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particles. BACKGROUND OF THE | NVENTI ON [ 0002] Efforts

continue in the art to formcolloidal netal oxide

particles in an energy efficient manner. [0003] There
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colloidal netal oxide particles in an energy efficient

manner whil e optim zing apparatus utilization. SUWMMARY
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within the reaction vessel, and/or (iii) growth of metal oxide particles (e.g., seed
metal oxide particles and/or nucleated metal oxide particles) within the reaction
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[0006] In one exemplary embodiment, a method of making colloidal metal
oxide particles comprises the step of adding reactive metal oxide to a reaction
vessel at a metal oxide mass addition rate that is based on a mathematical model
that takes into account at least one of (i) a particle nucleation rate, (ii) a metal oxide
deposition rate onto existing metal oxide particles, and/or (iii) growth of metal oxide
particles in the reaction vessel, wherein the metal oxide mass addition rate
increases as a function of reaction time. In a further embodiment the addition rate is
greater than 10.0 grams of reactive metal oxide per 1000 square meters (m2) of total
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i ncreases as a function of reaction tinme. In a further
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comprisestinoreaséng adfexddymate @:ﬁrthéyorh@sczr ose reactants i aveal a reaction
period. eaction periods for formng colloidal netal oxide

q[igrtl cles. In one exenplary enbodi nent, the nethod of
[0008}aki ng Tl disglgsed mathpds of H@HH%Q eplgidal et oxidespartgles enable

the pﬁicﬁ.l@tléﬁ SA&diIpEal ARsthi Mﬂdé*qia&hclegIuﬁiantéhagy%aﬁéueﬁnmanner with a
reactlpgaggpga ﬂgp{frganély qess ethgﬁsgor?vdedntlonap régct:tleonovpeno%s for forming
colloidal metal oxide particles. In one exemplary embodiment, the method of
making colloidal metal oxide particles comprises the step of adding reactive metal
oxide to a reaction vessel at a metal oxide mass addition rate over a reaction period
so as to form colloidal metal oxide particles having an average final particle diameter
ranging from about 10 nm to about 200 nm, wherein the reaction period is as much
as 50% shorter than a similar reaction period using conventional techniques (e.g., a
constant reactive metal oxide feed rate). For example, using the present method,
colloidal metal oxide particles having an average particle diameter in the range of
20-30 nm may be formed in a reaction period of about 21-28 minutes, while
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so as to formcolloidal netal oxide particles having
an average final particle dianeter rangi ng from about
W@ 00983001 about 200 nm wherein the reaction peCT/O82008013358
as much as 50% shorter than a simlar reaction period
usi ng conventional techniques (e.g., a constant
reactive netal oxide feed rate). For exanpl e, using
conventienal esethodaeohddrmiogl Isinideily reized aotbigal galetalcbwsle particles

‘requur%?@aa%%ﬁ” ENGALY RAdAL! 80 MIRES! tyPilcdIffe dﬁ&ﬁg‘ég%t 3] to 40

e formed Iin a reactlon perio
minut@s.28 ni nut es whi | econventi onal net hods of form ng

[00093i M | am ?ﬂnétﬂe@de%}hbmrﬁaémﬁbﬂmwemmtﬁ@ mﬁcbd:lcﬁSmakmg colloidal

metal o3 BRtE R A RPESE INESieP o o el Tkl SHide o a reaction
vessehadteh enetak exigdeamassnaddition nate tdver retréactiosf perisdngd as to form

collicf sh Pl o i . S1iags TR pARR<, BB s iges from

aboutrgéx am Mh@trﬂ&nmcjme metak exide gvass additias rateninpegdsing at least
once éﬁrl tHe réé%fh@hct?&r‘da d?h hs@’ih e PREthI Squ@é h é Hadltlon rate

erage I na partlc ane er ran rom

may, f?@) ePFﬁrFtRﬁe AW atSINGe SteR 'ﬁ%%a%Pam%wla %wr%ﬁﬁﬁ | on
[001 01 ate i TRE §REEEYE iAVehBESTs AUTRertuiFddIed ttb&néth@@‘slcﬁmsmg colloidal

metal St paricBs " 59 2 AP AL Mhnods pE s FedaEeh metal oxide
particles| thepietisac pompeisea spplying @ldjlloided npetabexiteiparticieicomposition

onto é%{.:f)#frét'éer Nt § a&ﬁiﬂ'lé o] BQPH%té’Imeﬁé :}%rﬁa% Bosition so as to

one exenpl a
form a;gpaiingen Iﬂ‘<b$ éabsﬁﬁ%tleal oxi de particles, the rret hod

[0011 f onpr i $REse BRNYGtAEr féé%@*és%ﬁ@'ad%ﬁ@ge@ﬁf%e Rﬁé&éﬁt’ |ﬁvent|on will

03|t|o onto a su t he col
becorie ARPAEAN! FRteR Vs OF i IRIoing detpiled Gesariptian of the disclosed
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features and advantages of the present invention wll
becone apparent after a review of the follow ng
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the optimized reactive metal oxide feed rate of the present invention and (ii) a
constant reactive metal oxide feed rate used in conventional processes;

[0015] FIG. 4 graphically depicts step-wise addition of reactive metal oxide
using optimized methods of the present invention so as to closely follow an optimal
feed rate; and

[0016] FIG. 5 graphically depicts particle size and surface area of colloidal
silica particles formed via the optimized methods of the present invention versus
colloidal silica particles formed via conventional methods (i.e., a constant reactive
silica feed rate).
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alumina, titania, zirconia, etc., and mixtures thereof.

[0021] The present invention is directed to methods of making colloidal metal
oxide particles. The present invention is further directed to colloidal metal oxide
particles, compositions comprising colloidal metal oxide particles, as well as
methods of using colloidal metal oxide particles. A description of exemplary colloidal
metal oxide particles, methods of making colloidal metal oxide particles, and
methods of using colloidal metal oxide particles is provided below.
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[0020] As used herein, "nmetal oxides" is defined as
bi nary oxygen conpounds where the netal is the cation
W@ eengwInxi de is the anion. The nmetal s nmay al BCI/US2008/013358
include netalloids. Metals include those el enents on
the left of the diagonal line drawn from boron to
pol oni um on the periodic table. Metalloids or
sem -netal s include those elenents that are on this
l. l'i ne. Metinpdesf akingt GollaidalbMetal (tidel €astidles a,
Xt.ures.
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resent invention is further directed to coll
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of e present invention are discyssed below. A Raw
C°"°'Cf?dtZ§PPQ'Iaqu'U@§§] etehANg CRMBNANORE IREOTof naki ng
- colloidal netal oxide particles may utilize one or
nore of the followng raw materials for making
col | oi dal sitl i caSimates!| es, but alternative raw

[0024]% leg: glaé @{hacfﬁ%o;(&i? '(fgbﬁ@@ E&Ic{@él”&%%eﬁar{%l@ssr&%&arnilize one or

as Co
more ggiliggmeopaining | rew, neaterialsdal Swtaalﬂu%ihmnfoma@ﬁng raw materials

mclud%obhf’h@hoﬁlrhﬁeﬂ'té Qﬁéétb%'s%%h & §I-kaI| fi‘lﬁ@kaPQi'ﬂ’@ét’é%t | @8Sirably, one

thereof. 1. Si[icates

or marg alsplinetd ISiltcatem are &S@sd }%}om i99 'Q%Qaiﬁé'car p%&cges Suitable
alkah Smbtaloﬁh@aﬁ@*sallnﬁlum reowy eed efdtahmntedSunot agdium silicate, potassium

a3l ) 08" STRREL. b Gup e 1€, dffonatons

thereddesi rabl y, one or nore al kall netal silicates are used

[0025] % fOf %ﬁ&ﬁlboéd?ﬁ}neﬂ: ihil dﬁ%vgﬁ’éﬂlé ‘r‘slllf?:%tesswcﬁﬁ‘)@ gnﬁ'a‘fé"nbt limited to,

rcates i n
SOd'U@oGFG rRAAFSIHET é"'Cﬁtﬁsa@%mmﬁ@la”Vce&’(axﬂabteaff@rruﬁ1 ByMbeRf sources

mcludmd PQICospdrafien ¢VallgFerje)PA) did2aclonding. (ORNERRMD, T1S).
thereof. [0025] Suitable comercially available

silicates include, but are not limted to, sodium and
pot assi um sl i caﬂmExohangeiFMsllrys avai l able froma

[oozsig[’bgr A@%s?@%%?&a{té‘%‘r Lég'rﬁlgn%@r%f ?ﬁﬁﬁgfe's%gf\@ &¥kted with one
or more cation exchange resins to form colloidal silica particles in the disclosed
methods. Suitable cation exchange resins for use in the present invention include,
but are not limited to, strong acid cation (SAC) resins, weak acid cation (WAC)
resins, and combinations thereof.

[0027] Suitable commercially available cation exchange resins include, but
are not limited to, cation exchange resins commercially available from a number of
sources including Purolite Corporation (Bala Cynwyd, PA) such as those sold under



2. lon-Exchange Resins [0026] Any single silicate or
conbi nation of silicates nay be reacted with one or
woreee/08#pPi on exchange resins to form col | oi dal PGI/US2988/013358
particles in the disclosed nethods. Suitable cation
exchange resins for use in the present invention
i nclude, but are not limted to, strong acid cation
the P(JBQDITE?strame deeigkation dandtDawm thy:ar gdidtand,dvb such as those

sold Lﬁ%pltﬁ% C Mé@@ﬁﬁsﬁggﬁgﬂm Sui table comercially

catl on exc resins include, but are not
[0028] i ni t edyrigally Anepar %ﬁ&@g@nr% ﬁQQ@dﬁﬁ'@ﬁ(ﬁfSIQCiﬂed to a reaction

vesseiléo\'érft' % f\’gtkfh EH@ITbPaFH@E% £ é@AQHéWﬁn;ﬁfel EF'! Bg ther @lactién vessel
| S
betweghAhq S BOREADELL T sop sl HeRiest abodh§ 25 aout 9.6
Chem cal (Mdland, M) such as those sol d under the
DOVEX trade d [y,
Tor e cat oﬁﬁeich%@’%@"?ﬂé«? " 0% Yeact on
[0029] essel Inmtsome enbodidgudnts otnf rttae epreseats inentenntseed nefal oxide
partlc%g.' gﬁe H.hﬂ‘zé&‘g %/ | OTidR n ra glnala ljttr%sg @Hfbd’i‘}%%ts seed

lbewe

colloidalgmelalanideopagtic! %rfltqrmae@umg}f SUPRligH® "@%b@&l lmq s Suitable
seed eblidiBal ﬁfe‘?@l%)&dé PasiiiéSfor §S£¢h (RS presext devamdiohi intiede, but are

I
not i dprrand coliich! Bisteh pilde RRHER S shAR as.Folaifdcsiics particles
comneeroiaitp eavailableufrpi dlissamCHaenivcakAmesidat Eorporatied (Houston, TX)

and E%& &R %rﬂ?éalg%ﬁ‘.h(g@dﬂ%ﬁ,@&)“ cles for use in the present

i nvention 1’'nc are not limted to, seed
col I oi dal netal oxide particles, such as colloidal"
sili caBpart 'P?bé’éssCS rcially aval | abl e from N| ssan

[0036Fheni cAhe. GriFlose wé’@\pﬁ“ OBy Bolelel BRfzcORde partiles

compli8€30unhber di erssﬁcummmelbwnaki ng col | oi dal metal
oxi de particles conprise a nunber of steps as
di scussed below. 1. Preparation of Reaction Vessel
[0031] The di scl é¥eparationafFiedctioakVessetol | oi dal net al

[0031%' de ﬁ‘ﬂét é&l&&&ﬂfé@h&dé BE il éﬁﬁéﬁf&élidﬁ’%l%efa@b&@e‘jﬁémcles enable

articles I.n an I cl ent  nmanne

the DWQHG“@” @&@!'P'@ﬁ' pataloexide gﬂﬁ’?‘?'@%r‘ﬂ B enesgy effigient manner with a
reactléﬁn]eséﬂéd 0§l§h|f|b§ﬁl¢3f lI@éls RB&N O§EnVienitiohar %mmﬂd@mﬂ@l for forming

colloidfl, giEh iSRRG ot 11 S CHIAD GH aT Hiesdnethod of

makirgpcplioidak mdtel skiee partistes ngnmmeesrthemteprcefaaddlngsom@ or more

react?nt%et? éﬁht%ﬂs\?@se( Q cSﬁfétlrﬁhg aﬁ&ef@fw@ ggm L%bé??ﬁﬁ}:ﬂly free of

any sgiegr @etaltm@d@mrmlemweer%@dhamrze ar @Qf&pf&@ptaafﬁ$ are capable of
formlﬁé’hﬁb!éﬁtédiﬁ{e@é‘ﬁ&ddéf%ﬂkclé’s“ fietHisebddident, thé ldtép of preparing a
reactloﬁbvesng simply g(oemspn%gs add?r{ge %Ieswgd amount of deionized (DI) water to
the reaction vessel.

[0032] In other embodiments, the method of making colloidal metal oxide
particles comprises the step of adding one or more reactants to a reaction vessel
containing (i) deionized (DI) water and (ii) seed metal oxide particles, wherein the
one or more reactants are capable of forming nucleated metal oxide particles and/or
growing the seed metal oxide particles. In this embodiment, the step of preparing a
reaction vessel comprises adding (i) a desired amount of deionized (DI) water and

(i) a desired amount of seed metal oxide particles to the reaction vessel. When



reacti on vessel sinply conprises adding a desired
anount of deionized (D) water to the reaction vessel.
W@ 0®32%s50bn ot her enbodi nents, the nmethod of nMaERCTHS2008/013358
col |l oidal netal oxide particles conprises the step of
addi ng one or nore reactants to a reaction vessel
containing (i) deionized (D) water and (ii) seed
utilizedethal sead dretphoxidel pasticiesdypically haveran witial@verage particle size

(i.e., I%rgr@tgf M6 2RBRR] Fodf ad Ut Ag UG RUEChREt al  oxi de

I cl es and/ or "grow ng the seed netal oxide
particles. In this enbodi nent, the step of preparing a

reaction vegsel pgdRlonSErRE4sH@IVeLal oxidéesi red anount
10033F o Ehe Siselosel BRFEHECOt Sorrhist; EaloPah DELepxde particles
compi¥eraitstép z¥daddihg seeomuiae oritﬂe.ahmxe!-démiueﬂp'readttaMS to a
. : e (i -
oacid G50, \haL R SIA05 LS 1 S o e iidiitlakes into
accountiyatioes inisitrgasciion: chpdiipnsneledingo el ok dmitescioo s deast one
of (i) %’Eﬁgf&@n%leéﬁéﬁ‘ré}? \gigﬁlh%é’%a&?&nabeé@éil,g@) tﬂﬁfééﬂa‘F b&Rle deposition

rose a step ng one or nore

rate Qe eXigG Metad axide irasticles oleads 368d Hretaboxide particles and/or
nucle:étfﬁsfﬁie!ﬁaI: bgidst §@rtit@fes§1d/_diitﬂﬂg t_Héerér{tﬁidW vé‘ts)é_@, bﬁdﬁdr_a?i_i)sgrowth of
akes i account varioys i.n situ reaction conditiaon .
metal; e, R o<, (7 9n et tetel Pride Partgiesandipfihigleqtes metal oxide
particles) twitHie thectezmtionnvesset Whehdiscltosedr eethods) of efosming colloidal
) e : e ) o

metl G, Py B oA viFRRS] 0B [ 1 Bl BB o o
reactivmarelal exide ente @xiatingl melal xideaparticlessso aptaicanirrkthe extent of
cupersSBfAiprot pseabe gl Ol st et 2 o

[0034f 0| colroanteetimaENIERaYRmSTs P RtAPY YinEraRE:, Cobpidal meta
oxideVmFlbs Jdémpdéés!thseﬁembh@dming ré?chmaal loxidéalto a reaction

. r e. .

vessof B3 B GudF 4L BROBRIAE s by 8, Mgl moce
that takesaintmaccuniratdeasti one QS (iretpdrticei nikleatian wtes(iij @ metal oxide
cepodfRe il o HBSHAR Olod 1BRSRLISLANP ORI Bt it
particlegeip| they reagliah eseel, awherdibdths malalngxigds) massa addition rate
incredtebads QXLASARDE redRDNCIAB! | 1BES flidiferséraBodiméstd i addition rate
s oropSbiaulB fan b odd®, RERT bR B2 B0 el () o
total partikerauiface aredepert haur {gO90i mdrpciumingt atiedstastportion of a
eacifdlon o %y PRSoh ANBECHERNES, EAiGeibh), 270 of making
colloigal rpetal exideapartisies(aqgoydigadatthe dregentinventiere comprises the step
o 20805 GEL B ol B0, 8RSt € ol en s aoiir
rate aBEQEGIp BirmENaBAE (oIl IRar BORIIRa A" oPHEAR atRbpxide mass
additioatate| §, gs cepresenteahbyl thedfagmana gof (3ras@iDyL) (MR Git)

where‘?ﬁd de per 1000 square neters (nR) of total particle

surface area per hour (g/1000 nR2-hr) during at |east a .
porti of@)of Eor EREesMHSpRIMass of imeial @xide partigkes in the reaction

vesseP 48 TheASre8 TR QFAMBNG);, @ method of making

(b) G, represents a metal oxide particle growth rate of the metal
oxide particles in the reaction vessel as determined by an increase in particle
diameter and as measured in nanometers per hour (nm/hr);

(c) Dpo represents an average metal oxide particle diameter as
measured in nanometers (nm); and



col l oi dal netal oxide particles according to the
present invention conprises the step of adding
w0 e@onspel net al oxide to a reaction vessel at BCTESHNNS/013358

oxi de mass addition rate according to a nmathemati cal

nodel that provides an optinum netal oxide nmass

addition rate, g, as represented by the fornul ae =

(3moG (dPpO Biepreprts ticre yehowrsr(bin: (a) nD represents
[0035f "5 "Hsslnoéoﬁﬁ%t @}nb%irﬁs?gfé $ f?ohhﬁbbﬁla%' t%naB@@tSSb nm/hr,

asured in epresents a

and qdang@s em abput 95«&9@@%@6 o HROGEY A diiringeat Tast a portion of
the re@fibh Petfod. NI fdﬂhéreéﬁibo@ﬂnéﬁ@ﬁ@ Rhgest fedmi aesutb0 ad about 40

it 356 5pac%, BB By S12TRS Sbebl 2% ofERHLERSduino at feast 2

portion\of tiag ee aationl periodle particle di aneter as measured in

[0036 h:]orre{_.% %%}Hkhlcgggﬁgkbg%rﬁl{g&%ﬂ@ndéﬁﬁldrﬁ m é‘b of reactive

metalleude abdu(ii) sdeposition ratel Brr a)fgwdtwerrrrwti@lupxm @nt@ existing
parhcl%ﬁoééI tré%&&in}%gng@ r@%\cﬁ&’%er eﬁ%xugé%ﬁtan Qorﬁ@ &bvoh in FIG. 1,

reaction perio I ment ranges

nucleatigsmd@esuROt tkeo PSS LUNtIO(h e congaRtration o ergapv\(ﬁnmetal oxide

exceedidOHt cdndenttatich Eﬁlogétuﬁtlcﬁw ?Clo%mﬂnﬁfred%%%@m airltlcal level of
eac 1

th
supergitiratidhy, RRPMERS aBiGo oA HiS Bt ndcikatdtiatacasds 4 an efgonenti
rate, while #ze depesitioh abteozodtnuesialong)a tirpaspaihoas the epn@ntration of
reactl\% n{qufct) ¥g Iﬁ@,&ggegm de onto existing parti cI es as t he
reacti ve netal oxide chan
[0037§shovvn FIG FR @raphically [depicts rpraeess aenditigrs t atataé/mr(t)mieposmon

rate of 'réaétfg@nr?lﬁgl Ieeg&d@bhfaﬂeﬁ%nﬁ@%md@s (e, aht @drhéi#mtn%?ﬁ%%@ reactive

n
metal s Eon thay col i) aiSERlch f R GeIoRA] methlakie Hagtcids (. at
concenfiasionsi oft reacticé aatiad oxideo abede @f) amd Qmpmhﬂt(l)aénd (ii) (| e., at

concsfaptth o 553, 4, 687 o RLEBL ¥ Gedpenatn

showmin G ag\. aedbesonceoBalionotreactiyeamietalaixide igpeases. When the
conce‘?ftr%?l‘éﬁsbfcr%ﬁehfé ?r'ib?gf BRilef |ﬁ¥r%raséb)at5$%(@' 5| Bﬂmrnf\tfel@fz process

e onto existing arlc .

conditignt significanty davar nugleatiqnohbew m@i@'d%“d%&@”lc owdeposmon
of metdlioxiddi6hReé isthgPpaniewscol | oi dal nmetal oxide particles

(i.e., at concentrations of reactive netal oxide above

Cc) and (iii) both (i) and (ii) (i.e., at

concent r at i 8ns ofCarepletion®f Rartidle daraatiabd®fepCc and
[00387°] OW BRANGEHELRLY el SRR daltidie Bizé) S Bdkh (eached, the

I've netal

centration o react C I NCr eas
addition©f yeactants ta tha redctiosarasseé l&réloﬂpeéx pae amaﬁ@%@f deionized

waterd® a¥8e& td' 1154 padttion Ve<Sel i olleP & G8ench the reaction.

—
»"n’

4. Filtering Step
[0039] Following the quenching step, a filtering step (e.g., an ultrafiltration
step) may be employed to remove unwanted salts resulting from the reaction of one
or more cation exchange resins with one or more metal oxide raw materials.

C. Process Benefits
[0040] The disclosed methods of making colloidal metal oxide particles enable
the production of colloidal metal oxide particles while optimizing the utilization of
reactor time and energy. In some exemplary embodiments, the method of making

8



conditions significantly favor nucl eation of new netal
oxi de particles over deposition of netal oxide onto
w@2008083091 particles. 3. Conpletion of Particl ePCT/US2008/013358
Formation Step [0038] Once a desired netal oxide
particle size has been reached, the addition of
reactants to the reaction vessel is stopped, and an
colloidatoonetalobxidei particiels venables sthad gpeaduationh ef reclloidalinmetal oxide

partlcléssﬁﬁ\f Bg%f ag@ ?doé) flﬂ%\?{;‘J‘é'Ptlélé‘edléﬁ%‘féH Pefhegpiﬁg ch#rht&BMlgso nm to

enc
aboutao@pnmenga reagtion Perigd; that eﬁnreﬁergtsé\o§0°/m5edy§ﬂ@m fg@dlon period

needdd® &€ MRNEnY NN E&MeS BblIGidaP THefal tkidd Partidies ' 851§ 1 &hventional
of one or nore cation exchange resins with one or nore

meth al oxide raw materials. C. Process Benefits [0040] .
[0041The di BIG.@ grhphiddllycie pidts thé ireductionl inirdattioretiale me@dt&i to form

cotoic e B ERchaghOTae BRHe PRyl BRmdtef B1 A2 psing (3 the

optimizedcteactive nsilicendeed eradg . ofi thescpfesmtemyleatlgn and (i) a constant

reacti\(?c-grggﬁ?é TEEY ?atetlfb(;%gnitﬁthégﬁ@eﬂf rBSogéso' dal metal oxide

| es” enab 2 uc i'on col | oidal netal _ )
[0042£xi de b3t fcgraph I%UVn%eFHﬁtSaﬁ'@Pa\Qj@ef additiop 0f; reactive silica using
opt.mgggcmtﬁlbg{]odsa@:gtoﬁwﬁerst@m mmuoaosmasg@ mldy fctamv RIR bitirAal feed
a re e uc on in
rate. A5 ShoUR DEIGod. Mo tish st e ShmekiiSlsivel diga particies
may coph@riseoane ©r paorel stepwisesincgeasmsviarthe GBaCtNBESIhOGi%ed rate during
Y0 ELG . . i , : _
a giverygabligh niriod. HERUGLNY HERED br e GEP Thifdds hre shown in
FIG: pany sumbenhal stap inereasesdgdhpdeactivessilicafieedratefmay benysed in-
the pﬁéﬁbﬁﬂm(/b}\tléﬁ‘?o BRIskY feRew §ﬁ6b't|i‘h%l $edd FRelRAfctedRy P “optimal”

res é invention, and (ii) a constant reactive
line S@‘PW"(‘!& FiGeh rate used in conventl onal processes.
[0042] FIG 4 graphically depicts step-w se addition

I or esentiestiomcofiied el SRGTERT %! |'ow an opti el
[0043] eed r&he. calbbiddometah oxide pagrticlae fdrmedosredherabows-described
meth&fs Bﬁ{ﬂenﬁre%%hi m\/éﬂlnoﬁ'ﬂdv%aa %‘S{Ei{lﬂ &?U&BV g&frbéﬁtff%%es milar to

CO"°'¢Qit'@etﬁ!rQ)ﬁ*fbe @agtil%ﬁ fer@aeﬁ .I@@%éenwalme thogshobfarping colloidal

metallddde paRicRs a68Sciide’PbaBWiods are shown in FIG 4,
any nunber of step increases in the reactive silica

feed rate may be used in the present invention to
cI osel A. f ol MetabOxidjet Pamicld Padensioes depi cted by the

[0044830I | oi dgF %@[&?ﬁiﬁd@@ga E;é rﬁ%eGg?rAIrcl#o(? 4%?3 rte'sgﬂ} invention have a

spherigal partisle chaper with| & averagsl largeshpadists dimessipnpibe., a largest
dlamé'fBF R Ensibns. heTle@él%ntthé %I@ﬁd&%@%\r%)@dé’lﬁéﬁlcﬂéé of the present
cture and propertie

mventlon ave an avergg argest partlcrré da menS|on of less than about 700 pum,
more typically, less than about 100 um. In one desired embodiment of the present
invention, the colloidal metal oxide particles have an average largest particle
dimension of from about 10.0 to about 100 pm, more desirably, from about 10.0 to
about 30 pm.

[0045] The colloidal metal oxide particles of the present invention typically
have an aspect ratio of less than about 1.4 as measured, for example, using
Transmission Electron Microscopy (TEM) techniques. As used herein, the term
“aspect ratio” is used to describe the ratio between (i) the average largest particle

dimension of the colloidal metal oxide particles and (ii) the average largest cross-
9



col | oidal netal oxide particles fornmed in conventi onal
nmet hods of formng colloidal netal oxide particles as
waele®ensded bel ow. A Metal Oxide Particle D nePGI/osx08/013358
[0044] The colloidal netal oxide particles of the
present invention have a spherical particle shape wth
an average |largest particle dinension (i.e., a |argest
sectiodabpettiete dmmmmrmnj theTgollaidal m,etaliwidmpadiodﬁﬂ whereln the cross-

sectuo%l ?)%ﬂ’?(ﬁ%tdlﬁ{ %'"% %ﬁ%ﬂl& ‘)Q%ﬁ'ﬁ#dii ?c%( ﬁggnlg{)%est particle
dimersim q?nherml@ldqlmetal pylde| RAstCiendn SeRRemIEIMANIS of Gecpresent
mvenﬁ’cﬁws'thégco%mqj @Al oRbletpRtiBIES TRIVe AMUSPbEtfatiotdidess than about

oxl de partjcles have an av
13 (@ralagesinash A000t o 4i GEriessntian ARG dubue’ 1659 1N Rt 1.05).
Typicdi§Q trﬁ@bolfmdél e sdl loxiley pafftictes ladam an B8plct ratiahufiftord @ibout 1.0 to
b trqng 0045] The coll oidal netal oxide particles of the
aboUly\-eésent invention typically have an aspect ratio of
I ess t Ban aMaial QxidledRanielesSurace Aoea exanpl e, usi ng

[00461Ir ansﬁﬁé'm|oﬁ£%é% d‘fll&é gfa{?ﬁdﬁa I(o;fEMe b?e‘s'éfr‘\'t QH\?eSnndﬁs have an

averageseshifaee t Beea a$'thb|abetQ/veCéH|0(dé)| meéalam%epa@p@éstformed from
conve?ﬁbhhph%tﬁd)d?nsﬂ afPlg the c@%lbﬁl Hfétal”@iléb partieles of the present
ﬁql cles and % r& averag est crots%?ecg/ q bout 180
invenfii) hae vy A rde, Suircs RSt SHnandafomeatritgs qi/a 36 ooy
m?/g. pPesirablgsthenbelictdal rbeal oxites particlesnal theapreisehtinvention have an
sveralhEITACE e HRUAG ] Bl R, Hbelcigo . more
desirabty,deompabieiut 140 mTigdomboghbaimM¥at s of the present
[0047!nvent FRE. 5 g@mgélbgécgﬁbaf&t %lldﬁ%ldﬁzmbkid%' ;?éw@&emamls case

collmq\;josiﬁéal;)gtrtllc&s |f@§r§eghkay]t%(gmtmlzeq Proggss g§§ he p&g,sent invention

with caleidal éhll@éﬁart'ayéé foriled fréﬂﬂ&icﬂwleln]gbd@ﬂ métHods (@81, &enon-optimized
ratio o

proce§fotamefs o it Mol Gaddlnd Bei el REZ IR < 4% Hong in FiG.
5, collbidatdilicai ¢galrticies dorrmeddoparaonyestiond! ntethpdedwd an average

partlclengfzgt %P?b@fi\vfr %nnﬁ‘égﬁg%‘?} %VFF@%egéﬁﬁge %hﬁh&é‘rarég of about 136

m?/g, vileeeelicivrll silea padiclesTigsmesl by the metisizedipsetesseefihe present

inven§idsh qﬁdoahta\iérﬁée Partidre ﬂﬁé&ﬁnébédww?' A _BAYearfAverage particle

aver age, surface apga ranging fromabout 90 n2/g to
surfacg,giaa qf S%DCH'Q/ 4% ’Beél rably, the colloidal nmetal oxide

[0048)art i cAe$mjwrt rreFlﬁ e5eovlididalemntetad oxitey ée.gn silioa) geticles formed
n Q

oy g B A 00 Bl iehdA TP biod e dBlior by smie

collmdm”geta[lwm pertGles agrfagneddrom Qmwpatleealcmleﬂmdfal However, as

dlscué?écﬁhb Cfﬁe %‘Ibi‘dﬁi ﬁ%tal' &l&@'p%ﬂ&@é@fdiﬁ{éd)bﬁme ébﬂn’npz%d process

particles, formed Eﬁg eo&gmze rocessf i
of thel praseRt INVARSAN AN R (OBUPeR 2l My |"88rep§f Rientdganner utiizing
up to BoPaRGsfreanior simeeand proceseémeady. (i .e., a
non- opti m zed

. Methods of Using Metal oxide Particles

[0049] The present invention is further directed to methods of using the

colloidal metal oxide particles formed in the above-described methods. In one

exemplary method of using colloidal metal oxide particles, the method comprises

applying a colloidal metal oxide particle composition onto a substrate; and drying the

colloidal metal oxide particle composition so as to form a coating on the substrate.
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process, nanely, a constant netal oxide raw nmateri al
feed rate). As shown in FIG 5, colloidal silica
w@aooviogdoes fornmed from conventional nethods haPCEHIS2008/013358
average particle size of about 27.6 nmand an average
particle surface area of about 136 n2/g, while
colloidal silica particles fornmed by the optim zed
Suitable subskatels inbkudpum:areinmdimiitemtmamm polyragric film, polymeric

foam, Gl el cafflesiaf i o “Toods) “ae shown 1 °

[0050F| . 9n etber @wamplam%mb@mrﬂ%nt(se he method Qf)using colipidal metal

OX|def|9ér"lT§lésb3bdrﬁk§9rléE§'liﬂl|éﬁ@ RhEec esfoighl trh@teﬂr@iﬁfét partlcles as an
ention ca subst a

abrasigiParSyRB BRSO o Son MRS RIRSTONGS: CbroBier | SHEfes.  n other
exemmmmbodmﬁer thasmbthcdsoetdusibgveolidital cmétabiakddle particles

compFEsT LG SRPEQ ot msRer Bl Rl BIed B "3 AL 7 Baines 10
improventhe miethanieat propenties of aldriedpainifilte 50% | ess react or
time and process energy. ///. Methods of Using Metal

oxi de Particles [0049] The present invention is
EXAMRLE®er directed to nethods of using the coll oidal

[0051]Et al T Qﬁeé&fttlhﬁéﬁﬁoﬁ 131 Mérnlllﬂﬁmtébob@eﬂﬁ’@wrdvhﬁ examples,

which e otcio; BE GRRBHEERAD, ai /o anamoosing FDusbansHpBRghe scope
thereofol Oni tthal corttaarly, dxisde lp:ardlea:lyeundensmd itheat ©@sbd may be had to

vanou%ugﬁ'ferra&ﬁrbo@ﬂqeﬂ{sy | RSl f,?:%tiSﬁél %'ngabg ?eltnté’xthg?ec{f which, after

I'é Co
readinguthst das@nmrt aeteen,smyt smg@hthem@ab/esm trmse fﬁ@lded in the art

wﬂhodt'cﬁ@ﬁeﬁ‘rﬁn GrorRaper sp.ﬂplomﬁé JSreEéhmnv@aneéhd‘/of ¥scope of the
ceram cs, fabrics. [0050] In other

ass,
appe"g’?grﬂ?'ﬂ% embodi nent s, the met hod of using col | oi dal

metal oxide particles conprises utilizing the

col | oi dal netal oxide Eg 43S an

abrasi ve/ polishing co r mcro-el ectronics
Prepacatian bE€ColoidatSisca Ramdea d./sneg( SeedTijca Maolities and an @ptimized

met hod of using col |g; ﬁg% kgde particles
conprises utilizin e collo af?émstal oxi de

[0052ar 1| 24 Wioasamsdtia)i (2.6 vt 4N ooh ipiopizect Hal) water were
added™®s Bani 3.l Iltﬁf QI)’E(BDI gallow (gblﬁrh@ieéaa nafteul vess!axwwwﬁ& 4.9 kg

(109 18T AAY Bivb SRR RS PLH B Eh 5o A Tl acion
as a seedamatevial. aAlhlle’mgstamggl the taxtuce svaspoeatedearst mmntalned within
the tefrﬁ)%rr%?e r%(—%ﬁfgr esc;rttar ﬁgdlt{r}h sﬂlcgﬂet gﬁvg}?’g‘%s 2y S Wi% Naz0) and
a stroagigsifl iwBrexcharggi resiavetn enamenl@qneowslmdsieﬁﬁertbgwessei atan

initial ¥NE&tR. addifien rét@aéﬁd?@albh?tdj%‘ﬁ Bi gﬁ te’r%n(ld)r;g{@&ﬁhnn%)m Ib SIOz/mIn)

th | th
atter 3 Shtasy the SHicat agition adr Wassnareasat (3 A6 ¢ SO imin (0.70
Ib SiCamiinp antimaintaiped at thib digharaatetdr @dnaadditional 11 minutes.

[0053] Throughout the process, the resin addition rate was controlled to
maintain the pH of the vessel between 9.2 and 9.6. After 21 minutes of silicate
addition, both additions were stopped and the reaction quenched by the addition of .
DI water.

[0054] The resulting product was determined to have a particle size of 22+2
nm with minimal indication of additional nucleation of small particles.
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EXAMPLE 1 Preparation of Colloidal Silica Particles

Using Seed Silica Particles and an Qptim zed Silicate
WM Rat e [ 0052] 28.4 kilograns (kg) (62.BCPUMMNE013358

(I'b)) of deionized (D) water were added to a 113.5

liter (1) (30 gallon (gal)) heated, agitated vessel to

which 4.9 kg (10.9 Ib) of a 40 wt % solids suspension

of 12 nm col | oi dQOMPARATNE EXAMPLEt added as a

Prep%?éca}‘ 5 lc?ib.al %{:% ?—’ﬁ?%/&?@éﬁgg% Soe i %ﬁ/c‘@é ahR8% €8nstant

a ne ature ran
90- 960C Sodl um si | i coieatedeed Ratg o2, 9 vvt%NaZO) and

[0055@ St rofge dlﬁ@ |ﬁ@>&ﬂﬂ R 1 de‘réb%‘a@ed BREept the silicate addition
i mul t ane added to ﬁ&a esszzd 2t g |7| tia

rate %qqlva!awetcadm 8 Brams JOLRIDPAMEN{0-38 1pe5iGe gv%gva(sgynamtamed |

throu@io@%/tm Prddbsd/ The RdR/addition wité Waslébrmdﬂedee mainéain the pH of

e vaiseb ahieg 04 9 BB ST BEL TRRCrARTAA, fr%) imues ater

whichhadditons a:tfesnﬁmteaandtddn{exohahg&JremnnmeeQ stpppagdland the growth

readi%@%ﬁ%ﬁé:h:eg%ﬁg%ﬁ@g?ﬁ’Otfm%vﬁeﬁl n addition rate vvas

_ f the vessel betwee
[00563. 2 anihe.resulingaodugt WRRAeISTBINed) 1o baa acRRTtiEioRize of 22+2
nm. both additions were stopped and the reaction quenched

y the _addition of wat er 0 Th suI
[0057Eroduc ”&%t'@\’%‘m Ras P&@b geﬁ‘}‘ﬂqq{v\ﬂ g rrB%dzﬁuyg\ber of
embodimentsNthdsei spacifiodmbaidinentsf a@dmbttlnmmledrtodlmlatne)ecmxBe of the

even o BB A 0 A PR Rl pose o

ordinampdskill Gontheaart gpon c@weew:eﬁdtmateeemm'a] ernb@dpnemsdha@em -that
furthe'rnm@dﬁldéltlﬁn% "@ﬁnv‘aﬁ%@?t eé’nc?x\%i%\ttloh@ea?é Zéé‘é'itﬂ ddAﬁ';%hs and

te equivalent to grans %
perceetmﬁﬁnﬁyemgmmm%s wed ataqlndngﬂgmanacf% ihe sec f?ﬁ&on are by

weight Qﬁlé‘ssﬂ@ﬂhémlma spkeifieds Farhes! Aeyl rang érmmﬁmhbetsmemidd in the
sse

soocAbRCoL S, GBS dbohoini A B S H ipBeres, uns
of meaéureatomr\dnd)nsorprwslﬂaingtatesammpamemta;gemplsd|meddedeto literally

mcorp?{ggtgglh;xfme%%ye d%gt% ﬂg@%«%‘%r‘?}é er%@rt f%flling within
such gange.cingluding aﬂy gg aehm r[umeeqs withire aﬂMefaﬂg@eﬁ@lf@ﬁ'ted For
exampRS V\H\%?l‘éVG?éq{drH@ﬂcéMrhhgé witha lcﬁﬁeﬂﬂﬁbql{._, @ind an upper limit Ry, is

odl nent s, e
discloS Ao oG REBATH LN SRS, Hengayn SPERTIGAly disclosed. In
particaldnethel foowirrcmurnbdrsaRdvithinithe damge arenspédificedly disclosed: R = R.

o SR, KI8SE Bha A, et 194 B 188 By 4P ncremen
e.g., K i 1 %er2%naV4, 4t 5%ns,. *fei HaVerfi2ds. an85%ar96iri 97%, 8886, 99 /o,
or 10@‘?’53'I\ﬁ’<5r%ové’4,|ar8ﬁﬁbﬁmeﬁegl range represented by any two values of R, as
calculated above is also specifically disclosed. Any modifications of the invention, in
addition to those shown and described herein, will become apparent to those skilled
in the art from the foregoing description and accompanying drawings. Such
modifications are intended to fall within the scope of the appended claims. All
publications cited herein are incorporated by reference in their entirety.
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percentages in the exanples, as well as in the
remai nder of the specification, are by wei ght unless
wW@rdwensiose specified. Further, any range of nuPdEDS2008/013358
recited in the specification or clainms, such as that
representing a particular set of properties, units of
measure, conditions, physical states or percentages,
WHAT 4S iCLLAIMED ISp |iterally incorporate expressly herein
b n - I
1. rh8€r§]oe§F ﬁ'\ag{: Tgﬁ%ﬁ%ﬂéﬁﬁe&&l&g?ﬂ%ﬂ% Eéi’&\?mm}@!:tﬁcm Eompnsmg
the Ste@@@e SO0 recited. For exarrpl e, whenever a nuneri cal

d| S&?a.h GehONRY ndtal (and@% aar'é’écﬁﬁn %§§él atl AietAloxide mass

nunber R in the ran
additigp 4aler o Isyb%ﬁegﬁpas%anam"ﬁiwi Girdal thahiakes Iniaargoant () a
partlcl@UﬁMéétlcﬁh \atehi(in ahﬁefaatrwmeadepegmcnfrac@bhto dkistihgaaedtal oxide

= R RL,) ere S varl bIe [a n
particls, o (gt < sl e prficies 3 1Rg Babf\Bkec B8 meta
oxide MasHaddition rateS0eteasirtg a$adunction of %ﬁimee%e 97% 98%
99% or 100% Mbreover, any nunerical range
represented by any two values of R as cal cul ated
2. g@emﬁthoéﬂ ob Glaiat i1, j whenejn dh%dﬂég@éﬂatmi/ model prowdes that an

opt.mnﬁ\dﬂnte'téaaixudmﬁaa%& édmdmmet qqe repfbs@ﬁf&d bpthd forifipse
shown and descri bed é‘?‘?@m % éqge apparent to
those skilled in @feldPe (¢ goi ng

whergl®scri pti on and acconpanyi ng draw ngs. Such

R cofeisBIaT ayRasy BF s e st i P BERHER Ygoset as

measur&dam;gram%(@)by reference in their entirety. WHAT.-1-S~

C@ d'VE@ 'r§pre§ent§ nr&%%e% oﬂ?ﬁél@%rﬁﬁkﬁ ‘Pél‘éabf ﬂ‘%t ﬁhca]c partncle;m

artlc es, Sal 1SIn
the rmt'oavdaﬁﬁge'r a8 cUelpEMIRGG IbYoRNdiNrease rlaare@mew dagefer and as

measatecﬁmm?arﬂim@?élrﬁpeﬂﬁsar (%rdﬁ/rtr) on rate that is based o n
a mat i cal n}) that tak

61 P rBrsETo AT avBrads ica Raficf dfaeter 4s measured in

nanordetmm(nn‘();namdate onto existing netal oxide particles,
(| é’r‘ﬂ% : jde particles in the

cti ohépvrgése qm?%g{rﬁn%@aﬁ Wﬂ de mass addition rate

|ncrea3| ng as a function of reaction tine. 2 . The

3. mfhé‘?ﬂef?fod%facmﬁh 2 WIRERIIM G, hﬁngéé Iﬁ@i’ﬁibbéa{ 10Q6€Eibout 50 nm/hr,
and rgpgesgrorp §%P8g|] @&ﬁ){ étggw h@/? @{)((iltmeb éurmq gHeasP a portion of

the reaGtio®pedio( Dpo + Gt )2 wherein: (a) nD represents a
mass of netal oxide partl cles in the reaction vessel

as measured in-grans ; : (b) & regr esents
4.  néhalmethogdeofp@laimc, M@em ﬁrrrange@ffromebgut 284do about 40 nm/hr,

and gPainges lffsim iabolb 1T eRFADOIR ¥233F1006 n‘iPeﬁretﬂtﬁ'i‘lr‘i@Qt lRaskalportion of

increase i.n particle dianeter Tand a s neasured in

the reqgHBRPEEPY- per hour (nmihr);

5. The method of Claim 1, wherein the metal oxide mass addition rate is greater
than 10.0 grams of reactive metal oxide per 1000 square meters (m?) of total particle
surface area per hour (g/1000 m2-hr) during at least a portion of a reaction period.

6. The method of Claim 1, wherein the step of adding reactive metal oxide

comprises one or more stepwise increases in the metal oxide mass addition rate
during the reaction period.
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(c) DpO represents a n average silica particle
di anmeter as neasured in nanoneters (nn); and (d) t
woeppes®nats tine in hours (hr). -3 . The net hodrof/uSioas/m33ss
2 , wherein Gr ranges fromabout 10 to about 5 0
nm hr, aanndd q rraannggeess ffrroonm about 10.6 to
about 52.8 g/ 1000 nR2-hr during at |east a portion o f
7.  tTiee mextbod of Ghaim ddfurther comprisinghthe step@faim 2
V@ﬁr el 'Htr@’dﬁchﬁ”&féd frfe‘??} ?)988 a%&e%cfnl% re‘bc@oﬁ"(fe’%el prior to

rraa eess oo 1 to about
the stmosagﬂmd@aﬁnvmm%r%geat | east a porti on of the
reactl on period. 5 . The nethod of Caimi1l, V\,herel n
e net 0 ss addi t| on ra [ ater,.
8. it mpthing SCRid: wire e sedlietdl MR pakisles Bave an inival
avera?@?@ﬂ&:lé g2 rahging fad_)mmhsdutCS nrrsturét&nﬁ 1& . per hour
1 000 n2-hr) during at least a portion o f a
reaction period. 6 . The nethod of Claim1, wherein
9. tTiee snetpodiof &daiimmg, fusthericomprising thexsigée donpri ses one

g@& ”Dfo‘?m%gf%gﬁ%téa%ﬁ?aﬁe&ﬂ? BdHhciest tr@“ré’ﬁcﬂ@?%ﬁssel as a

tion ra e reaction period
resultof the slem af addipg feac b’@n’ﬁﬁ‘léﬂ ioifle Wéhﬁféﬁc'ﬁbq’“ V€§§e
|ntrodu0|ng seed netal oxide partlcles into the
0 the st ddi,ng reactive

10. nﬁﬁélt I%}EP %ga'"?%&%rr?@&“% '%JH?%‘? fherein the

s@dd nhitﬁdllyoadding [2ar aqoeess salutioantoi thiet feaictian evessgel prior to the

step cgaa[&mrgé ﬁ%%ﬁﬁlg rh?ﬂ% xg:lr%f fﬂ@@ﬁ?@#ﬁ;%&&ﬁ\p&r@b@fﬁgﬁmﬁsﬁﬁmny free of

metal@ixidg.a) f or mi ng nucl eated netal oxide particles i-n the
reaction vessel as a result of the step of add| ng
reactive rretg oxide to the Eeactl n vessel .

1. G0 BOBORPRIGIGN . uvbBia bRt e SogiRSy sﬁ]?%)and the
reactWéllnﬁetaI b)(ld@dcbmpngés agreetion Producoof & adtioio wacéxchange resin

Qr. the step of adding reactive netal
and aB)ﬂﬁ‘gag' m%ﬁpé Z%us solution being substantially free
of net al oxi de 11. The nmethod of Claim1l, wherein the
12. n?ﬁé"m%fﬂdéfo?mfrhsﬁﬁ ﬁHHe?accﬂﬂgg%iH@féﬁ@gr' Hor&&tdhe following

de conprises a redction pro a cationic ion
SteDSexchange resin and an alkali nmetal silicate. 12. The

hod Qén&hﬁgra flactioH! bétie eROOIé io? iriEre0sificesnarice oAk or more
I oW n ﬁﬁ rirﬂjﬂuentc(gl n%ﬁa reacti on between
jon ex @”S? rgeins h?@ o gHe fe ion exchange
resins with a sufficient anount of water.

13.  The method of Claim 1, wherein the reactive period represents at least a 50%
reduction in reaction time when compared to a method of forming metal oxide
particles in which the metal oxide mass addition rate is constant and below 10.0
g/1000 m?-hr.

14. A method of making colloidal metal oxide particles, said method comprising
the step of:

(@) adding one or more reactants to a reaction vessel containing water and
being substantially free of any seed metal oxide particles, said one or more
reactants being capable of forming nucleated metal oxide particles;

(b)  forming nucleated metal oxide particles within the reaction vessel; and
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13. The nmethod of Caim1, wherein the reactive period
represents at least a 50% reduction in reaction tine
wab@/ogoapared to a nmethod of form ng nmetal oxPCEUS2008/013358

particles in which the netal oxide nass addition rate

is constant and bel ow 10.0 g/ 1000 nR2-hr. 14. A nethod

of making colloidal netal oxide particles, said nethod

donpr igrowming tee steleatdd nietpl azidenpartiolesowitmiortbe reaction vessel
SO as Loeﬂ)“rﬁ?@élgascg nrffe{al?ﬁﬁfdfer@aeﬁﬁg elsafﬁogbg) r%?ﬂalp"%rﬁgnéﬁﬂa increasing
a feedyate ptsmg or@@ﬁmﬁ% f@@Ctﬁrﬁt’SeO\fQiaa:tQﬂ%lgnwfwg capabl e of

form ng nucl eated netal oxide particles; (b) formng

|de parti svmthnth reaction

eat ed t al I
15 khamethas af Slaigy ot Whereie thedpediale Gotalfl opel efemore reactants
is a fummtm of esagvidrhtimet dved i gradtontheess@0 granesof mafomm metal oxide

per 16 SRR moierd i gt e Blsufie atPel ot (apgo m*no
duringaialeastra ponmrofaheeaacilmppeodod 15. The net hod of

Claim1l4, wherein the feed rate of said one or nore

reactants is a function of reaction tine and is
16. gthaamathedaf Glai tf.avkewsin the ster of Rding ere & pere reactants

compr?é&ooﬁéuéff fhdret %ﬁmﬁé‘@)inc%a&é’% 3h thar fdedl Patéuéff ﬁrfé? oﬁ‘ke@r more
/1000 hr) ym%n at | east

reactatnﬁ (ﬂ@lggtf r%%qqo(gﬁ peiigd 95 dT8Fe § gﬁ sg4lncreases being
basedwoer ai mdthematieal wfﬁo@eidthm provides raw eptiearh antetal oxide mass

e wse I ncreases in the feed
add't@%@é’oﬁ r%ﬁg&gerpgé%wéﬁ?zbﬁﬁ% gants duri ,Ng the reaction =~
peri od, the one oﬂqﬁ@f@a@i%vﬁﬁorrrﬁﬁbases bei ng based
whereff? @ nat hematical nodel that provides an optinum netal

oxi de mass addition rate represent ed by

(@ mul Bo f%P@S(%G'Fﬁo@m@ifoQS @%Eﬂcpxld@?ﬂ@%'@rt@ierfea(:ﬂ?n pssel as
meastrelliALRams (g);nass of nmetal oxide particles in the

1By o BhedPestaiid FERALORAe PatbRO Bl raiBlobing metal oxide

particlestiathereabtiopaessel as detertrieed bgan mnre\aesesalpaah;cle diameter and

as me%@h%ﬂng%n&ﬁgl%gs gbgﬁ?gmhﬂ\r a”('nﬁ; ﬁr;jl a?ng; eergnd as

riepr eslamt kepa@sents raa‘gave.r@ugw meial exidex particle diameler @s measured
in nan@ﬁ@@gfseg‘mpaﬁgnoneters (nrr) and (d) t represents tine

hours g%s%ﬁ hh d of Claim 14, wherein the

aI 1555 Y Mesies %H"ﬁl -and the one or nore
reactants conprise a cationic ion exchange resin and a
17. S‘I'lj1é (?ﬁlétﬂod of Claim 14, wherein the metal oxide comprises silica and the .
one or more reactants comprise a cationic ion exchange resin and a silicate.

(.4#

18. A method of making colloidal metal oxide particles, said method comprising
the step of:

(a) adding reactive metal oxide to a reaction vessel at a metal oxide mass
addition rate over a reaction period so as to form colloidal metal oxide particles
having an average final particle diameter ranges from about 20 nm to about 200 nm,
the metal oxide mass addition rate increasing at least once during the reaction
period.

19. The method of Claim 18, wherein the metal oxide mass addition rate is based
on a mathematical model that takes into account (i) a particle nucleation rate, (ii) a
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18. A nethod of naking colloidal netal oxide
particles, said nethod conprising the step of: (a)
wa@oapngsopeact i ve metal oxide to a reaction vesBE/USI00&013358
netal oxi de mass addition rate over a reaction period
so as to formcolloidal netal oxide particles having
an average final particle dianeter ranges from about
metal 2Ridendepositicrutate @ existing metak xide padicles andaditi grovth of metal

oxide prf’atrﬁclsgclégﬁ‘%'_rﬂ&acﬁfonl 9§§§?I°g?§ rﬁéfa‘l ki ﬁen?%‘@%ﬂdﬂfbn r?te being

greategihar 193 gramag iof reactiveraetal %&@eﬂ%?@%@ rAvAerReters(m®) of total

panlclﬁfﬁﬁfacb%at;ﬁ#ﬂﬁ)mr(bﬁ C0OCRENr) iving aPfedst @l Sortion of the reaction
ucleation rate, (irT) anetal oxide deposition rate on

periodey sting netal oxide particles, and (iii) growh of
nmetal oxide particles in the reacti on vessel, the

0. PPl Rhu by i s AR HET ek AR Rave an

averagermwabpalmoteaduapmten of @@ﬂr%@eamtdd Q8emmhour (g/ 1000
mZ hr) during at |east a portion of the reaction
20. The nmethod of C aim 18, wherein the
21. cGoIﬂdealametaétoaldeoszaraéleéépfmeﬂ@y theyeekiedRfSiaige 11 i nal
particle dianmeter of about 20 to about 100 nm 2 1.

22, R LARRH 0P3RS EBWBAB LE, OET iy BT acaig
reactivirdetgbaoride | tos ac cegutioni ngsselddt @y metattaxide meass addition rate
accor@ﬁgd@ Lonfth &ALk %%?ﬁroﬁﬁe@ tﬁﬁf %tn 89? rql%rrm?ﬁétal oxide mass

| nTPAt e accor di
additign fﬂthQslStfﬁateS@rﬁ\tQﬂ)ermmwfmlda oxi de mass addition - -

rate q, is repreée.n(;ﬁﬁl ) o) Pg@[jpgt,n(g tf - (3nOGr/DpO
3)( Dpo + G't)2 wherein 3 represents a mass of
Wherejpst al  oxi de particles |n the reacti on vessel as

n(‘aasur mzl repregeatsa (ass 6binetil dxge pactiies i et relactian gessel as

p(rgt h rate of the netal oxide particles in
measutlr% 'p qu%oﬁ vessel as determined by an increase in

pémt i cGe rdpeesents aambtak oxidaspadidle growtio nateeok themetal oxide
particl%@‘”é thé '?éeﬂft?one\‘éé:)sepgg defdthfingd a?ﬂne}’(ﬁs%% i@k diameter and

Il aneter as neas I N nanometers
as me@skjed ah@nawpeterwsr@@yﬁﬁrynfhrhe |n hours (hr). 23. A

ho0|D 0J raprésaritscan hoekide wietal Gxidephttidiediarieted as measured
f} rl%lngthe step of:
in nanometers fnrmo an

(d)  trepresents time in hours (hr).

23. A method of making colloidal silica particles, said method comprising the step
of:

(a) adding reactive silica to a reaction vessel at a silica mass addition rate
that is based on a mathematical model that takes into account (i) a particle
nucleation rate, (ii) a silica deposition rate onto existing silica particles, and (iii)
growth of silica particles in the reaction vessel, the silica mass addition rate
increasing as a function of reaction time and being greater than 10.0 grams of
reactive silica per 1000 square meters (m2) of total particle surface area per hour
(g/1000 m?-hr) during at least a portion of a reaction period.

24. The method of Claim 23, wherein the mathematical model provides that an
optimum silica mass addition rate, q, is represented by the formula:

16



(a) adding reactive silica to a reaction vessel at a
silica nmass addition rate that is based on a
woradobesmvi cal nodel that takes into account (iBCHUS2008/013358
particle nucleation rate, (ii) a silica deposition
rate onto existing silica particles, and (iii) growh
of silica particles in the reaction v%ssel the silica
mass addition ratgq-=i (@mm@@@a(%& @&d)cti on of
rRR 8rte' n time and being greater than 10 0 grans of
reactlve silica per 1000 square nmeters A of total
pl@ti cMe FEPresSards ad eraaperofheur:a(gamgt@@ rﬁz-t ¢)reggtippgvessel as

m asﬁ‘r‘edhﬁ rtion of a reaction perl od. 24. The
¢ gﬁ épZImZB vvherelnthe matl

U7 dBa remiaseRls isilcARRLRIa gip Riithecsianparicips in the

reactld)rs véS@él%@ﬁé@dnﬂYed be¢ droingte sse=in( mad dlaMeBh(\d [3omeasured
t;gz V\,herr1e| ggfﬁb nD represents a mass o f silica
in narﬁ)g?e £ BET 91”“’1" action vessel a s neasured in grans

(@); (B Gprespntssant averagiel sitieappartictsl dianeterhas aneasured in
particles in the reaction vessel a s
nanorﬁ {el?gl(n béaé}gj a nincrease in particle dianmeter and a
d}easurﬁ@@esenta&MMwsabr) hour (nm hr); (c) DpO

represents a n average silica particle dianeter a s
asure ter . and t repr nt
25. [ FheGiAtEou Iags DT et oS Hosh AbSht T Rigaboivt 80 nmvh,
and qrrangege@ni abouRbOB toldbdu 5208 g 1 ®mArtirdurirapariedstia portion of

ss ffrroomm eabout 10.6 to about 52.8 g/1
the reaﬁﬁ&ﬂggﬂﬁ%dun g at least a portion o f the reaction

period. -26. The nethod o f Caim24, wherein Gr
26. f?ﬁ&%tﬁb&%ﬁ?gwﬁ 24, Wl .ﬁbeur%n%eg ffHﬁ‘n *Hbou%@mé%but A9 nm/hr,

rraann eess rroofrm ca C? g
and qoB00RBIIOM abPHHG 1 d 1o AkAEH23 @6}9@% TG aigas! portion of

the reBefibPBeridd. The nmethod o f Claim 23, wherein the step
o f adding reactive silica conprises one or nore
stepwi se increases in the silica mass addition rate
27. duUhée mgethbd ofd'alatmm mrre'rem thessteprod adsling ceactive @ilancomprises

one o??morfeuétI%pWsecméé s@{% Sinds ééﬂnoh%'ié’%ﬁhg%e reaction
es | n

ca partic e reac Ion vessel
period.o t he step o f adding reactive silica. 29. The method
of Claim28, wherein the seed silica particles have a

rhe sheiBod Y RS AR St RGNS g om about S
(a) introducing seed silica particles into the reaction vessel prior to the
step of adding reactive silica.

29. The method of Claim 28, wherein the seed silica particles have an initial
average particle size ranging from about 5 nm to about 15 nm.

30. The method of Claim 23, further comprising the step of:
(a) forming nucleated silica particles in the reaction vessel as a result of
the step of adding reactive silica to the reaction vessel.

31.  The method of Claim 30, further comprising the step of:
(a) initially adding an aqueous solution to the reaction vessel prior to the

step of adding reactive silica, the aqueous solution being substantially free of silica.
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30. The nmethod o f Caim23, further conprising the
step of: (a) formng nucleated silica particles in the
WO e@enom vessel a s a result o f the step o fPELURI998/013358
reactive silica to the reaction vessel. 3 1. The
method o f Claim30, further conprising the step of:
(a) initially adding a n aqueous solution to the
32. rEaetmethodest &laiom i2®, wbetdie the eneactive siltiangomgaises vae reaction

oo L BaigE SAEENDGE 48 8ol e RSRCall Y, e
reactive silica conprises a reaction product o f a

33. CPhé GHEMJICBf NSRANEE e cﬁffﬁpﬁsiﬁg%ﬁ‘@'dr mBfalof the following
silicate. 33. The nethod o f daim?23, further

stepSconprising one o r more o f the fol l owing steps: (a)
qeaznchdw@ming?acte@awﬁoheb%m@@nm @rrmmrﬁlicétbbﬁtce_ene or more
: and one q r re ign.excha es with a sufficient
lon e"&ﬁﬁnﬂ? r%S'PS\)Oﬂn%e? _sué@_lerﬁt%nm%fd/v%tgﬁ C aim 23, wherein
the reactive period represents a t least a 50%
r i n : r 86k
34. (PR THEMOAB1 CRER 287 wildlBin N/ FRTRE feriod BofRbhft af east a
50% serduatiopnin geackien disnet whenagemparesy teoaomgthes offorming silica

partictedl in. WhichtHEESNSSl rRads Fakitiot AR i9icdmistarit! Arfc below 10.0 g/1000
m2-hrpart| cles, said nethod conprising the ste p of: (a)

adding one o r nore reactants to a reaction vessel
contai ning water and being substantially free o f any

S i1 [ . ' r_omr ,
o5, S8atiod AABRbl B 301k Bl 4B el RAtA bapo e st
of: (b) form ng nucleated silica particles within the

rgﬁ?ﬁ'?&m\ﬁ%ﬁﬁ% or ﬁ‘ﬁ)ﬁ’e (EActahNo W rdtgionUsdsal shtaidihg Vater and

. particles within the reaction vessel so a s to for _
beingsyibstaniiafly dhee; ofapaseed slica p@&ﬁ"deﬁrﬁﬁﬁ REeQrdpore reactants being
capabl@mmfémiintg du?lé’a@@ébm@aq)a‘rﬁctﬁds,’f ate o f sgi d gﬂe 0 rh
re regactants over a.reaction i od. ... The |

oth° s Eifiia noafes bR earicdgs Pbi e Bagngn yrasy fic

ntm)e rgantiagtise insickeatenh stlicarpastidles adttin the teactioarvessel so as to
form SRR, S5RTRy g 885 EhNFEg Frfiin a eod rate o
said qnecer MaEe reggianistover iaci@actien Heripdee area per hour (g/1

000 n2-hr) during at least a portion o f the reaction

6. DEheSharig o R el Pl San i S1EL O BF b P ractants
is a fonetors bepeactivn tinecandss igreatee thard 0.atgrams ot heactive silica per
1000 oflBEnESSARS o L AR bR PEIAL /RO durng
at leagha pontian @gthenr@@@tiom periogr ovi des a n optimumsilica

mass addition rate,
37. The method of Claim 35, wherein the step of adding one or more reactants
comprises one or more stepwise increases in the feed rate of the one or more
reactants during the reaction period, the one or more stepwise increases being
based on a mathematical model that provides an optimum silica mass addition rate,
q, represented by the formula:

q = (3MoGi/Dpo)( Dpo + Git)?
wherein:
(a) m, represents a mass of silica particles in the reaction vessel as

measured in grams (Q);
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g, represented by the fornula: gf = (3moGr/ D p0O 3)
( Dpo + Grt )2 wherein: (a) nD represents a nass o f
W@ Rlbossoparticles in the reaction vessel a s nRPEEUSMAS/013358

in grams (g);(b) & represents a silica particle

gromh rate of the silica particles in the reaction

vessel as determ ned by an increase in particle

dicanet & représantsrasilinee paiticleranowtit eate gfethersilica particles in the

. ; v L g
roactigfi Vedbel o< iR ERI AP Riciodts BYEAARG Blanide; ARl d<’hRasured
in nanaspeteseResheUnM@M/MANkours (hr). 38. The nmethod of Oaim

3%) whpr eirBpielenfanchvERIgR SARE! pAMHRIC iheRR 8s measured in
cationi c ion exchange resin and a silicate. 39. A

nanomgters N #rtki ng col | oi dal silica particles, said
ngf) hodt epipsersts tiend rehotrenhef.: (a) adding reactive
silica to a reaction vessel at a silica mass addition
rate over a reaction period so as to form coll oi dal
38. sThecmefimd iof | @airha35 nwhereiavtheageef onatorgargdatarts comprise a

cationgri: ﬁﬁeé)@hahggggsinfém%%qem nmto about 200 nm the

ca nas Ition rate increasing at |east once
during the reaction period. 40. The nethod of Caim

39. 3R méfMdedMmbRhgsddilofdal SRR pettltics0saitiahBtHod &shpfsiAg the step

~a mathematical nodel that takes into account (i) a
of: particle nucleation rate, (ii) a silica deposition
r@d)e oaddingseaotives silicado pardadctibns/essaldat( a isilicagnass hddition rate

over & ASRaREAF 55, & [0, ORI B3Rt My Erfherage fina
particleediameter eirigesarrerabind @Osemaoabast 209 r(rhﬁi,shecﬁilitta)mss addition
rate ir%é%éiﬁé%ﬁéﬁé‘t%%e%&@goﬁ% ra@kfior gkﬂioQ.O_O nR-hr) during

at [ eaSt t n

a portion o e reacti period. 4 1. The
met hod of Claim 39, wherein the colloidal silica

40. PTRéiméRdGIVEIaNN 30 aKBgRin thdlkiliparmhass additieneiats ibased on a
about 20 to H%%ggé 100, nm_ 42,
0)

matthQ? |q:qJ|rggd?I W 1o} aﬁg?HBtdgg%{lp%rgﬁlﬁq @gl_le'a%%n rate, (ii) a silica
deposition rate on existing silica particles, and (iii) growth of silica particles in the
reaction vessel, the silica mass addition rate being greater than 10.0 grams of
reactive silica per 1000 square meters (m2) of total particle surface area per hour

(g/1000 m?-hr) during at least a portion of the reaction period.

41. The method of Claim 39, wherein the colloidal silica particles have an
average final particle diameter of about 20 to about 100 nm.

42.  Colloidal silica particles formed by the method of claim 23.
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