of the
separ at i rtgjﬁﬂll«ﬂcﬁ,are-agardé'blkgiﬂﬂcﬁﬁy ;;'aﬁtsldlmes it ectd oy ofi f orces exes ted by

gravity (i.e., 1t is the coordinate of "up" and "down"]i ; and, His the
magnet i c YRR G % s OFLANTE Y et {awtrcleg oorpld Rcéje]rrl ng now to

Figures 7and, 8 .o DY wsi g, hedata, displayedd hesgid.of tols, Agssibl e to

cal cul at e expected particle size ranges the term n y of
particl esb/lea'nwbaitleaf, $lei dan tdeerkoioddiavat i oinl ioforf aticesi df wmghnetism |iquid

vi scous dr%%aléﬂﬁggﬁé%lciTﬁt”éﬁ%%éﬂ&éﬁ in the upper chamber. This
configuration is also known as a magnetic filter. As
shown in Figure 10, wherein the terminal velocities are
mm/min, essentially only silicon can be forced through the
gap under gravity, whereas silicon carbide and silicon

dioxide are suspended in the upper chamber.

[0074] It is to be noted that it may be possible

to apply extra force on the particles by using a
paramagnetic material (e.g., oxygen), where ¥riuiqmass) Ras a

large and opposite sign tO Ysoiidmass) i Equation 1.

[0075] Figure 11 further displays a practical
implementation of the disclosed method. Figure 11 is a
magnetic arrangement of Figure 6 extended as an inclined
tube structure several meters long. The aerosol is
injected at one end and at the other end the lower channel
feeds a silicon bin and the upper channel feeds a kerf
waste bin. That 1is, the silicon carbide and silicon
dioxide are fed into a bin that collects particles from
the upper chamber, whereas the silicon particles are fed
into a separate bin that collects particles from the lower
chamber, as depicted in Figure 11. In the implementation
of Figure 11, ligquid air may be needed in some instances,
such as for 40Moe permanent magnets. Liguid air has a

viscosity of 0.173 cP at -192.3°C, a density of 0.87



di stribution, separation by this nmagnetophoresis can be difficult in water.
| f, however, the particles are dried and suspended separated in air (as
opposed twohworwuesz7to each other), and {igradH i s increasedTius2@9080616 A2/ nB,
then it is possible to produce separating notion based on the particular
chem cal identity of the particle. Through the use of |iquid oxygen or
liquid air, the permanent magnets can support the particles. [0073]

Ref er i ng, agai n 40 B gUieboncRnd NWALARigUne g oo hedtentnalaigal on of

Figure 9 illustrating the center of Figure 6 in Schematic form it is to be

not ed that4dylQiti thziqg the hegniei o ifr chilredesl ef fettgtdd@hdtierti al s can be
pl aced into the configurations of Figures 5 and 6 and rotated so that there
P an UpdeY dit TR T Harber 6f THEHTOr ST G e ar Bgure 0 . By
punpi ng aredefasol ofe dyaparticl€ssireddaui g @iddidio ddhe wpper chanber,
only the silicon particles would fall through to the | ower chanber under
the forcEDFrYr avdt9e Mearihi1@11%i33 ¢ ohl et i dethd i3 iTeoEdi oxi de woul d
remai n nqgg%f' Ay, suspended in the upper chanber. This configuration is
al so known “as lf'}f%rratganet c filter. As shown in Figure 10, wherein the

termnal velocities are mimn, essentially only silicon can be forced
t hrough the gapQihder griavinay awer das siddCole car bide @ik sillé con di oxi de

are suspended in the upper chanber., [007 It is tqg be noted that it nay be
p0ssi bl 6 Lok ST v R U D He a1l By hATRES par amagnet ¢
materi al Kt niXYgen)so Wheferdbiz U id(d@se hdSerd that silicon

carbide will fall through the magnetic filter to the lower

chamber when HgradH = 0.037-10'° a%/m°.

[0077] In this embodiment, liquid air, the
strength of the magnets that may be needed for a
separation is reduced by a factor of 14, which can bring
the magnetic field requirements within reach of existing
permanent magnet technology. Thus, although reducing the
oxygen content of the mixture might require stronger
magnets, it could then be possible to gain a wider working
range of magnetic field intensity and gradients. As a
result, instead of having difficulty arranging a magnetic
field with a difficult specification, the liquid air
composition can be adjusted for a specific set of magnets.
For liquid air, the working range for maximum HgradH is
from about 0.034-10'° A?/m’ to about 0.037-10'° A*/m’. If
the liquid air composition is 10.5% 0, and 89.5% N,, the
working range is from about 0.066-10'° A?/m’ to about
0.074-10%° A?/m®. The latter composition would have the
same magneto-Archimedes effect if the compressed air has

an oxygen partial pressure of about 6.9MPa (1000psi).

[0078] It is to be noted that an HgradH of

0.25-10'" A?/m’ can be achieved with permanent magnets,



| arge and opposite sign to csoiid(mss) in Equation 1 . [0075] Figure 11
further displays a practical inplenentation of the disclosed nethod. Figure
11 is a mugretoiusamr angenent of Figure;f extended as anpcmalseevedstsube
structure several neters long. The aerosol is injected at one end and at
the other end the | ower channel feeds a silicon bin and the upper channel
feeds a kerf waste bin. That is, the silicon carbide and silicon dioxide

are fed into,ab) ndhatcold cots, narsdal es, from the. unper charbsr, wher eas

the silicon particles are fed into & separate bin that collects particles
fromthe 1 g8ta chiadtesi) as depicted in Figure 11. In the inplenentation of
Figure 11, liquid air may be needed in sone instances, such as for 40Me

per manent magn Liquid air has a viscosity of 0.173 ¢cP at -192.3 0C, a
density of 0.8 g(?7C9n]1 3, aﬁtd W par aneag%r/lue]ﬁ cersur}slocteepc% i B t@qeof&easplpqnoxi mat el y
146- 10 Mg ndgdd it df iad Id/ 4 e onal duer 0f 1 ddp riaet? 4hatia yaye be needed to
forma magnetic filter can be greatly reduced. The exact field strength x
gradi ent CANHE ot rRFIUhGY R IIHAP Y FXture! &l deter mi ned

exper i meni al Ly [O0TB] L 1Y £150, b pOSSLl &40: Separate the 51 con

carbide particles into the l'ower chanber. Referring nowto Figure 12, it
can be seen & hatf Siteconloardide gvd in fiad |ptdgaough thechmagnetic filter to
t he | ower , chanber en radH = 0.037-10 16 A2/mB.. [0077] In this

enbodi nenqe,paflftqiﬁ%v%% %hee Fngth Gt t%%%%&%“{%%@ y needed for

a one embodiment, however, the tubular magnetic filter
suitably has an hour-glass cross-section and the non-
uniform magnetic field has a magnetic flux density of
about 3 Tesla between a first pole and a second pole.
Further, the silicon kerf particles in the magnetic field
gradient can be separated by pressurized gas, liquids, or
cryogenic fluids. More suitably, the silicon kerf

particles are suspended in pressurized gas.

4, Additional Applications

[0080] It is to be noted that, in addition to the
embodiments detailed herein above, the present disclosure
provides a means by which to recover the abrasive grains
from the saw kerf. Once collected, “spent” abrasive
grains may be separated from “unspent” abrasive grains by
means generally known in the art (see, e.g., U.S.
7,223,344, the entire contents of which are incorporated
herein by reference for all relevant and consistent

purposes), the latter being reused in further slurries.

[0081] Additionally, the present disclosure

provides a means by which to prepare a new silicon raw



separation is reduced by a factor of 14, which can bring the nmagnetic field
requirements within reach of existing permanent nagnet technol ogy. Thus,

al t hough wedunvatge7she oxygen cont ent the m xture m gRCTSQMINEI6SE r onger
magnets, it could then be possible to gain a w der working range of
magnetic field intensity and gradients. As a result, instead of having
difficulty arranging a magnetic field with a difficult specification, the

liquid aiy, composi td,an, can he adjdisted for; & speci fdc set of magnets. For
liquid air, the working range for maxi num HgradH i's from about 0.034-10 16

A2/ B8 t o Sboultf QzOBA,10cHS A2V nBon pdritheldd queabadredonposigdwn is 10. 5%
2 and 8 'SO/ENZ Ihe_lr\r%)rkin . range i s .fron%abcgjiut 0. 06 -.10%?1 A2/ nB to about
0. 074- 10 1% 2/HB- 19 THE ISt er" T onposi 11O ot o Have tHe e

magnet o- Ascdidredesi e f@aird f dde wonressed @i dcdiase@an(oxygemdardd al
pressure of about 6.9MPa (I OOOpsi). [0078] It is to be noted that an HgradH
of 0.25- 1A ehrre® dah bermach sved Widsh peritieme Hejret 1811w ng

separat i eﬂ%ﬁﬁg@;ﬂfﬁg%%@ ﬁg&,géejraer@j about 1.8MPa (265psi) . [0079]

It isto note sign of the magnetic field/ system
detailed herein may be optim zed as needed by neans generally known in the
art, and detai l&Bhlerei ;ifarly dihverrsaekerdi smteriad {eogides fara

different, abrasive grain i resent) , without departing fromthe scope of
the. pr eseHioH Gt GRUFELo rf Bne SO s MoV er e {HET (UBIT 1 magnet |
filter suitabl yidasian hiauradgdassocrosss seedion anhddie: nan the
slurry used in the process. The presence of the chelating
agent, such as a chelating agent soluble in an organic
lubricating fluid (e.g., P50 in combination with a mineral
0il lubricating fluid) enable metal contaminants (such as
those introduced from the wire saw) in the saw kerf to be
trapped or sequestered. In this way, subsequent steps
taken to recover the silicon particles, and/or abrasive
grains, and/or the lubricating fluid, form the saw kerf

may be simplified.

[0083] The following Examples describe various
embodiments of the present disclosure. Other embodiments
within the scope of the appended claims will be apparent
to a skilled artisan considering the specification or
practice of the invention as described herein. It is
intended that the specification, together with the
Examples, be considered exemplary only, with the scope and
spirit of the invention being indicated by the claims,

which follow the Examples.



uni form magnetic field has a magnetic flux density of about 3 Tesla between
a first pole and a second pole. Further, the silicon kerf particles in the
magnet i ¢ woebo/gszmdi ent can be separ at by pressuri zedprgagis2000qeicis, or
cryogenic fluids. More suitably, the silicon kerf particles are suspended
in pressurized gas. 4. Additional Applications [0080] It is to be noted
that, in addition to the enbodi nents detail ed herein above, the present

di scl osure provides a neans by whi glslsprggcover the abrasive grains from
the saw kerf. Once collected, "spent*—abrasive grains nay be separated from
"unspent” abrasive grains by nmeans generally known in the art (see, e.g.,

U S 7,223, 344 entire contents of which are incorporated herein by
reference for an(wﬁel eva eﬁ ]coovﬁsrf%trécfﬂ_lpjd?lg%srb%)e,xac“ﬁ%?satac%ﬁ‘ bei ng

reused i npdairtdes s urui@ser [0081dt Add tiranal dosethesresenirdi scl osure
provi des a nmeans by which to prepare a new silicon rawmterial, such as

sol ar grade silicon pellets. Specifically, the silicon particles recovered
fromsaw kerf, using the various enbodi nents disclosed in the present
di scl osure, nmay be further processed (e.g., nelted and shaped) to form

sol ar gr agleargdid CoN Reldn Bary! SN PAEENS JEPAtdtiddhown in the art. [0082]
Finally, the present disclosure provides an inproved process for slicing or
cutting silicon ingots, which involve the addition of a chelating agent to
the slurry used(4pl he provemsinatrl preseraies off tsiel kdwl atg1Ry

prepared from 190 grams of polyethylene glycol (PEG)
suspended saw slurry using SPT as the working heavy
liquid. The PEG was removed by repeated washing with
water and vacuum filtration. When removed, the material
of bulk liquid resembles a hard mud, which could be

somewhat re-suspend on mixing with water.

[0086] Metals were removed from the mixture by
repeated washing with 0.1 normal HCl and wvacuum
filtration. HC1l was used at this step without HF, so that
copper may be removed. This is so because in the presence
of HF, copper and nickel may tend to plate out on the

silicon surface.

[0087] The next step involved treating the washed
solids with HF:HC1l, which re-suspended the particles and
generated copious amounts of gas bubbles and formed a
floatation froth. A grey slick of silicon was observed on
the top surface of the froth, while the liguid underneath
the froth was brown and comprised some portion of the

silicon carbide.

[0088] In this regard it is to be noted that,
without being held to a particular theory, it is believed

that metal from the wire saw acted to create bonds between



agent, such as a chelating agent soluble in an organic lubricating fluid
(e.g., P50 in conbination with a mneral oil lubricating fluid) enable
met al comwerzrartsxz4(such as those intp?ﬂuced from t he wprCce/Utsawp/0659%16 he saw
kerf to be trapped or sequestered. In is way, subsequent steps taken to
recover the silicon particles, and/or abrasive grains, and/or the

| ubricating fluid, formthe saw kerf may be sinplified. [0083] The

fol | owi ng Exampl £s,,0es6y i beyaid qus. enhodirents of, e, present digel osure.
O her enbodi nents wthin the scope of the appended clains will be apparent
to a skiliethtardntsant corsigderidgntheispecith cate ariots pract itte af- t he

i nvention_ as scribed herein. It is jntended that the specification,

t oget her rf%dﬁqhee Cfrésfr% d5hsi derel’ exerpt &y %ﬁ%ﬁor $h the scope
and spirigordiddie imyemdon eing iyndircat edi y ddhe €laidsamhigh fol l ow the
Exanpl es. [ 0084] The follow ng non-limting exanples are provided to further
i 11 ustratfe YR exent! dike IS urle. tiBahipl & 115 B ame Sl Parti cl e

Separ ation [0085] Approximately 3 grans of silicon were prepared from 190

grams of pol yeq(ft)’éaﬁ”e glyeol  {REQ; syspendedy sav sy, usings SHl,as the
wor ki ng heavy li1quid. The PEG was renoved by repeated washing w th wat er
and vacuumfilgpatdan. iWremaamviediuthe(matgrial iroftdutk IrQuiahd esenbl es

coard Mk, 20, SOUL e STBMEL ) SCPARRETS R0 TALIA ML VR o (0088
minutes. During centrifugation, the top of the vial
became enriched in silicon. 1In order to prevent the
collisions of heavy particles with light particles and
forcing silicon downwards, the solids loading in the vial

was limited to about 5% by volume.

[0090] The collected silicon enriched material was
then captured and centrifuged a second time with a clean
mechanical separation. The silicon was then collected in
a centrifuge-filter and the suspending SPT was largely

removed.

[0091] In this instance, the SPT was diluted with
water to a density of about 2.6 g/cm’ and a viscosity of
about 10 cP. This represents the midpoint density between
silicon and silicon carbide and was believed to be an
ideal density to analytically separate same-sized
particles. The size distributions of the particles were
then taken and essentially no particles smaller than 100
nm was found to present. Particle size measurements
showed that about 99% of the silicon particles were larger
than about 500 nm; as such, the optimum density and
viscosity of the SPT liquid could be adjusted for
separating 100 nm silicon carbide particles from 500 nm

silicon particles.



repeated washing wwith 0 .1 normal HCO and vacuumfiltration. HO was used
at this step without HF, so that copper nay be renpoved. This is so because
in the prweanna7ef’4HF, copper and nick may tend to pl ace/usoavomdcidhe
silicon surface. [0087] The next step involved treating the washed solids
wi th HF: HC1, which re-suspended the particles and generated copi ous anmounts
of gas bubbles and forned a floatation froth. A grey slick of silicon was

observed on thed surfage,of the frotih, while g -inqﬂlilqjéﬁ%eg eath the
froth was browﬁO an corrpricés%ed sone portt%oan of the%%li con car idipé. [ 0088]

In this regartPTt dstamnbesdidiyedtdatif it houtsbet ngatheldf ¢ casegarti cul ar
theory, i el i eved that. netal fro.na saw acted to create bonds

i . th 1)
bet veent HeEPs: 91 GOt Bt bt b e Dreentos PAhe SoTs d- i Rt e. The treat ment

of the salighmindi e Md hetdenacinsm atdss 119, debondnd hesiddcoiy from t he
silicon carbide. After debonding, the material was washed with water and
vacuum f i $eRFEL 1t | (thheoPHTBIM tdRNF I o 3 <CHpprekl matfetgpe .14 0089] The
resultin |d i xtur - - oy heav, iquid (in
hi's i novance SPTY Sind Centt I ubed &1 ABDr b Aoy 17600 & Far

appr oxi med Il 7dhdr vt esinDuwm ngeerd tidugdtn oy the 38p aofmpdwe=oitad becane

enriched in silicon.. In order to prevent the colljisions of heav articles
Wi th 1| GRS ar T sl Gt T T 91 | CohP orivardls, - e ST U 3hdi ng i n
the vial wasiddmded {@ ghout; &Ly vol une.
[0093] In another test, polysilicon dust was

rinsed with about 0.1 ml to about 0.3 ml of water. The

material was then centrifuged five times at about 4,000 g

each time, which forces water through the packed solid,

and a filter membrane that was present therein. (In this

regard it is to be noted that although 5 centrifuge passes

were calculated here, fewer centrifuge passes may be used

within a purpose-built, automated and optimized system.)

[0094] An HCl solution (approximately 0.1 N) was
then used to rinse the centrifuged material (about 0.1 ml
to about 0.3 ml), and then once again it was centrifuged
five times at about 4,000 g each time. The vial was then
filled with the HC1l solution again, so that all of the
silicon dust was covered. The resulting mixture was then
aged for 24 hours (to help remove bulk metal contaminants,

as further detailed in the following Example).

[0095] After aging, the silicon kerf waste
material (now polysilicon dust) was rinsed with about 0.1
ml to about 0.3 ml of water and then centrifuged five
times at 4,000 g each time once again. The resulting
silicon solids were then dried for about 12 hours at about

40°C.



[ 0090] The collected silicon enriched material was then captured and
centrifuged a second tine with a clean nechani cal separation. The silicon
was then wol2bmot7ezrf4i n a centrifuge-fil{er and the suspemdirns2@8hcwas

| argely renoved. [0091] In this instance, the SPT was diluted with water to
a density of about 2.6 g/cm 3 and a viscosity of about 10 cP. This
represents the m dpoint density between silicon and silicon carbide and was
bel i eved gpuye1 & i dapliansidy dsha@ydic |y separate sane-sized
particles. The size distributions of the particles were then taken and
essentially no particles smaller than 100 nmwas found to present. Particle
si ze measur eneM & showed ¢ hateabout 1 9% tofd t heorsd Iniefonl particl es were

| ar ger thgnntaaboiut rlStOSO nn ,as succ_hdi%j)ges ocptf'rrmm dieinigcich?’ ang i\/éfcsosi ty of the
SPT |i quid'tould Be adjisted $or Separati ng 100 nmsi't ifcon car®di de

particl esyfaroim S0dimestdiLon, pagdd elas.d (92 odkiQureinds. i IBpsidiates and
opti mum density for SPT, determ ned by the differing size cut-offs used for
silicon antf siddcTn rarbi e Dt | KT IN 13 5L S pet i ekt arfd the mi ni mum
density t - %g] 1l h i 4 [ i s circled)
. Figure gﬁé%lﬂ 2€Od| e os%“(sg a%g%%%gﬁbéélngoe@%dlﬁ%ﬁ}gsﬁ%ﬁ t he SPT
and the nim manmseparat | dhadensidly iof SR clonmpaledou lok tden symimet red

rodont ton vel9ELid S Elcine S om o 1L 1gen. S4B, Pt o oo

boundary.

(Equation 2)

= n+1 2 2
u(r,t):uoz_a E {(_1) sin[nmﬂjepr_n 72 Dtﬂ
r n a a
1

Where u is the transient and u, is the initial

concentration of contaminant, D is the diffusion
coefficient, a is the particle radius, r is the radius of
the particle in guestion, n is an integer in the summation
series and t is time. The function u(r,t) is well-
behaved, and the total amount of material in the spherical
particle at any time can be determined by a term-by-term

integral on r.

(Equation 3)

a

I(t) = J‘u(r,t)47rr2dr

0

Egquation 3 represents an integration with respect to the

radius of the metal content of the sphere at any given



rinsed with about 0.1 m to about 0.3 m of water. The material was then
centrifuged five tinmes at about 4,000 g each tine, which forces water

t hrough twe 2pewkert4sol i d, and a filtersgrenbrane that wagcprusse@ancisher ein.
(Inthis regard it is to be noted that "although 5 centrifuge passes were
cal cul ated here, fewer centrifuge passes may be used within a

pur pose-built, automated and optim zed system ) [0094] An HO sol ution
(appr oxi nat t |:Hggg terial
(about On%r%'yto alloToﬂth%g Ov%ésrﬁ al;%??zhevﬂe%éngﬁla%%clﬁﬁ%% centcﬁifﬁged five
times at f&bout ¢; 000 g:Y@a’mJImanb pideedu s was ¢dhlernufud | leghahittdy t he HCO
solutionﬁggﬁln so, that all of the silicon dust was covered. The resulting
m xture d%ed for 24 hours (to help renmove bul k netal contam nants,
as further detailed in the foll ow ng Exanple) . [0095] After aging, the
silicon kerf waste material (now polysilicon dust) was rinsed with about
0.1 m togmahout; O, 3y of water and then centrifuged five tinmes at 4,000 g
each tinme once again. The resulting silicon solids were then dried for
about 12 hours at about 4Q0C . Exanple 2 - Bulk Metal Contam nation [0096]

As previously n ed &ﬁo f con a nants ng%1X -l fif used from
silicon particl wn (ﬂ B perpod pof tine. By using
af’ 't

the foll ow ng dlffusﬂo ion serles solutlon s possible to
calcul ate the bulk netal out-diffusion fromthe partlcles The nodel is a
uni formy bul k contam nated

[0097] In these equations, when a=1 and D=1, the
time dependant out-diffusion of material yields the

results disclosed in Figures 15A and 15B.

[0098] In the first sample that was separated, the
bulk content of copper was 47 ppma and the bulk content of
nickel was 0.21 ppma. It can be noted that if the tests
were run on Czochralski silicon ingots, as opposed to
solar grade ingots, the bulk copper may be reduced by a
factor of about 47,000 and the bulk nickel may be reduced
by a factor of about 105.

[0099] For copper in 10 ohm-cm silicon at 20°C, the
diffusion coefficient is 364 um?/min. For P(++) silicon
the copper diffusion coefficient is 0.3711m9/min. In P(-)

silicon at 20°C, the nickel diffusion coefficient is 0.427
pm?/min. The following Table 3 discloses the calculations
of out-diffusion time of bulk metals for a 7-micron, oxide

terminated silicon particle, at 20°C.



sphere, where the copper/nickel is forced to zero on the boundary.
(Equation 2 ] Wiere uis the transient and U0 is the initial concentration
of cont arwoanto/o7874s the diffusion coefficient, a is thecparstemwessn@di us, r
is the radius of the particle in question, nis an integer in the sumuation
series and t is time. The function u(r,t) is wellbehaved, and the total
anmount of material in the spherical particle at any tinme can be determ ned
by a termby-termintegral onr . gEgyatgon 3 ) a [{t)= u(r,t)4pr2dr
Equation 3 represents an integration wth respect to the radius of the
metal cont et CH fa&%dsgﬂfé%laéf@s’l xS't%lE'JP,b 1k m QEASL i xE afion 2 were
pl ugged into quatlon or e normal procedures o calculus | ead
to Equati on 4micxdrguaizxicde 4i)e:(mi\na(téhl (sxl:nﬂqsn Pdftick) Bt REW.np ) +np
cos{np )) @ [0097] In these equations, when a=l and D=I, the tinme dependant
out - di f f ys-en—ef—matertal—ytelds the resgi-ts—dirselosed in Figures—315A—and
15B. [0098¥ Y5  PHe firs g@ﬁﬁ'e that M%%j§éﬂé at'ad? it Byl k- cohtent© of
copper was 47 ppma and the bqu(ﬁﬁﬂ?ﬁWlQﬁt%ﬁ%béP“W@@H@@?P%ﬂN@P“?% can |be
noted that if the tests ywere run 6@bchral ski @®PrEdon i ngot s (M&3UBpHbsled
to

d
;

Si 10 ohm cm Cu 47 0.001 0.14
Si 10 ohm cm Ni 0.21 0.002 0.48
Si about 0.005 | Cu 47 0.001 137
ohm cm

[00100] It can be noted that by waiting a few

hours at room temperature, bulk nickel and bulk copper
will plate out onto the surface of an oxide coated

particle.

Example 3 - Froth Flotation

[00101] A procedure for initial separation and
enrichment of silicon particles using froth flotation was
performed by hand to substantially lower the mass-load
needed for a centrifugal based separation system. In this
Example, 47.0818 grams of saw kerf particles were treated
to produce silicon enriched froth (the saw kerf being from
a different batch than those analyzed and shown in Table
1). A vacuum filter of 250 ml liquid capacity was used

with a 0.45 micron PVDF filter for rising and de-watering.

[00102] The following segquence of steps were used

here:

(1) the waste was rinsed with 250 ml H,O twice:



sol ar grade ingots, the bulk copper nmay be reduced by a factor of about
47,000 and the bul k nickel may be reduced by a factor of about 105. [0099]
For coppewoiniol@szamcm silicon at 2 C , the diffusiorcramsbdmoosené is 364
m2/ mn. For P(++) silicon the copper diffusion coefficient is 0 .371
m2/mn . In P(-) silicon at 2 GOC , the nickel diffusion coefficient is
0.427 nm®2/ mn. The foll ow ng Table 3 discloses the cal cul ati ons of

out-di ffusjon tine of, & kl r’@a@@lrﬁ 1.8 AN £F o, g oxdde-t g .nated silicon
particle, at 2 Q0C . Tab Cal cu ated out diffusion time of bulk metals
for a 7 -(i crcbwalrmddmteersﬁluIaJ@ohrsilanmrtmmElm 220G ROULO00] It can
be noted th t by waiting a few hours at room tenperature, bul k nickel and
bul k cop 11 plate out onto the surface of an oxide coated particle .

Exanpl e 3 ) Friod herid otadid oni { P00 gA qHecedurerdtiddgiddale sgparation and
enrlchrrent of silicon particles using froth flotation was perfornmed by hand

t o subst dr:&9E: @\ﬁéﬁctlh@5r%§§ IB8ad lieed&d /f or a centrl fugal based

separatio sy & hi particles
wer e trea{sed tséo%onro uce s% Ti%on eaﬁcrelcgh c?frot % s%%gﬁ tbe| ng froma
di ff er entbdxaiteh dhan 4 hosel ahaly Zedhands shown in TabI el) . Avacuum

filter of SOrH]ee wdcpfamt% was used with a 0.45 cron PVDF filter
for risin %Cg H0T0 2 he” 610w 'hg’ Fettience: Wit 40 were used

1,800 ml:200 ml H,O:36%HCL;

(7) captured froth rinsed in the vacuum filter with 1,000
ml H,O;

(8) the recovered paste was dried and weighed;

(9) the paste was etched to remove silicon using 4:3:1

H,0:49%HF:70%HNO; until gas generation stopped; and,

(10) the surviving material was dried and weighed.

[00103] The recovered dried froth contained 0.3085
grams silicon carbide and 0.3295 grams silicon. The
recovered silicon was expected to be about 0.011%47.0818
(see Table 1) or about 0.52 grams. As the froth in this
sample contains more than expected silicon, the gross
separation of silicon from silicon carbide was achieved
with 0.3295/0.52*100 egquals about 63% efficiency, and an
enrichment factor on the order of

(0.3295/(0.3295+0.3085))/0.02 equals about 26.

Example 4 - SEM Imagery

[00104] For SEM imagery and size distributions,
samples of silicon particles were collected on a 0.45

micron polyvinylidene difluoride (PVDF) membrane filter



here : (i : the waste was rinsed with 250 mMl H2O twi ce; (2) rinsed with
1,000 M solution of 1:9 36%iC1L: H 20 ; (3) drained to a sludge and recovery
manual | y wo 2a10R785E4beaker; (4) to the %sul ting sludge aduas2@9foswidi ng
solution: H2O 49%F: 36%1C1L 250 m : 80 25 m; (5) the froth was
generated and ski mred away to anot her beaker over a period of 7 hours; (6)
the captured froth was rinsed in vacuumfilter using 1,800 m: 200 m H2O 3

6%1CL; (T faptu edhdyotd 4i dn the vacypm fid ter widh 1,000 M HO ;
(8) the recovered paste was dried and wei ghed; (9) the paste was etched to
renove silicoyulesi ngn 418de H2O 49964 T094-N@ < tattdd  @asnayereraalt | on st opped;

and, (10) _.the survivi terial s dried and i ghed.. [ 00103] The
recoveredtkbap? et ¥ r%qthr%biﬁi%]ﬁte]ue - 3t185 gt a eesiﬁ(\f% e%alr%cﬁemgnd 0. 3295
grams siligon, The recovered silicon was expected to be about 0.011*47.0818
(see Table 1 ) or about 0.52 grans. As the froth in this sanple contains

nore than expected silicon, the 912)6088 separation of silicon fromsilicon
car bi de was acHi®V&d wi t FEBX0S/ P20 Gyudt P Fout™®8% ¢tf i ci ency, and

an enri chuent . d,actore of, the Qrdere of  (Q. 8295/, (4,329, 4Q.,3085) )/0. 02

equal s about 26. Exanple 4 - SEM I'magery [00104] For SEM i nmagery and size
di stri butmionsyjre. A total of 125 silicon particles were measured

for cross-sectional area. The images were analyzed by
tracing over the individually distinguishable particles
computing the cross-sectional area, and the eguivalent
sphere diameter of the same cross-sectional area. The
resulting size distribution compares to the data collected
in Examples 1 and 2 by a PSS780 Accusizer particle size

analyzer.

Example 5 — Bulk Metal Digestion (First Attempt)

[00106] When using SEM analysis, material captured
on the PVDF membrane filter was found to be free of
tungsten. Due to the possible presence of fluorine,
however, any iron signal that might be present could be
masked. As a result, EDX spectra of four different
silicon particles were taken to determine the amount of
bulk metal contamination, if any, within the silicon

particles.

[00107] Figures 17A-17D depict the results of the
EDX spectra for the four different silicon particles
examined. The iron and fluorine signals were found to be

difficult to differentiate. The fluorine and carbon



sanples of silicon particles were collected on a 0.45 mcron polyvinylidene
di fluoride (PVDF) nenbrane filterand were then acid washed. The resulting
particl eswoeom/i78z7@gul ar i n shape and ve the appear aneetafs20mwessia@l t hat
was cut by brittle fracture (See Figurées 16A and 16B) . [00105] Figures 16A
and 16B display imges of silicon kerf particles separated fromthe saw
kerf m xture. A total of 125 silicon particles were neasured for

Cross-se il&fnaal!sa:fr?aﬁ_gmeeb RGeS Wer&anad yzed by fymei ng qver,dhe

i ndi vi dual I'y di stinguishable particles conputing the cross-sectional area,
and the eguicegbtente spherel di @reterrofctdwe. sane cross-sectional area. The
resulting size distribution conpares to the data collected in Exanples 1
and 2 by a PSS7 cusi zer. particle size l.yzer . anple 5. - Bul k Metal
Di gesti on (Fi rsg Aqbgﬁerrpt )Zlerf]d’g]laO]G]ar{/ﬁl Slussioﬁ% %ensalflljgs%i gg,{qon“é?%ri al
capt ur ed - hel VD e anend | d@ip Wase Touneed oo bendtgles of tungsten. Due
to the possible presence of fluorine, however, any iron signal that m ght

be presemtUTottd 1R ek et v o & r S5V S EDX pectita BT ¥'00r0 i F%er ent
silicon particles wer & 4akem Lo det erm e, the amunt, of hyl k netal

contam nation, 1f any, within the silicon particles . [00107] Figures
17A- 17D depictintheandsultsiof. t HEERX 4 peicirle forthdheoddurmatidf er ent
siticon particles, exanined., The dyon and,flvori ne signal s werg, found to be
separation attempt. Because of the volatility of boron
and phosphorous in the technique used, the boron and

phosphorous measurements may not be relevant.

Table 4:

Bulk metal digestion data on 14mg silicon

Element |ppma [JElement |ppma [Element |ppma Element |[ppma

B 11.5JK 9.4fFe 1.4)sr 0.035
Na 3.8|T1 2.1Ni 0.21Mo 0.023
Mg 7.8V 1.0JCo 0.0027Ba 0.010
Al 2.0[Cr 0.087]Cu 46.7|Ta 0.00044
P 3.0|Mn 0.037)zZn 0.16fw 16.3

Example 6 — Polysilicon Pellets

[00109] In order to prepare polysilicon pellets,
purified silicon was separated from the kerf particles and
dropped into a silica crucible and melted down into a
pellet. The dried polysilicon dust was able to bind
together to form a weak pellet. After drying, however,
due to shrinkage the polysilicon dust is bound weakly to
the polypropylene wall of the centrifuge filter. The
centrifuge filter vials have a 100 nm PVDF filter membrane

and an outer vial diameter of 8 mm.



difficult to differentiate. The fluorine and carbonsignals in Figures
17A-17D conme fromthe PVDF filter used to capture the silicon particles.
[00108] Iwbtoalo7saval ysis of the resultg, showed parti cl eecrhmtoosmsmsianot
conpletely free of netals. Further testing reveal ed, however, that the
purity of the silicon kerf particles can be inproved by increased | eaching
and rinsing. Table 4 displays the bulk netal digestion data on a 14 ny

silicon partic|gff@m thepfd sty separation atdemly BeGRUSE Qletihe
volatility of Loro&ygnd phosﬁﬁ%rous In téﬁ?tec ni que used, théaboron and
phosphor cus areasur enents feywaottie ratevant . 7Kiablre, 4nd Buldn net al

di ti t 4 ili J le 6 - Polysili Pell ets [Q0109] |
or St o i R ot i T et B Y T G 1 1 U i GophrHt ed 1 om
the kerf gpartaurelasd adwk diopped 4 ntor @ sdd i 2@y ues bl e @ndydvel tigde down into

a pellet. The dried polysilicon dust was able to bind together to forma
weak pel |&ROBFRIGN dirly | FHPPHownevErS et ol shriWkiaaee t'Hes potW#t | i con dust

i s bound |y y ) of centrd filter. The
centrifuge |I%%ﬁgﬁ%gﬁg%%ﬁg§ggg§?§%#@$gkfi#$%ane%§é$g%;$ﬁéulouter
vial di anmetefacd B mmdBidjusThenqeet |@dt wesl thienrcooded. fromthe nelt at a

rate of no slower than about 5.7K/mn, and then released fromthe crucible
prevent the dehiLithbn of RBHpcD heF Guki 11 ng "Wk et s gl
pellet (while being removed from the crucible) were
exposed to a 1:1 mixture of 49% HF and 70% HNO;. The
silicon dissolved completely and no residue was observed.
Such a result is an indication that silicon carbide
contamination may not have been present in gross

quantities.

[00112] After the pellet was removed from the
crucible, the etching was quenched with a 1,000:25
solution of de-ionized water and 36% HCl, and then soaked
in 1,000:25 solutions of 30% Hy;O, and 36% HCl in order to

grow a clean protective oxide on the surface.

[00113] The resulting polycrystal was full of
voids and had a columnar-type internal structure. There
was enough internal mechanical stress in the polycrstyal
that when handled it broke. Figures 18A-18D depict
Nomarksii microscope images of flakes broken off of a

silicon pellet, showing exterior and interior surfaces.

Example 7 — Bulk Metal Digestion (Second Attempt)

[00114] In this Example, 164 mg of the polycrystal

were digested in HF:HNOs;. The bulk metal content was



Wi th texture about 3 mcrons long. The interior of the surface is
honogeneous under optical m croscopy. [00111] About 2 0 ng of fl akes that
br oke fr onothe/eihet (whil e being rwed from the cruechiuspooswssiexposed
toa 1:1 mxture of 49% HF and 70% H . The silicon dissolved conpletely
and no residue was observed. Such a result is an indication that silicon
car bi de contam nati on may not have been present in gross quantities .
[00112] Af Was; Moy, i bl ..et ching was
quenchedAivI\}l!iE%LO\;aé\tg,%OH!1 SESh sol UI'EI on ﬁ%@?ﬁo%ge%%ﬁ%gr&an%%Gﬁ%% and then
soaked i redi D00 2birsplaf i Ores 0fc 30942 CR21L antbr86% WG r | fcaomgere t o grow a

cl ean pr tive oxi n the surface. [00113] The resulting pol ycrystal
was full %C]\/%izgsarécaﬁgfar@uea col umar-type internal structure. There was
enough internal nmechanical stress in the polycrstyal that when handled it
broke. Figures 18A-18D depict Nomarksii m croscope i mages of fl akes broken
off of a silicon pellet, showi ng exterior and interior surfaces. Exanple 7
- Bulk Metal Digestion (Second Attegpid §00114] In this Exanple, 164 ng of
the polycrystal were digested in HF: HNO 3 . The bul k netal content

vasi mpr oved g1 Mnfd1& 1f idife AlilMiat3S ch Y lsiafi RAfifdN@e i washi ng
of the recovered silicon powder (conpare Table 4 and Table 5 ) . Table 5 :
Bul k metal digestion dErRm@ticm@idnpton Sften aeddring

element |ppma Jelement ppma fJelement |ppma Jelement [ppma

B 3.730K 0.001fFe 0.357)sr 0.000

Na 0.001)T1 0.459N1 0.039Mo 0.013

Mg 0.036v 0.094]Co 0.001)Ba 0.000

Al 0.128|Cr 0.051JCu 2.638]Ta 0.000

P 0.507Mn 0.006)zn 0.001Qw 8.279
[00115] Metal segregation effects from melting may

not be significant as the location of the polysilicon used
for acid digestion was not selective. The digestion fluid
was centrifuged at 21,000 g for 2 hours and the results
are detailed in Table 5. The dry content produced was
green silicon carbide, measured at 8.41 mg (a weight
fraction of 0.0513). The starting weight fraction of
silicon carbide is 0.979, before the two centrifuge passes
performed. Each centrifuge pass can be taken as a filter,
and a fraction Cr carbide survives on each pass. The
determination of the purification coefficient Cr per

centrifuge pass can be found through algebraic egquations.

[00116] Prior to purification, the total weight of

solids is W°, the weight of the silicon is Wﬁ, and the

carbide is Wg.. The ratio of solids to each from this

sample based on previously disclosed calculations is



separation attenpt, after nelting [00115] Metal segregation effects from
melting may not be significant as the | ocation of the polysilicon used for
aci d di gesvi2on/ome4not sel ective. The gigestion fluid wasTaseamiotesged at
21,000 g for 2 hours and the results are detailed in Table 5 . The dry
content produced was green silicon carbide, neasured at 8.41 ng (a wei ght
fraction of 0.0513). The starting weight fraction of silicon carbide is

0.979, b re. d he centrifuge passes performed. Each centrjfuge pass can
be taken W?ﬁﬂ?'@?& and fahef rlg%]té?ooﬁrﬁt A BT SRV v e Dri'eHEh pass. The
det er m nat i of t uri fication goeffd cient . ¢f recentri.fuge pass can be
found thr ouagcgtla{rbe raél’)lc le%duataél%%]l.&egm 6 ri%ort teo%%urei'fi catlioonj%ot he t ot al
wei ght ofpwol fidstiiodF therdtherawight 0fl tdweisg |doohitisodd drg and t he
carbide is JF C. The ratio of solids to each fromthis sanple based on
previ ous!N  Hi¥ttosed calculations iss,| C= 0.0216 . The nole fraction of

carbon, and nole fraction of silicon carbide fa0O, are the sanme. Prior to
purificatimpuathetefore, the following conditions are present : (Equation 5

) - SIC-"*S +twWwS Cf a- WSO
WS?C
MW,
0 0 0 0 ;
Wo=Wqg+Wgc Ja© = Ws? R SIC/VS?C
MWy MW,

It should be noted that the superscripts in this notation

represent indices, not powers.

[00117] After each centrifuge step, approximately
all of the silicon is retained, but only a small fraction
Cr of carbide remains. After n centrifuge steps the

following relationship is present:

(Equation 6)

W= WS? +(Cf)n WS?C = ng +WS;;C

fa" = MW _ MW
WS(; n W WS? N (C f )n WS?C

MWy MW MW, MW,

where W”" is the total mass after n centrifuge passes, n in
the expression Q%)" is a power and not an index, and fa"is

the mole fraction of carbide in the mixture.



Wi S 0i CMAMBI 1IMW1 Wh SiC It should be noted that the superscripts in this
notati on represent indices, not powers. [00117] After each centrifuge step,
appr oxi mewel2yg1eal7g27ef the silicon is rejained, but only a&csrmsbéosfsmaesi on C
of carbide remains. After n centrifuge steps the followi ng relationship is
present: (Equation 6 ) w=w +{cf yw =wS -W y SS'"inCW SiC (c f < where W
" is the total mass after n centrifuge passes, n in the expression is a
power and not ggpdfidex, andda'ds Lhe, 0l 4,44 actdan, ofg carbidledn the

m xture.[00118] After two centrifuge passes, 0.163 g of silictcon and 0.00841
g of carbidelcemEmed dhiBdvere dakerfiote armtysiad daitisyetdhetstart i ng
anmount of_solids was 0.163/0.0216 = 7.593 grans of solids, Based on
Starting T GPiaY Bropor i bis, (F, 5950 05670 5863 i B 4 | f con, and
(1-0 .0216)187/0 5898 & <. A2D Prawanmdfocardi oes . [ MY Jhussadtidpl | ows
that: (Equation 7 ) It remains possible, however, to use the relationships
pr evi ous| WA el o getPR O ded et imi hed T Hhe fimder= 0.663 grams of

silicon, and (1-0.0216)*7.593 = 7.429 grams of carbide.

[00119] Thus, 1t follows that:

(Equation 7)

M 1/n 1/2
c, =| Lse| or£0'00841j = 0.0336..
we, 7.429

It remains possible, however, to use the
relationships previously developed to determine the number
of centrifuge passes needed to reduce the carbon content
to SEMI standard levels for polysilicon. SEMI standard
M6-1000 states required carbon content as <=10 ppma for
single crystal solar cells, and <=20 ppma for
polycrystalline cells. Using the sample of saw kerf used
in experimentation, the following relationship exists for
calculating the number of n centrifuge passes that may be
needed to remove carbon (as carbide) below specification

limits.

(Equation 8)
(c,)(1-0.0216)
MWSZ'C
0.0216 (c,)(1-0.0216)
MWSZ' MWSZ'C

ppma  Carbon =10° fa" =10 = 10°




of centrifuge passes needed to reduce the carbon content to SEM standard
| evel s for polysilicon. SEM standard Ms- 1000 states required carbon
content asolsbd7gpae for single crystalg solar cells, aneCFaBtooppsmisor
polycrystalline cells. Using the sanple of saw kerf used in
experinmentation, the followi ng relationship exists for calculating the
nunber of n centrifuge passes that nmay be needed to renpve carbon (as

car bi de) bel oW BPELd flcatrtoncah&é@, ts - { Eguatd %@vé%%lltl’(é sEM0216) MV
ppra Carbon = 10 6fa =7 -106 0.0216 | (¢ f 0.0216) MAB MAS

C[ 00120] dped ale=s=ln (zlappma)t of ar rg vey lat CtJneSGEMc shhet. | AelsydtQppma) for
single cr ells such, at least 5 cen fu asse be needed
to get ca]?'/ % tt%l%%%eerﬁéasoﬁees RIS r[?ﬁf%éél] Cgﬁl&‘r Stbln%/i\%s used for
this prooiowt @@rg:@fgptﬁﬁ're has;d he, advantage of low toxicity, and liquidity
at roomtenperature. G oss netallic contam nation is a problem however,

particularly with tungsten The salt-hydrate KF-2H 20 has the right densr ty
for the present? %kl osureT al Furtheraadiafit dger dih st tFé}E,CP@fngD%artr cles

bonded with, SiQ, and a,]ouwer. cost,,Despide the theroml, requirements, Kr-

2H2O is suitably the preferred rlurd tfor centrifugal separatrons Hi gh
liquidity at room temperature. Gross metallic

contamination is a problem, however, particularly with
tungsten. The salt-hydrate KF:2H;0 has the right density
for the present disclosure, a further advantage of
attacking particles bonded with S5i0;, and a lower cost.
Despite the thermal requirements, KF-2H;O is suitably the
preferred fluid for centrifugal separations. High
temperature may be needed, however, to get useable

viscosity.

[0122] In view of the above, it will be seen that
the several advantages of the disclosure are achieved and
other advantageous results attained. As various changes
could be made in the above processes and composites
without departing from the scope of the disclosure, it is
intended that all matter contained in the above
description and shown in the accompanying drawings shall
be interpreted as illustrative and not in a limiting

sense.

[0123] When introducing elements of the present

disclosure or the various versions, embodiment (s) or

W W

aspects thereof, the articles “a”, “an”, “the” and “said”
are intended to mean that there are one or more of the

elements. The terms “comprising”, “including” and



tenperature may be needed, however, to get useable viscosity. [0122] In
view of the above, it wll be seen that the several advantages of the

di scl osurwoanw/@aetTeeved and ot her advajy ageous results aCrAiSMd06%36 vari ous
changes coul d be made in the above processes and conposites w thout
departing fromthe scope of the disclosure, it is intended that all matter
contained in the above description and shown in the acconpanying draw ngs

shal | be interpreted am idiasi raine andotyd iy Lidid g sense.e [0123]

When introduci ng el ements of the present di sclosure of t vari ous
verS|ons m&yﬁhﬁha&dmtXQﬁakwekﬁmEmﬂ$ dtHerecfhart hehartisias ¢lEnerian’, "t he"
and "sai hlare i ntended to. an that there are one or nore of the el enents.
The terns “Tohpris r&ﬁrm$ Ueft g™ ahdPHavi Ao ar® i Ht ehded’ t o be

i nclusive @ﬂﬁi Jreadbi-hat gdied ennpy dejaddidd onal 1 £l enentsnwideinddan the
listed elenents The use of terns indicating a particular orientation

(e.g., "tOp"desPOtRAT 215 d&¥SS €1t )T B ¥t Tonvenieritel f description and
does not o} n of the itemdescribed. WHAT | S
CLAI MED Icgsr:eloéljrw&,b\l nmet odgdef)%gée%aééasfﬁlgééacgd recovering silicon particles
fromsilicon saw kerf resulting fromslicing silicon wafers froma silicon
i ngot, the saw kerf conprising a lubricating fluid and a m xture of solid
particul ate conprising abrasive grains, silicon particles, nmetal particles
and oxide particles, the nethod



conprising: separating at |least a portion of the lubricating fluid fromthe
solid particulate m xture; washing the solid particulate m xture with an
aci di ¢ sovotzoowm7srr4whi ch (i) the silicgp particles are guolatsanpiosdoly
insoluble, and (ii) the nmetal particles and oxide particles are sol uble,
nmetal particles and oxide particles being dissolved fromthe solid

particul ate m xture; collecting the washed solid particulate m xture, the

washed mpxtuf e € o silicon particles and abrasive grains; and,
separat i ng—t—h"e—%n—pm-ﬁcl es fromthe abrasive grains in the washed
solid particulate m xture, wherein the separated silicon particles have a

carbon content of |ess than about 50 ppma and have a content of netal
cont am naht s of N&g¥d haar ararab ol 2ECovRhel ethioldl @fn cl ai m 1 wherein

the abrasjv i ns ilico r bi de. The e f. ¢claiml wherein
washi ng t aeretslg{]iaédg]p%%fc%la]tcgor%% ulﬂ%erg%rrrgerslusle%l% n%gogfisglglcf%% solid

parti cul agiInicdrures S itd &romaci il sodiutioivcapad esof cteeat i ng a flotation
froth with the solid particulate mxture, the froth conprising the silicon

parti cl esSHHEF the At asive Grlaihs. T 41 d THE et Mottt oS tlai$h3-Sherei n t he
aci di c flofatiqm frotdhSot i e SOMpIigesy ydiogen flugfide and o,
hydr ochl ori c aci d.
metal particles and oxide particles, the method
comprising:
separating at least a portion of the lubricating
fluid from the solid particulate mixture;
washing the solid particulate mixture with an acidic
solution in which (i) the silicon particles are
substantially insoluble, and (ii) the metal particles and
oxide particles are soluble, metal particles and oxide
particles being dissolved from the solid particulate
mixture;
collecting the washed solid particulate mixture, the
washed mixture comprising silicon particles and abrasive
grains; and,
separating the silicon particles from the abrasive
grains in the washed solid particulate mixture, wherein
the separated silicon particles have a carbon content of
less than about 50 ppma and have a content of metal

contaminants of less than about 150 ppma.

2. The method of claim 1 wherein the abrasive grains are

silicon carbide.

3. The method of claim 1 wherein washing the solid
particulate mixture comprises contacting the solid

particular mixture with an acidic solution capable of



5 . The nethod of claim3 wherein the silicon particles are recovered from
the froth by subjecting the froth to a density-dependent separation

t echni quewo@o10/07kF4met hod of claim5 erein the densit pcuapsendoniclo
separation technique is selected fromsedi nentation centrif ugation,
filtration centrifugation, and hydrocycl one separation. 7 . The nethod of
claim6 wherein, prior to the densitydependent separation, the silicon

par ti ol es, Al Gontachad Wi a.sou op 0f dadiqed pordar tagonvert at

| east a portion of the silicon present therein to Sil 4. 8 . The method of
claim6 whereirg, prheorftath heodenss tryglegendent i separattonied hendi | i con
particles are contacted wth a |liquid having a density between about 2.25
and about"'%. I F15H d in the separation of silicon and abrasive
grains present therein. 9 . The nethod of claim8 , wherein the silicon
particles are contacted with an aqueous heteropol ytungstate sol ution . 10.
The net hdt of Braaitgtgod \m%rce]i%ﬂmﬂ% Wt} sty i &d PG of LAl seParating the

silicon %& I;&J{ﬁ%t%@@ﬁrg@g @&mﬁ%iﬁ% hegwashed solid particul ate

m xture. he net ho alm n the silicon particles are
recover ethyfdmomhiheridr isdidroth by subjecting the dried froth to a

non-uni form nmagnetic field. 12. The nethod of claim11l, wherein the nethod
further conprises : creating a non-uniformmagnetic field between a first

5. The method of claim 3 wherein the silicon particles
are recovered from the froth by subjecting the froth to a

density-dependent separation technique.

6. The method of claim 5 wherein the density-dependent
separation technique is selected from sedimentation
centrifugation, filtration centrifugation, and hydro-

cyclone separation.

7. The method of claim 6 wherein, prior to the density-
dependent separation, the silicon particles are contacted
with a source of iodine, in order to convert at least a

portion of the silicon present therein to Sil..

8. The method of claim 6 wherein, prior to the density-
dependent separation, the silicon particles are contacted
with a ligquid having a density between about 2.25 and

about 3.35 gm/cm’ to aid in the separation of silicon and

abrasive grains present therein.

9. The method of claim 8, wherein the silicon particles
are contacted with an aqueous heteropolytungstate

solution.



pol e and a second pole of the magnet; aerosolizing the dried silicon froth;
and, feeding the aerosol into the non-uniformnmagnetic field to separate
silicon paotnmioas27hr om abr asi ve grai nszpresent therein. pe3/USTdve/00mt610d of
claiml , wherein washing the solid particulate m xture with an acidic
solution to dissolve netal particles and oxides particles fromthe solid
particulate m xture conprises separately contacting the solid particulate

mxture Wdh (e afe agueaus dydhotd UoniL A dsoldldan, and (dd) an agueous
hydrochl oric acid soluti . 14. The method of claim13, wherein the solid

parti cul agtelon XEQJI‘@H’E&”S@FI&J athed ys clont@actedrwid lebefweenctabout 2 and about
4 stoichignetric equivalents (i) the ueous hydrofluoric acid solution
2nd (1 1) e SR Ut BRI e Hol A (R e & o Coent r ar | on
if silicon present in the solid particulate m xture. 15. The net hod of
claim 13 wherein the washed solid particulate m xture is subjected to a

densi t y- dependéit Sepdret i oh tlechni ie e segardte thel & |Fb%)1’rﬁkfa]r% cl es
fromthe al,s Y& S NS, ol & n The- 18t hod, of rﬁ} djlﬁs E’mﬁi
ected fromse nentatlon

densi ty- dependent separation tec nique is se
centrlfUQQWJthltd|dtn@n1mnuﬁmwmrmdgmﬁﬂmmwﬁl@m@.hydrocyclone Separation. 17.
The nmethod of claim 16 wherein, prior to the densitydependent separation,
the silicon particles are contacted

12. The method of claim 11, wherein the method further
comprises:

creating a non-uniform magnetic field between a first
pole and a second pole of the magnet;

aerosolizing the dried silicon froth; and,

feeding the aerosol into the non-uniform magnetic
field to separate silicon particles from abrasive grains

present therein.

13. The method of claim 1, wherein washing the solid
particulate mixture with an acidic solution to dissolve
metal particles and oxides particles from the solid
particulate mixture comprises separately contacting the
solid particulate mixture with (i) an aqueous hydrofluoric
acid solution, and (ii) an agqueous hydrochloric acid

solution.

14. The method of claim 13, wherein the solid particulate
mixture is separately contacted with between about 2 and
about 4 stoichiometric equivalents (i) the aqgqueous
hydrofluoric acid solution, and (ii) the aqueous
hydrochloric acid solution, relative to concentration if

silicon present in the solid particulate mixture.

15. The method of claim 13 wherein the washed solid

particulate mixture is subjected to a density-dependent



with a source of iodine, in order to convert at |east a portion of the
silicon present therein to Sil 4. 18. The nethod of claim 16 wherein, prior
to the deweizbywdepEadent separation, t silicon particl esTarseoooncact ed
with a liquid having a density between about 2.25 and about 3.35 gnicnB to
aid in the separation of silicon and abrasive grains present therein. 19.
The nmethod of claim 18, wherein the silicon particles are contacted with an

aqueous het.eronol yi ungstate, sl utign. .. 20. The; methad of @i 13, wherein

t he washed 'soli1d particulate mxture is dried prior to separating the
silicon pardm cites foomte @abriasi ve grains therein. 21. The nethod of claim
20, wherein the silicon particles are separated fromthe abrasive grains in
the dried, solid particulate m xture by subjecting the dried m xture to a

non- uni f orgn magnetnccfdel gt 221 2 ikher eihoc of wldided « whesgimidhe net hod
further conprises : creating a non-uniformmagnetic field between a first
pol e and RECHRPPOIKLBIL U MadgireteClrd osoln Ayt alri®d, solid

par t1 cul ale, 1 xdpe s And. « f geding d he- ferosola bt napounl form magnet i c
field to separate si11 con particles from abrasive ‘grains present therein.
23. A netdwdl dror saparaticg. and recovering silicon particles fromsilicon
saw kerf resulting fromslicing
17. The method of claim 16 wherein, prior to the density-
dependent separation, the silicon particles are contacted

with a source of iodine, in order to convert at least a

portion of the silicon present therein to Sil..

18. The method of claim 16 wherein, prior to the density-
dependent separation, the silicon particles are contacted
with a ligquid having a density between about 2.25 and
about 3.35 gm/cm’ to aid in the separation of silicon and

abrasive grains present therein.

19. The method of claim 18, wherein the silicon particles
are contacted with an aqueous heteropolytungstate

solution.

20. The method of claim 13, wherein the washed solid
particulate mixture is dried prior to separating the

silicon particles from the abrasive grains therein.

21. The method of claim 20, wherein the silicon particles
are separated from the abrasive grains in the dried, solid
particulate mixture by subjecting the dried mixture to a

non-uniform magnetic field.



silicon wafers froma silicon ingot,

t he saw kerf conprising a organic

| ubricating fluid and a m xture of solid particul ate conprising abrasive
grai ns, swbiomm7gEmticles, netal partiftes and oxi de pafrciraiseay/ot$saes met hod

conprising: contacting the saw kerf w

organi c |

in the saw kerf;

sol uti on

or gani ¢ phase,

a chelating agent soluble in the

ubricating fluid to forma conplex with one or nore netal s present

m xi ng the chel ated saw kerf solution with an aqueous acid

2nd aﬁﬂﬁ%m}édﬂe@fﬂ ture 10 sgparate 1?{5 & AAUROUS, phase and an

e aqueous phase conprising si

Icon particles and the

or gani ¢ phasericonpri sing the conplex formed between chel ati ng agent and the
netal s; collecting the aqueous ase co r|5|n the silicon ticles; and,
ecover i ng at THHEETE foriT o r THE AT do LI 159 e Hfucous
phase, whesei mdde recoves eshsd ldcohpaiddicdes have a carbon content of
| ess than about 50 ppma and have a content of netal contam nants of

than about 150°PpiR 24 1 TFhe-fetHOP b T3 -al 23 ket e e the<@itous phase

conprlsesI&@e silicon particles and abrasive grains, and further wherein

t he aqueous phase is subjected to a density-dependent separation technique

to separate theesidiicahgadicdes frtomthe abrasivieogr anagmne2: The net hod

%ﬁ Wgereln t he denS|t¥ dependent seg?ratl n technique is selected
q& c particles

of claim
from sedi

on rom abraslive Jgrains

tQQnﬁeparate sil

present therein.

23. A method for separating and recovering silicon
particles from silicon saw kerf resulting from slicing
silicon wafers from a silicon ingot, the saw kerf
comprising a organic lubricating fluid and a mixture of
solid particulate comprising abrasive grains, silicon
particles, metal particles and oxide particles, the method
comprising:

contacting the saw kerf with a chelating agent
soluble in the organic lubricating fluid to form a complex
with one or more metals present in the saw kerf;

mixing the chelated saw kerf solution with an aqueous
acid solution and allowing the mixture to separate into an
agueous phase and an organic phase, the agueous phase
comprising silicon particles and the organic phase
comprising the complex formed between chelating agent and
the metals;

collecting the agueous phase comprising the silicon
particles; and,

recovering at least a portion of the silicon
particles from the agqueous phase, wherein the recovered
silicon particles have a carbon content of less than about
50 ppma and have a content of metal contaminants of less

than about 150 ppma.

| ess



centrif ugation, filtration centrifugation, and hydrocycl one separation.

26. The nethod of claim25 wherein, prior to the densitydependent

separ at i omp 20fu78174i con particles are gontacted with a sowruseofcicodi ne, in
order to convert at |east a portion of " the silicon present therein to Sil
4. 27. The nmethod of claim 26 wherein, prior to the densitydependent
separation, the silicon particles are contacted with a liquid having a

densi ty bef vees, abgut, 2 25: andh about 4,35, gt o8 10,0 i 1he separati on

of silicon and abrasive grains present therein. 28. e method of claim 27,
wher ei n tdvensyi 1 dedntipardi ol @sn grar tontectad] witte srveagqueouss, and

het | vt t at luti . 29. Th t hod of | ai 3, wh i th
ol oo taEst St sl B o S e 2% con particl es

fromthe @asi peidiaidsnt her@ldme 3h dhehiefhod ofsedatamEhaherein the
silicon particles are separated fromthe abrasive grains after drying
bysubj ect$g ¢te RiFT eF I tiur@n ttdh @ HomUniS ofmgnetic field. 31. The
nmet hod of claim 30, wherein the method further conprising : creating a
non-uni form magnetic field between a first pole and a second pole of the
magnet; a&yosdlheimgide df icdhisold diipardicullied eden xitur-eje@ndierdteedi ng t he
aerosol into the non-uniform nagnetjc . .
separation technique 18 selected from sedimentation
centrifugation, filtration centrifugation, and hydro-

cyclone separation.

26. The method of claim 25 wherein, prior to the density-
dependent separation, the silicon particles are contacted
with a source of iodine, in order to convert at least a

portion of the silicon present therein to Sil..

27. The method of claim 26 wherein, prior to the density-
dependent separation, the silicon particles are contacted
with a ligquid having a density between about 2.25 and
about 3.35 gm/cm’ to aid in the separation of silicon and

abrasive grains present therein.

28. The method of claim 27, wherein the silicon particles
are contacted with an aqueous heteropolytungstate

solution.

29. The method of claim 23, wherein the collected aqueous
phase is dried prior to separating the silicon particles

from the abrasive grains therein.

30. The method of claim 29, wherein the silicon particles

are separated from the abrasive grains after drying by



field to separate silicon particles from abrasive grains present therein.
32. The nethod of claim 23, wherein the chelating agent is an al doxi ne. 33.
A met hod wonrosld7ei7ag a silicon ingot, e met hod conpri cmgiSe@nests ng a
surface of the silicon ingot with a reciprocating wire saw and a slurry
conprising an organic lubricating fluid, an abrasive particulate, and a
nmetal chel ating agent soluble in the organic lubricating fluid. 34. The

met hod of i rel. : iC | ' i 4 id 1S qneral oil.
35. The rrset j(a)édé@olf%%clﬁéﬁcgﬂfb%h%%%h% caphte)fl{dartgi%‘hﬂgjlr]jglOglfenlﬁ;H1 aiqgsﬂe;tnmal doxi me. 36.
A net hod fiogrlgreparing solar grade silicon fromsilicon particles recovered
fromsilicon saw kerf resulting fromslicing silicon wafers from a
siliconingot, the saw kerf conprising a organic lubricating fluid and a

m xture of1 solixk pasdicdl &t e COMPric) nehalrasi e giadinsd siddicon particles,
metal particles and oxide particles, the nethod conprising: separating and
recoveri ngPRTi<owW particles fromthe saw kerf by one of the foll ow ng

Tabr i cat | ng TIG1G T F5h Y RS SO o ooy (1 el a6 s ot e (1T ki g t he
sol i d pargdloulate® ansdasred wdle anf adiaincagodwuti on in which the silicon
particles are aerosolizing the dried, solid particulate mixture;
and,

feeding the aerosol into the non-uniform magnetic

field to separate silicon particles from abrasive grains

present therein.

32. The method of claim 23, wherein the chelating agent

1s an aldoxime.

33. A method for slicing a silicon ingot, the method
comprising contacting a surface of the silicon ingot with
a reciprocating wire saw and a slurry comprising an
organic lubricating fluid, an abrasive particulate, and a
metal chelating agent soluble in the organic lubricating

fluid.

34. The method of claim 33, wherein the organic

lubricating fluid is mineral oil.

35. The method of claim 34, wherein the chelating agent

1s an aldoxime.

36. A method for preparing solar grade silicon from
silicon particles recovered from silicon saw kerf

resulting from slicing silicon wafers from a silicon



substantially insoluble, and the netal particles and oxides particles are
sol ubl e, netal particles and oxide particles being dissolved fromthe solid
particul ave 2mimirsa7e; (iii) collecting {he washed solid pertuscabatesien xt ure,
the washed m xture conprising silicon particles and abrasive grains; and,
(iv) separating the silicon particles fromthe abrasive grains in the
washed solid particulate m xture, wherein the separated silicon particles

have a carhon confent,pfid.ess.dhan ahout, 50 pore %M&ﬁl&%ﬁt e of

metal contam nants of |ess than about 50 ppma; or, (1) contacting the
saw kerf amd e anichelat iy aglent wsof bl wel 4 re tChEHEUTWmCL‘ élhui:ﬂrsr,\&tl ng fluid to

f I t t al th ker f i 1 XI
the chel GG Kaw Kol 1o QoIHAT O 181 S HOUs BT S G and al | o ng

t he m xt Werd oo separate hdi o AN @gienishphase and an or ganl c phase, the
aqueous phase conprising silicon particles and the organic_phaseconprising
t he conpl ex f&%%%@p%h@%vw%mlw twwm% TY9i9h<ol | ecting

t he aqueous, k%%)n&{és | g fhersi lldvf% %gﬂ&% ( )v) recovering at

| east a portlon of the silicon particles fromthe aqueous phase wherein
t he recovéx)ed silicon particles have a carbon content of |ess than about 50
ppma and have fal Cosnépean}atofngnea[talleca)sng aampnoarnglsonOfo etshse lubricating

fluid from the solid particulate mixture;

(ii)washing the solid particulate mixture with an
acidic solution in which the silicon particles are
substantially insoluble, and the metal particles and
oxides particles are soluble, metal particles and oxide
particles being dissolved from the solid particulate
mixture;

(iii) collecting the washed solid particulate
mixture, the washed mixture comprising silicon particles
and abrasive grains; and,

(iv) separating the silicon particles from the
abrasive grains in the washed solid particulate mixture,
wherein the separated silicon particles have a carbon
content of less than about 50 ppma and have a content of
metal contaminants of less than about 150 ppma; or,

(B)

(i) contacting the saw kerf with a chelating agent
soluble in the organic lubricating fluid to form a complex
with one or more metals present in the saw kerf;

(ii) mixing the chelated saw kerf solution with an
aqueous acid solution and allowing the mixture to separate
into an aqueous phase and an organic phase, the aqueous

phase comprising silicon particles and the organic phase



t han about 150 ppma; nelting the separated and recovered silicon particles;
and, formng the nelted silicon particles into silicon pellets
WO 2010/078274 58 PCT/US2009/069616

comprising the complex formed between chelating agent and
the metals;

(iii) collecting the aqueous phase comprising the
silicon particles; and,

(iv) recovering at least a portion of the silicon
particles from the agqueous phase, wherein the recovered
silicon particles have a carbon content of less than about
50 ppma and have a content of metal contaminants of less
than about 150 ppma;

melting the separated and recovered silicon
particles; and,

forming the melted silicon particles into silicon

pellets.



