SILICEOUS MATERIALS HAVING TUNABLE POROSITY AND SURFACE MORPHOLOGY AND
METHODS OF SYNTHESIZING SAME TECHNICAL FIELD [0011This invention relates generally to a
siliceous material havin%qhighly tunable pore size and a method of synthesizing the material. More

specifically, th8 VLIS L/2009/056659

relates to a siliceous material having highly tundbie pote Ize, pore volume,
and surface area. BACKGROUND [2] Designing and patterning inorganic materials with porous
and complex shape is a central theme in engineered material science. Several routes of
"morphosynthesis" and templated, inorganic materials synthesis have been reported. Diverse

underlying principles i itaseus MesrprIdeS X erepplay Aierk porsTEY mNBophases, colloidal
arrays, bacterial SURRACEMORE FEHLIO& IO AN YEVERRDA IOH IS NIBER AN GsSaidRemulsions, oil in
water droplets, and emulsion foams.

TECHNICAL FIELD

[001]  This invention relates generally to a siliceous material having highly
tunable pore size and a method of synthesizing the material. More specifically, the
invention relates to a siliceous material having highly mnable pore size, pore volume,

and surface area,

BACKGROUND

0021 .Dcsigm'ng and patterning inorganic materials with porous and
complex shape is a central theme in engineered material science. Several routes of
“morphosynthesis” and templated, inorganic materials synthesis have been reported.
Diverse underlying principles of these routes include, for example, block copolymer
mesophases, colloidal arrays, bacterial superstructures, replication via reverse

. micelles, bicontinuous microemulsions, oil in water droplets, and emulsion foams.

[003] Highly ordered, surfactant templated porous silica structures (2.2,
MCM-41) structures comsisting of bundles of hexagonally close-packed cylindrical
channels are disclosed in “Ordered Mesoporous Molecular Sieves Synthesized by &
Liquid Crystal Template Mechanism,” by C.T. Kresge et al.; Nature 359: 710 (1992),
A similar structure with tunable pore diameter and “thicker” pore walls (e.g., SBA~
15} is disclosed by D. Zhao et al. in “Triblock Copolymer Synthesis of Mesoporous
Silica with Periodic 50 to 300 Angstrom Pores,” Science 279: 548 (1998). These
materials are both based on tetraethylorthositicate (“TEOS™).

J004] It is known that oriented organization of pores may result in higher
selectivity with respect to catalylic applications, thms increasing their efficiency,
especially in water/sieam and high temperature catalytic applications. Such harsh
conditions, however, may result in the collapse of the rather thin silica pore walls,

minimizing the organization of the pores and reducing pore volume with a



[3] Highly ordered, surfactant templated porous silica structures (e.g., MCM-41) structures consisting
of bundles of hexagonally close-packed cylindrical channels are disclosed in "Ordered Mesoporous
Molecular Sieves Synthesized by a Liquid Crystal Template Mechanism," by C.T. Kresge et at, Nature

359: 740 (3982 AL SRS Jt&tm‘a#g RREGdiRmgieRand i&‘é&&'g%@%@!L%é%-ga@%lf’)

is disclosed by D. Zhao et at in "Triblock Copolymer Synthesis of MeSoporous Silica with Periodic 50

to 300AIRFEN SHEPHIEE vidigrd e dndverialatelngom)catHied sUpRaE MAS RS both based on
tetraethylorthosilicate ("TEOS"). [4] It is known that oriented organization of pores may result in

higher selectjyjty,with respect to. catalytic applications, thus increasing their. efficienc ecially in
oo 1 e e g i R S Tl R
in the golkipse Slthemraitalstiiaudiba potiswalis benmisrikirigitdesorgasiritioneof thrahotesmod

reducing:ele, ViIE I sconeaniRRtrRducianncalalystasly it dardale. MeM-4d anghSBA-15
type and similar materials have not been extensively utilized as industrial catalyst or catalyst support
materi ST RN IOR RN R RHT B ing need for robust siliceous materials having tunable pore

structures. Such materials would be particularly beneficial as industrial catalysts and catalyst support
materials, heavy metal remediation materialsg@nptipagierial materials, sorbents, pigments, and high
temperature air pollution control applications. SUMMARY [6] This invention accordingly provides a
new, versatile, and economic route to creating porous siliceous materials with tunable pore size, pore
volume, and gudaca kcavdihimaibvalion o ey tthesizng wehir, Rk dscandicrehistostieaisiructure
was borme, AURLISLONIEING. e damand fol.alinaple Dtewe saialishanbpartmaterial Aih pigh pore
volume and rigid pore structure. The tun _fe porogﬁy characteristics oi‘xfhe.ma erial ot the invention
offer esTiikibienpiyabe, Mrearmagdiobrel” ditinetarcisoraveoame, alivel sopkdaar de davpadifoa siliceous
matriXtiﬂQbM%i@%|&’aﬁ!’y’f§it|%B{%oﬂf%@e@ﬂﬂﬂ%ﬁ%ﬁ‘ﬁ%ﬂebyoﬁﬁﬂ%oiﬂﬂ%@i&aﬁlﬁ‘@ ahrddiives apdbanges in
rocess parameters to influence pore formation durin icle formation
P pm%?ity ngharacter%tics 0% t%e %aterfﬁ r(])}t e inventignpt?frtler a t?epg]ble solution, in terms of pore,
diameter, pore volume, and surface area range, in a siliceous matrix not previously available, Tunabhility is

achieved by exploiting a range of additives and changes in process parameters to influence pore formation

during particle formation.

[006a] In an aspect, there is provided a particle that is non-spherical and siliceous, the particle
comprising: a plurality of branches, each branch being randomly oriented and elongated, ring-like, and/or
aggregated; a plurality of pores present in each branch; a tunable pore volume controlled by an additive

introduced during synthesis of said particles; and a pore inner diameter ranging from about 2A to about
50,000A.

[007] This invention includes non-spherical siliceous particles having a plurality of randomly
oriented branches. The branches are elongated, ring-like, and/or aggregated. Each branch includes a
plurality of pores and pore types, where the pores have a tunable pore volume controlled by an additive
introduced during synthesis of the particle. In different embodiments, the pores have an inner diameter

ranging from about 2 A to about 50,000 A.



[006a] In an aspect, there is provided a particle that is non-spherical and siliceous, the particle
comprising: a plurality of branches, each branch being randomly oriented and elongated, ring-like,
and/or aggregated; a plurality of pores present in each branch; a tunable pore volume controlled by an

additive introdyead during, syaiiesis kS RAEIES: A0HR RPTS IPNSL Al RIGL A0 drprmaabout 2A

to about 50,000A. [7] This invention includes non-spherical Siliceous partiCles having a plurality of
randofhRy oribhiBe SRR TH D raRdneLKRE eBHHBH TGt SHERT BgyfegHiad 85t branch
includefévipduiabiy Rfoerescandpeietipe hewkengitha s hauee adhierpordanispsosgitrolled by
an additive.introduced during synthesis of particle, In. different embodiments, the pores.have an
ner o e e A A s D B R Ao e G
providewesshettbtl dfsynthesizng e particle AglgsfiftdabsyaithearietisyCorasis Py fixing
undergcansiantOrintermniientstisingip & (sasieRoessabansareauacsilicieasidsriyHonWithan acidic
heel solution to form a mi>ﬁture, said sti%rjjrgg bein% 0 tio?%gariabclg sép%ed; %Js) in roducig%%t a
contrTRAE TS BRUTHEGE HEd IR HIRETE" WHET S 'he '8 BIHIS SR e RIS AEG8 o hlower pH
to a highespdf 40 thermixtueddcrindncelsiitbonsrgarticle precipitation; (c) optionally introducing a
solution containing a salt of a metal into the mixture; and (d) optionally modifying at least a portion of
an outer surface located outside of the pores and/or a at least a portion of an inner surface located
inside of the [J9fés. The fosafivhdiidsito PR RIb RS HITRsRBE BresHitriResiipry b aiet sdiseeus
non-spheiikal siliceetuspaiticles nikemethaeincliitas midisgwivngiRansasilic datishsakitionawith an

acidic he(%.l solutioln$n a reaction vessel. Such mixing occurs with constant or intermittent stirring with
Saclion Vessge LIC. . .- . _ . . .

an op{lonaﬂy variable speed. To induce siliceous particle precipitation by imposing a pH change from a

lower pH to a higher pH an additive is introduced at a controlled rate. One or more solutions containing

a salt of a metal may be optionally introduced into the mixture to create metal-doped patrticles.

Additionally, at least a portion of the inner body, an outer surface located outside of the pores, and/or

at least a portion of an inner surface located inside of the pores may optionally be modified,
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[009]It is an advantage of the invention to provide robust siliceous particles having tunable pore size
and volume and methods of producing such particles.  [0010] It is another advantage of the
invention to provide novel siliceous particles for industrial catalyst suppor icati [0011] A
further adva gg%%@ﬁ?@?nvention is to provide a novel siliceous material %C?ﬁ&%géﬁt%%r?‘ géchnology
applications such as heavy metal contaminated wastewater.  [0012] It is yet another advantage of
the invention to provide novel siliceous materials having tunable surface areas that are easily
fanctionalized with various moieties.  [0013] Additional features and advantages are described
herein, and willthiiap perentith senstreifol ovAnrDet aiteBDede AptoroRiguresadnspedamples. BRIEF

DESCRlPTlON}'@ﬁﬂH@@QWM&& precipitation by imposing a pI change from a lower pH

toa hilgher pH an additive is introduced at a conirolled rate. One or more solutions
containing a salt of & metal may be optionally introduced into the mixture to create
metal-doped particles. Additionally, at least a portion of the inner body, an ocuter
surface located outside of the pores, and/or at least a portion of an inner surface

located inside of the pores may optionally be modified,

{0091 It is an advantage of the invention to provide robust siliceous
particles having tunable pore size and volume and methods of producing such
particles, '

[0010] It is ancther advantage of the mvention to provide novel siliceous

particles for industrial catalyst support applications.

[0011] A further advantage of the invention is {o garovide 2 novel siliceous
material for separation technology applications such as heavy metal contaminated

wastewater.

[0012] It is yet another advantage of the invention to provide novel siliceons
materials having tunable surface arcas that are easily functionalized with various

moieties.

[0013] Additional features and advantages are described herein, and will be

apparent from, the following Detailed Description, Figures, and Exaruples.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] Figure 1 shows high-resolution STEM images of the “worm-like”
siliceous material of the invention, revealing material-typical branched silica

morphology having pits, crevices, and interconnected pores {artows).



[0014] Figure 1 shows high-resolution S IEM images of the "worm-like" siliceous material of the
invention, revealing material-typical branched silica morphology having pits, devices, and
interconnected. pores garrows). [0015] Figure 2 illustrates the effect o%?(lﬁ%'%gﬁ)i%gsg‘%gthe nitrogen

gas adsorpti‘gr(l)g ‘6‘6%3%? templated siliceous materials of the invention. igure 3 is a graph

illustrating the effect of calcination on the pore volume of templated silica.  [0017] Figure 4 is a
schematic illustrating the effect of in situ template extraction on the pore volume -of templated silica.
[0018] Figure 5 illustrates the tunability with respect to porosity of the siliceous material of the invention
in the range of micro{0ffiésoFigme habvepotedity ctintirefedebnmivngentasiaugorptisn. [0019]

Figure 6 shows,an.Sxamitie-Riue RAsIINE Hitadal AR SIRIGIURG:IRyRIOoUS porosity ranges.

[0016] Figure 3 is a graph illustrating the effect of calcination on the pore

volume of templated silica.

[0017] Figure 4 is a schematic illustrating the effect of in situ template

extraction on the pore volume of templated silica.

[0018] Figure 5 illustrates the tunability with respect to porosity of the
siliceous material of the invention in the range of micro-, meso-, and macroporosity

confirmed by nitrogen gas adsorption.

[0019] Figure 6 shows an example of a possible bi-modal pore structure in

vaTious porosity ranges.

[00207 Figure 7 shows a Z-contrast image and related intensity profile

accentuating metal nanoclusters.

[0021] Figure 8 is a graph illustrating the change in porosity of alumimum

doped silica under various pH conditions.

[0022] Figure 9 is an STEM image and schematic showing examples for

silane chemisities to surface modify wonm-like siliceous materials.

" [0023] Tigure 10 is a schematic illustrating the reaction vessel setup for

synthesizing the worm-like silicecus material of the invention.

DETAILED DESCRIFPTION

[0024] In developing this invention, a consistent effort was undertaken to
synthesize porous siliceous particles with morphology different from discrete
spherical silica particles. In contrast to spherical colloidal silice particles, which

achieve porosity upon drying and rsarrangement of the spheres, the process of



[0020] Figure 7 shows a Z-contrast image and related intensity profile accentuating metal
nanoclustgrs. [0021] Figure 8 is a graph illustrating the change in porosity of aluminum doped silica
undgr varlou‘e}‘slré)'lg({ﬁg&dg%gns; [0022] Figure 9 is an S LEM image and _ B@@Q&\%ng examples
for silane chemistries 10 surface modify worm-like siliceous materials. 0023] Figure 10 is a
_schem_atic illustrating the reaction vessel setup for synthesizing the worm-like siliceous material of the
invention. DETAILED DESCRIPTION  [0024] In developing this invention, a consistent effort was
u_ndertaken to synthesize porous siliceous particles with morphology different from discrete spherical
silica particles. recipititagtsticiphadical coltnital sHichapegstichesiuvdipbrasclyigvspiimesity upon drying and
rearrangementlﬁje%ﬁgéh%r}?&ﬁmg & &%%és&ft invention. By choosing the initial pH typically

below the point of zero charge (“PZC”) of silica and infroducing an additive (e.g.,

ions or organic templates) to modify the growth of the precipitated particles, the

~ surface area, morphology, and porosity become tunable. Some additives added to the

acid sol during synthesis are typically effective at extremely low pH levels, such as 0

to 5, where the polymerization reaction is catalyzed with the Tate being proportional to

the concentration, addition rate, etc. of additive. Doping metals such as aluminum

{and, for example, to a lesser extent iron) tend to offsct the effect of some additives by

forming complexes with the doping metal and retard polymerization in this pH range.

[0025] In one embodiment, the mvention includes “undoped” worm-like or
elongated siliceous materials. The materials typically have multiple branches, which
have an outer diameter ranging from about 3 nm to about 120 nm, as illusirated
FIG 1. Under certain circumstances, the branches may have a smaller outer diameter

range, for example from about 20 nm to about 70nm.

[0026] The branches generally grow in no particular direction and may form
either- a more eclongated particle or may curl up into ring-type structures.
Aggregation, such as isotropic aggregation, is also possible and may be due to the
preferential attachment of sroall silica particles at the ends of a floc where the
repulsion energy barrier is at a minimum. Not wishing to be bound to a particular
theory, one theory is that directional charged particles present less of an electrical
potential barrier for particle addition than the sides (See [. L. Thomas and K. L
McCoﬂde, “Theory of Oriented Flocculation,” J. Colloid Interface Sei., 36: 110 to
118, 1971). In some embodiments, pits and crevices (sometimes numerous) with
varying shape cover the surface of the branches thus increasing the fotal surface area.
Pores may alternatively be uncormected or intercormected. Although the reaction may
be carried out at any suitable temperature, preferably it is camied out at room
temperature. Since the reaction is typically exothermic; the temperatre in the
reaction vessel may be controlled by, for example, circulating cooling water flushing

through a double walled reactor to keep the reaction at the desired terperature.



precipitating silicic acid via controlled pH change introduces porosity in the "wormlike" siliceous
panicles of the present invention. By choosing the initial pH typically below the point of zero charge
("PZC") of silica and introducing an additive (e.g., ions or organic templates) to modig the growth of
the precipitafgﬁ ﬂ]df}(f_a‘&]?the surface area, morphology, and porosity becbte haiia*Sdme additives
added to the acid sol during synthesis are typically effective at extremely low pH levels, such as 0 to 5,
where the polymerization reaction is catalyzed with the rate being proportional to the concentration,
addition rate, etc. of additive. Doping metals such as aluminum (and, for example, to a lesser extent
iron) tend to offset th¢l8&ért of spembadiditintesiaddoimisgconrplekésingtththgrdepingtmetal and retard
polymerization {.thi% RElARGRa1 of FOZAHLARERILOMINANT DR NVENPD RGeS, undoped”

worm-like or elongated siliceous materials. The materials typically have multiple branches, which have
an outer diame &P/ MTHRREFEE% h T LHBERI2 §iFToms Mrds stipiomiaz 2i9nder certain
circumstances, the bramohe& oy HanvErarsoatientotegdidhetgirhngeréahexamplésdrom about 20 nm

to about 70nm. , ]00R6LING DIARGHRS ERSHAINLAIW A0 BATICYlaLdiresionandumay form either a

more elongated particle or may curl up into fing-type strictures. Aggregation, such as isotropic
aggregation, is SreePFEESiBERATI aYIFeH HEprerdhtis lke&nsdidilica particles at
the ends of a flof sulterglibeddpulsiamensr gyidak ibmismira ik mhd Braplobiishing @de bound to a

particular theorgmgﬁg Og,ge %#ﬁléﬁ% %}gé% %nﬁl @Q@@%ﬁe&%ﬁ%&% §&e§ﬁlﬁt 4e§s_of an electrical potential

barrier for particle addition than the See 1. L. Thomas an C Qrkle,_“ Fheory of Oriented
Flocculation," JeXmbisid Whidhaee epdgewithi thesiiaro7tiy. | nBe seeinmbind relie Ghits and crevices
(sometimes nuexafeiug)witiarvaryiffecs Brpadouet ey irtieoidhedmnehasdhvs iareasing the total

surface area. Pgres,MakAllgMmAlkielx he uacennsdied ar iferconnecied. Afliough the reaction may
be carried out at any suitable 4 out i

temperature, preferably It is'carried out dt room temperature. Since the
reaction is typiciafy/'enpie e, The wipernued thetpricisedmsievdsoetensed sisnidsmislied by, for
example, circulating Bepbng vaies dkishing.diroweh aidesblasaiad eantahdedkeep the reaction at the
desired temperature. [0027] In an embodiment, an additive is introduced during the synthesis of

the siliceous materialigiibe iRYEHIRIR HEBIR AW ILIRALE MFRNARSHGILIS &S & template or

templating agent, o ;5\1/ a structure director, Drg/in and calcjning also have a major effect on final
c?l%@@j te

particle morph B FEGRIECEh BOrEAERA alteriifc QOB LTt e LS A Y SRR organic bases,
organic bases, weisaiale agids pilteddesion Jourdes, sUrfactaiiteganckdampling pdomsthereof. For
example, the template alfert-ql.oarReXlic.Aal IR WRLmMPSRiligala derpapslralgHdn;the graph of FIG

2. The sample gas explained in Example 5)lwas_synthe5|zed using a citric acid - ammonia complex,
which was incl R FIRE SR Fratr s ap S AP e fhe A6t samris e AiBterate surface
area and pore \aigradndioétimgding tithe dam fHat eonvasystil pbe sentedithit:thapetestbAfter calcination at
600 C for two ghiimili: SER.MAIRHA YARIPHR RIS Mg iRARAGR ohfhggicined materi

increased significantly, while the pore volume doubled and the pore”didmeter dropped a small amount.

[0028] FIG 3 sHOWEHRIRSEIPERa IS dEs NSl A PP RIP LRISRARH 0T Brtwtosssdniigeid explained in
Example 5). The fierectimmsden dfithe twsilzansisksedsnamieridls wasdgpiatec@seacfuagtion of the

nitrogen adsoriai P iRl RsNA ERAAKR ALl Maleiials Bessniigiy,gveriapped. It can

be seen that the porosity curves in FIG 3 overlap quite accurately the dried sample contains a
large amount ofiFiFoSAPIFERAYIMG BN SEIRF ivhiPodit duted By SatssipbsingahE ammonium
citrate complexaéitiiovoptiticandiiibgadelaredpingantkealkigaianishhough other scenarios are
possible, a potential scenario for this process is illustrated in the schematic in FIG 4. Silica condenses

along the ammoniumygitsafe envskalicotingtha IemplaRLSIRAe NG Nk GARFIANS,2MR still very low, the
ammonium citrate g] lex may be %ﬁﬁia%/ extracted in situ durgég the synthesis, (i.e., under acidic
B 8 beF s

conditions void Space Mayebe 18 TRRAHAY PEPSS i GO B SYRRELGY e worm-like
siliceous materialuhehevbivkntioh ndagcie nnddied yeifrgevaricus tdptalies tovaddiitdorosity in terms

of pore diametgrapatRareiMeluRIRAVBIch Bathnditeciboiniiance siyiace.Aeay Typigally, unmodified

precipitated silica rerfe]ectsg)ore size inéhe rar_a.i%% of about 100 nm to about 200 nm Part of the
development of o fi ke STRPRSEL S8 d SArK eSS AXTSA o i modification of pore



diameter, pore volume, and surface area. Adsorption characteristics change with pore size and hence
porosity may be classified as, for example, submicro-, micro-, meso-, and macroporosity. Such terms
for porosity may be defined generally as follows with regard to diameter: i re below | A;
micropores ARy HB%%%?SM 20 A; mesopores range from about 20 A to agg@{%gﬁ%ﬁ{fﬁf macropores
are greater than about 500 A.  [0030] As exemplified in the graph in FIG 5, the range of porosity
spans a large range of pore diameters. The light line represents an ammonium citrate templated
sample, where the reaction conditions were kept at the lower acidic end. The porosity achieved was a
high volume mibiroptam sitye wilkiresd dittbsvafapo sossity isaimtion ebupoieosicsatigeec Trth armiple represented
by the bold lingggl l%%@é%gtﬁ%smm&gﬁﬁmg%@Qﬁa%ipfey%ﬂi@mmgmmma}e added was
six-fold greater and shifted the porosity range intg a hi Q pé)%en%/ lume mesaporous material. The
highest pore v&?ﬁﬁ@%@éﬁe\ﬁéﬁ%ﬁe{w& ggﬁ%?é‘%ﬁ’ra S&nte @%%‘" & TNE (synthesis explained
in Example 4), shichte disaited snbnaeeponiume bitfate! ihsteatpitreomainetd st 20niodify the
polycondensatign.and.gelationnronsss 2f Ailisigacicod % canhas. R6RINE GemeihgaRorosity range
changes to the upper mesoporous/lower macroporous range with a concomitant increase in the pore
volume. [OO%“H%Q rnative embodiments, the versatility of the material can be further stretched in
creating hi-modal, porous silica. FIG 6 shows three such samples with different porosity values. The
sample represented B908%¢ dAssemidivd nthe srerlide §iSet emsash ploBPiiEisrAthesized using
ammonium citratgdempiates pirvesiataeRHTHN aizit aliasialeprhihitc dnmigiaodag rearporosity. The
reaction conditions.for.the sample shown bv. the salid line w odified, with ect to the pH range
by starting the Faenéi%ﬁ%ﬁ gﬁlg%’plimaren Forr%ﬁngo Iégfa]il(tal%)ur? Iést% 36%3 daqa%'g(\i/lgwgo%gtﬁ% sggfghple represented
by the dotted likbe(sgrasiesisiirsed sge ¢ igheoipie DicraparAsRiviicaddiiond $ueriedStarting at an
initial pH of | wigh its-fiakat BeiRg pid dkple 1QRSRkEVBRHandlBxiDiliy itesBs Pliparasity ranges has
been given by the additiot[l ofbvg ious car (c))lg%lrlril%lgr%idrg %ﬂg@gﬂ%@%ﬁpﬁf a em%lpyedd as templates or
additives. Thes%’natl%eéfﬁ\?gsuﬁro%l & &Means {0 create pores o esired Size andlor structure. Variation
in ion addition ehifingdw neaetibrransaditondightrore splistaservrsuerschyetialionte bégheshg and porosity
create_d.ﬂRepéﬁt@%@d@@ig@ﬁég@%&ﬁ#&;ﬁfi@é},f@éﬁ@ﬁﬂ;ﬁﬁ@kﬁggﬁmq% ldhekehis anq tge like;
organic fluoride ion sources, su S vi uoride and ethylene. fluoride ers;. organic bases
including organfiﬁpgaé?&§1%§(’:‘ﬁm é:eczft?ig%lag?h/ ,og%?facgggi , énl?é‘;\‘é‘fr‘ﬁc"ééf& ]tnégft%%():{ acé’lzgsfng?:(gtic acid, and the
like; combinatiders ¢f mgtiithacilscandtorianiend ssksopolprerof siicks asiholethylease glycol;
surfactants; thelike;igngrgombinatignsdReredbe changes to the upper mesoporousilower

macroporous range with a concomitant increase in the pore volume.

[0031] In alternative embodiments, the versatility of the material can be
further stretched in creating bi-modal, porous silica. FIG 6 shows three such samples
with different porosity values. The sample represented by the dashed line (synthesis
discus:s.ed in Example 6) was synthesized using ammonium citrate templates at very
low pH. That material exhibited micro- and mesoporosity. The reaction conditions
for the sample shown by the solid line was modified with respect to the pH range by
starting the reaction at low pH and forcing gelation at pH 6 and above. For the
sample represented by the dotted line (synthesis discussed in Example 2), ammonium

citrate was added starting at an initial pH of 1 with its final pH being pH 11,

[0032] TFurther flexibility in terms of porosity ranges has been given by the

addition of various carboxvlic acids and organic materials employed as templates or



[0033] In another embodiment, the siliceous material of the invention includes silica particles doped
with metal. Representative dopants include solutions containing metal salts including salts of
palladium, silver, platinum, nickel cerium, cobalt, copper, iron, molybden adium,
titanium, tinﬂ%é‘f&(ﬁﬂ“ﬁﬁmihum; other suitable solutions; the like; and tk%ﬁ%%%%%%?%%% Doping the
silica source with various metal sources changes reaction conditions and kinetics/thermodynamics.
Consequently, porosity may also be altered, thus providing an alternative mechanism for tuning
porosity characteristics. In the following, conditions and properties of worm-like silica doped with
metals such asadditimesuifnepratiaditines traviilens, Py iccaswalbas thaledmwbzsisitohereof are

discussed. It shgwld:ke appraciated hatHaislass.afaoiantish atalisder dapingdscbrgad, with
representative examp!j. %6 qjeﬁn%transition rgetals heav%/ ey%{als notglle me 1'5’ rare.earth metals, and

their combinatiBR&™ P B AT, A RO N S TR S B A B B8 S the
development ofltimgdinicarstiored/ et saistniiis Kload theddoledzsilicibuoids withsamsgscific gravity of up

to about 1.044 gimlkeeRingdhaniHahei e o R0l pi 3. et sitiMnthrispesiisgravity of such
silicic acid ranges, from about 1.03 to about 1 Oglg%/ml, or more proadly from about 0,8 to about 1.31

grams/ml. STEMShaEHE B5etiteal & and uimin s o UameAE haetie 685688 Bfthe doping metal

in the silica matilx; Avhbimogenetugadisriblstond oiihe astaipehuctrasiahanisletiplthe silica matrix can

be achieved U'E?Joﬁf‘&xﬁ%&ﬁﬁ@; reaslienseldiiMeialissuch as palladium, zinc, and the like were, in
contrast, heterogeneously incorporated into the matrix. The heterogeneous nature of the catalyst

typically occurs due @%gg;elfnfoarmﬁ%%%%%%%ﬁ&rfﬁgeﬁﬁ{&gomr%gg%t Hhegsilica matrix. Secondary

and tertiary metals are ustally notin _ e metal nanoclusters. The cluster may have a size
ranging from sitshfastslissourtistendoradtvidniatiel cResreiBlT Arers deliisniRlutonfnoss] Metals are
typically added-astmetalsalis ane attgagvdadbinttedsilicasinairixbininciplent wataass or other
suitable impregc%%gfgn technioiues. Uglogdreductiq]rrjq%,.h‘ygﬁggq&q O, hu%:r]l’ r%giycz;% agent, the metal ions

become metallic’ 1y Aature. For ekam e,%rhungo% atanic acid includes platindm in the Pt2+ oxidation

state. Exposur@lisninveyuthst Bxfable redviéas:tiHe pikgiresh Wi tsombipiassidaeping (B936] An issue that
may occur duriggisnetahdopingrandfuitheniocessiag andnappligatiesiswongitaton aad subsequent
sintering of the metal(s). In many .catalysis applications, the metal clysters.should.he as small as
possible to maxkf[rI1'"n&li‘ice&rﬁ12'aertrzr;{ﬂr?}gms‘;h%rl casf':eEB g?esgq i}/ Hhetal clis %foghéegﬂgrggfﬁehém upsrl%vglggl%EM, are
generally in therrapifenefitessehznrisnmipt o atii PIOTHU chrsatipmiriysa wallthen&lswig-doped siliceous
material catalyghiviniead wRriailsfirdinobe-isieanelatiopshipicivaniebushinmehilization of the
catalytic metal onto.the support material to prevent surface migration (and sintering) of small clusters
and in parallel,lf éa%]\'}gﬁatg‘ 'i/mcl)’f %Haé e és?%%?ir\%/%eshl Ie%sg oaté%%%%?ée?(ﬁgx ?n?ésﬁasesé}%egction. [0037]
For example, irslsitldstr fapmmenitdpatibn Srediess wé motorlied mesaisusin gosiE A iradyelthing the present
invention with apallagium donggislumsine . slicaleeata)yalakheRdsCisiRrsreRReded as
high-contrast spots on the syrface and have an average size of about 2 nm to about 3 urn. It was
observed that tﬁ%‘%ﬁi?é?ﬁﬁsféﬂi BEIRS BRI on the Al203-Si02 surface under the experimental
conditions. Surface migration took place and, after electron beam irradiation, the_clusters sintered to
form a larger Pd clus@%%ﬁbr%‘fd@cf”@é’éiﬁﬁ Soragevarantits sififioreT AR YEh dhdBetween the
catalyst clustergeatidpinensuppostimatasial Maylcaliseveletatizihg abtivel niktal cadakigt.aAs a result, a
decrease I actyd 0 '%i%?%(ﬁﬁ&@%l?ﬁ%ﬂ%%%%@&f%%%%f‘%%%f%%@ﬁ’ﬁmsba'ance between

the metal cluste es o
Generally, the specific gravity of such silicic acid ranges from about 1.03 to about

1.05 g/ml, or more broadly from about (.8 to about 1.31 grams/m]. STEM and EDS

experiments were performed to validate the distribution of the doping metal in the
silica matrix. A homogeneous distribution of the metals such as aluminum in the
silica matrix can be achieved under the correct reaction set-up. Metals such as

palladium, zinc, and the like were, in contrast, heterogencously incorporated into the



material should be engineered by an advantageous combination of the metal dopant and the modified
silica matrix, potentially via homogeneous metal doping.  [0038] In an embodiment, immobilization
of palladium nanoclusters on a silica-based support was achieved by doqigg/g@m%si‘i(%@ composite
with a palla&?{f?ﬁ(ggﬁ"’mﬁ&lution subsequent to the sol-gel synthesis. Homogeneous alésfribution of the
titania in the silica matrix was observed, while nano-clusters of the palladium was detected, The
distribution of both metals may be within and/or without the pores structure. Through F,DS elemental
mapping, such "palladium islands" were found on the surface of the titania-silica material as well as
within the porous:titaniaisiliescrogitboud ypiceadlpftiie cudiarstgdradisalyouarydie $izeldstem about 2 rim to
about 20 inn. The.RMEAAMANS0l= Bralilll BelARPRdAN] Sessmbletine sie shape of he

particle indicating a homogeneous distribution of the Mania within the silica matrix. The presence of

palladium nanoBRida waRlaiEg e s T Bl Gy IR Bo P A A LS IR A0S as seen in FIG
7. The intensityrpigififertrlaigsahrecibsio Mhend -ethtasidnhgersisitierpall&dimbiaianoclusters in points
A and D are seen in the image, the clusters at points B and C are located in the sub-matrix of the

material below the suifaeg angare Retgppaealindhe maga.t shiaule: heappeaiated that though
palladium was discussed ? this, embodiment, any of th%{;‘%}@s degcri%egnrilereini?r their combinations
’[%(33@ i

are suitable.  STHOIBTTR AN HIARSRHVS Brboainent. (e negus ol a different catalyst market may be

addressed withredsifiive dushyiacarialod oged witbei aeentntheorepitlcrae eogE dietpbicols catalyst.

Preferably, the mgtal myskhg.ambesddadanithindhe slispnaiver an the siammie:saale to actas a
favorable acid catalgit'f[1 rovi |n9 an ideal |evel ggf qcidi%and rﬁ%ufi%ﬁe number of active sites.
EUGRI e

Therefore, the HTRPEEAShAFEEE S R B O SR E e RS SRide/silicate during the synthesis

al 0x
of the worm-like silica is of importance.  [0040] According to another embodiment, aluminum doping

of worm-like silica wal%Hie fed TP RrN AT CHEMs S REIRRIRS MR BI55 BRSSP late. As seen in
FIG 9, the porosity giingens accenigingdctdessyriresisshandn et nddi eetqdfs).of ithexmgaction). The
samples StUdieg%ﬁi%i\s/sg @&%ﬁgﬁ%}\%{%ﬁ %XBI&?%%%‘EB%Q%@M [10) l;gggmglg, 8.2:AK03-Si02. Under

certain conditions, 1t ! serve Wi er pore volume was generally attained at lower pH
conditions. The B epérmssinaton s bBse e s BelosiveeiEabotr strgaliidabout 200 A, with
a peak centere¢ghar@utoB@sd @nkn 1 nm to about 10 nm. Designing a well functioning doped

siliceous material catalyst typically entails finding the ideal relationship between
robust immobilization of the catalytic metal onto the support material to prevent
surface migration (and sintering) of small clusters and in parallel, the availability of

the metal as active sites fo catalyze the intended reaction.

"[0037] For example, in situ surface migration studies were performed using
STEM in developing the present invention with 2 palladium doped aluminum silicate
catalyst. The Pd-clusters appeared as high-contrast spots on the surface and have an
average size of about 2 nm to about 3 nm. It was observed that the Pd-clusters
became mobile on the Al,03-Si0; surface under the experimental conditions. Surface
migration tock place and, after electron beam irradiation, the clusters sintered to form
a larger Pd cluster thereby decreasing surface ares. In addition, weak bonding
between the catéiyst chusters and the support material may cause detaching of the
metal catalyst. As a result, a decrease in activity of the catalyst can be expected.
Consequently, an ideal bonding balance between the metal cluster and the support



[0041] Under certain conditions, doping the silicic acid with one or more metals, such as aluminum,
zinc, and palladium, before the synthesis of worm-like silica changes kinetics/thermodynamics and

condensatiop 8ondi}[i)%){r'18$7gtypically resulting in a decrease in porosity. Th%%?%ggﬁ,%g&%gium should
or

be mentioned a3 AN exception. If titanium is added at low pH to silicic acid, for example as titanium

sulfate, the titartia salt by itself will precipitate at alkaline pH generating additional porosity. In an
embodiment, zinc may be doped into the matrix by addition of zinc nitrate into silicic acid. Zinc can be
immobilized on the surface of worm-like silica without reducing activity of the catalyst and produce an
economical recyeistine sbatddyist encinsttydcizrial advamseshus coobar}im aftehareidbpiment, the surface

of the siliceous mpfesiab@fthgilRyentinn pankarnesifietdBrpresratat:gurface-modifying agents

include silanes, silanols, metal organic compounds, metals, metal oxides, polymers, fluorescent

moieties, the like, anC{J{)E%%Ci(ecm(?l;%%%%%%ﬁﬁ%%%@ggg@vﬁﬁ%%@m Isnapotential

application for such s -mo ike siliceous materials. For example, thiol groups were

placed on the sﬁ%ﬂ@‘ﬁflw@ﬂ’?ﬂW(%S%ﬁﬁvﬁiabgi%M@Hﬁ“@%ﬁ?mﬁ%ﬁé%%gﬂﬁ% the reaction

after the worm-fiieisitigatkeasienwas:e tmpieiad siieaxaminedonastediatbriantdihed 130 mg/liter Cu
and 140 mg/liter, Mn at pH 3, A sample as depicted in,E1G 104vas tested for conper removal and was
found to removgt%%fﬁ %‘go/so1 of tﬂ%uc%pper?n tﬁ%s’ystefn. [%)043f I% an e%godiment, silica modified

with EDTA duriffjeaiésilidie disidhutiopahlioh sepiivaatdssdinuHoiteys hememsbout 98% of the
copper. ConsidgrirgiheTmarasityng thensidibiapphgutiacemadifisaianivsing fonsample, silanol
groups decreased pose volume, ad, siiface 218 of e SAMPIE PHaNaU! BOY £IGi43 shows an
STEM image of a porous silica particle and examples o Slane chemistries that were employed to

modifiy surfacensipe fiascaixhba somieriilgansméy vary joolsa frm Aboviet i & pherePe@embodiment, the

siliceous materipls aéthacnuapiionsnay b yoikesired ndbashieal ureahsukipeianis as additive. The
use of surfactant%&e@%r%s s%lrcl‘@g&seoést ﬁtﬁﬂ% mg%/ tRee ng%}gg%{ relﬁcsfggh%glg under cgrtaln
circumstances. ot examcpale,%fat e SiTactan may effortless y be remove§ ?rom the pores and in turn

be recycled andreusestior sfibedlidivm syntetustas wasopas)Sthaidofdddthgraggsaidetter understood
by reference todhg ialowine g amlasswhie arsintensdestdariiystativiea pasas,and are not
intended to ”mihltehic?o%%ggt %&Eg Iﬂg/ rét%%ﬂhdium nanoclusters in points A and D are seer in the

image; the clusters at pomnis B and C are located in the sub-matrix of the material

below the surface and are nol apparent in the image. It should be appreciated that

though palladium was discussed in this embodiment, any of the metals described

herein or their combinalions are suitable.

[0039] In an altemnative emnbodiment, the needs of a different catalyst market
may ‘bé addressed with a siliceous material doped with aluminum to generate an
acidic porous catalyst. Preferably, the metal must be embedded within the silica
network on the atomic scale to act as a favorable acid catalyst providing an ideal level
of acidity and requisite number of active sites. Therefore, the interaction mode of the
template and the metal/metal oxide/silicate during the synthesis of the worm-like

silica is of importance.

[0040] According to another embodiment, aluminum doping of worm-like
silica was achieved at low pH without using a carboxylic acid based template. As

seen in FIG 9, the porosity changed according to the synthesis parameters (i.e., pH of
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General Synthesis, Preparation, and Analysis  [0046] Brunauer, Emmett, and Teller (BET) sanaple
preparation included degassing for about 1 to 4 hrs (and ranging up to about 24 his) at up to about
300C. Such degassing (and drying) may be performed at a temperature rangi ut room
temperature"‘i{(s)%t?)’@(ﬁ3 8c. Nitrogen physisorption measurements were (‘:@a&ﬁ}g#gg%é’%ugg an Auto
sorb-1C Instrument (Quantachrome Instruments in Boynton Beach, FL). The data for the below
examples includes multi-point BET surface area, pore volume, and BM adsorption pore size
distribution.  [0047] Analytical electron microscopy (AEM) characterization was performed on
calcined samplés. iGatsinatite tppipkl ptwisl dathedobidroent azoe 530640l abontiig200C for a period

of about 2 hrs. Selected samBlesWereRIGRIAH USIRGia.00IY.CURORIITL9RIEY GHTEM grid. A

small amount of the calcined powder was dispersed in deionized water or isopropanol and treated in

an ultrasonic b3HYBsRGEREEnEraydresnP O RITIRRD IR BISIRCEAHIR e mounted on
the TEM grid foktesee:bydiabyingvaiepaadGGC A andGD48]2Th & MEM 4 pajesmeerdannodired using a
JEOL 2010F F%‘I;E1 gTEM/TEM with a Schottky PEG - source. The microscope was operated at 200
kV. In STEM mode the microscope was capable of producing a probe size of 0.13 nm with 15 pA of

current enabling magpifications in excess of 10,000,000x. The microscope was equipped with a
standard uItra—high-re@g{]J iory BRB &R ATTeR ;5%?(5’%%0@&%%%&"’3& U a‘?g(faﬂ?-?igo%@gfzctor, a
post-column Gatetalimmgings filtenif@w zinncadNetadivistee R X sy stafresdthlavightiddement detector

including drift cgirectian,Lhedeps.candiionsdnitiie micraseepawrredaiingd fara-pigbe size of 0.2
nm, with a convergence angle of 13 nuad, and a ¢ élection angle of 5\%1' rad. Using these settings, the
probe current aEHGIHA %85%?5%‘&?«%?\??608&&3}&& HORIRS SERwEAAP %?%’r?’%ﬁ%tﬁsthe Z-contrast
image being ineohmsrepiandfgiailingithddadguisitiqniob ditett inkddescattirdestsuttaien [0049] S

IEM-XEDS was,appliegldo.ohipinelerental mansighinemalsrial irassesscompasiion. Resolution

using this technique was limited to about 1 nm Elemental maps were obtained by probing the sample a
statistically sigriftSiY-nihB&FBrHineArr Fppiih R SR Wikdol AMHHEY “rHBsettings were
selected carefullyrsingeoddiieictatidityimitamieyihediiéetednviivesmelemeihtalmalpifigds conducted for

minor amounts oEelGMEnts (- g SRy YRLAIMIA %) T - guAlN O STEMACERSupRPS was modified

by post experiment image processirig. Color saturation adjustment, contrast levél separation, and
high-pass filteri??dﬂh’é’ﬂl@" B@@W“ﬁf’éﬁbﬁ’ﬂ%ﬂ% a skillful manner to improve image quality and appearance.
f0042] In a further embodiment, the surface of the siliceous material of the
invention may be modified. Representative surface-modifying agents include silanes,
silanois, metal organic compounds, metals, metal oxides, polymers, fluorescent
moieties, the like, and their combinations. Heavy metal removal from wastewater is a
potential application for such surface-modified worm-like silicecus materials. For
example, thiol groups were placed on the surface of womm-like silica via silanol
modification, which were added to the reaction after the worm-like silica react’ix_)n was
compieted. The examined wastewater contained 130 mg/liter Cu and 140 mg/liter Mn
at pH 3. A sample as depicted in FIG 10 was tested for copper removal and was

found to remove about 75% of the copper in the system.

[6043] In an embodiment, silica modified with EDTA during the silicic acid
preparation step was tested and shown to remove about 98% of the copper.
Considering the porosity of the material, a surface modification using, for example,

silanol groups decreased pore volume and surface area of the sample by about 50%.
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Example 1  {0050] Worm-like porous siliceous materials were synthesized by preparing silicic acid
through cationic ion exchange of 3 wt% to 6.5 wt% solution of chilled sodium silicate. The cation
exchange step may be performed through any means of exposing or contacting the silicic acid with the
ion exchang Fb%‘?ﬁ?’%?%)?%tance mixed in a vessel or through a column. 1?[%8%1%%'}9@88?5% silicate
solution was diluted to 2,600 ml with deionized water. The dilute sodium silicate solution was deio-
nized with a Dowex Monosphere(r) 650-1-1 resin (available from Dow Chemical Co. in Midland, MI) of
acid form into a 1:2 ratio of resin:solution through a column. The resin in the column was first flushed
with deionized Wwaterastd-skeadiREEMOding Sihcpiersoilfianatasithand passeidsthrotighsthe column.
When the efflue h ?pimi .Of SHic] ' N the effluent was
collected. The ré%ﬁ%%{%@f 5&%{%%3?#3 a sﬁ%gc%?c% gf%ggv?tg&é%gllge!ra Ii%n tgég-r]%%g}ggo "1.0384 g/ml to
1.0457 g/ml, dependi on the deionized water to silicate ratio. If the sol was doped with a metal
source such as alumiE%)r%{jitr\.}\v’%':lggsgﬁgﬁﬁ’é%l1 %Eﬁ\%&’f‘%‘:‘éﬁ ) %cﬁjmrﬁ?fcﬂ?r% &'h%‘?%%y '?getréslcfﬁﬁégﬁium oxide was
the desired dopamentivaiteasde aytbaps solridihefur SOuRuats asladities thEhsalse of [0051] The

reaction setup ig;ifsieates in&Hasldthbgsdericiashiphavatosideasianingudash g Baliter, double walled,
triple necked round bottom flask. ToFremove any rgsidu%cor contamijf%?ts frqm the wglls of the flask,
and ity

the reactor was S0AReH T BT al Shi CEEHAS N A Fn L ATh BU At Witk o Qfo I8 ater. The flask
was stirred withistangapdres moblibrande Hegvtdssi npdrmixesdsioastivesquocuplesswas passed through a neck
while one opposing neck housed an addition hose. A solution of deionized water and HC1 was added
to the flask under stirrfigtslt 30R:rfoctpike epdirebp HbbalowRlekhedpreyiaustypreparagd doped/undoped
acid sol was adgledig e sk SIHGUIR RRHHSES MAIREAISARLINS DA nicnald052] In Order to
induce silica precipitation, adding a doped or undoped ammohia solution at various feed rates imposed
a confined pH dRAMyesr sl ABEnt®Bping of ammonia may also include hydroxyl-carboxylic
acids. Since the reaction occurring in the flask was exothermic, the flask was cooled using tap water
running through the double wall$ohetié Siasdiets. Reepuieraadtivirksinperature at room temperature.
During the addition of the ammonia solution, the pH may rise above pH 4 and HC1 may be introduced
to the reaction to lowdoihe pHBrihdesirEcnStibsat Telitrni@Edl)dopipg wasapsiderimdatiby adding, for
instance, a miyg ghsqdumiet sl itopaladiin AR daigazadpieLyRing A nRgsaltic pump at a

predefined rate from areservoir. In some reactions, the pH changed gradually to higher pH values, up

to a final pH of 6B S SRR ETHR] BRI ib e ERSTE R S8V HRgh el e mperatures
ranging from 656si0 iEntErtotovweabbyt 30ziCinalibepsn cessiatpAOCie-600r e for Yers.

carried out using an Autosorb-1C Instrument (Quantachrome Instrumnents in Boyaton

Beach, FL). The data for the below examples includes multi-point BET surface ares,

pore volume, and BIH adsorption pore size distribution.

[0047] Analytical electron microscopy (AEM) characterization was
performed on calecined samples. Calcination typically was carried out from about
300°C to about 1,200°C for a period of about 2 hrs. Selected samples were prepared
using a holey carbon film coated Cu TEM grid. A small amount of the calcined
powdér was dispersed in deionized water or isopropanol and treated in an ulfrasonic
bath to increase sample dispersion. One to two drops of the sample were mounted on
the TEM grid followed by a drying step at 60°C,

[00487 The TEM images were acquired using a JEOL 2010F FasTEM
STEM/TEM with a Schottky FEG — source. The microscope was operated at 200 kV.
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[0053] The following Examples describe a selection of synthesized "wormlike" siliceous materials,
which include the modification of a silica matrix using various fluoride ions and organic acids. In
addition, these Examéples describe the doping of metal oxides into the &hgwg%%s%%g{ Il as metal

doping of m&8 Bk Ot%?)ed silica via incipient wetting. Example 2 [0 ICIC acid was prepared

by cationic exchange of approximately 6.5 wt% solution of chilled sodium silicate, prepared by diluting
600 ml of sodium silicate solution to 4 liters with deionized water. The dilute sodium silicate solution
was deionized with a Dowex Monosphere(r) 650-H resin (available from Dow Chemical Co. in Midland,
MI) of acid forninirfi6EM orgtibeobiasitopoivriorrtvsuefiordatogia. PTéte i tHersolumn was first

flushed with deiggizes! water apdeic.Ailed seeiumsiicate splutioprwanit@omassed through the
column. As soon.as the effluent became amdmgggm |n%é%e Erfs,enc%,of silicic acid, the effluent was
collected.  [GOEBFEREIES FERRITEL SADVADPIWAS A00HEE S PO RHEER PP % Femperature and

2 ml of HO waspadded i thenindat. dnlaficlitidricdive, hoehtwabiwhdrgen k8 8ng GitardidEdl (specific gravity:

1.0443) and W%&%ﬁ@ﬁﬂyﬂﬁeﬁ@(%&%ﬁﬂ 9@@9%&&9%@%@%’5@9& drigcluding 36 g of a
28 % NH40H solution havin%qo.54 of dissolved citric acid mo%)gaydrate. In order to_induce silica

precipitation, th&BFfBN S SBIET U HRTE PRSWE &1kt dersd Wity 1251 rin. increasing
stirring to 800 rpum Bitke wpverpaaatedigelbibmrdt erfinrat daaipleangie dicid wrderTgfigx for 2 hrs with a

pH of 11.5. Phygisorphign, dafg, indifatechasurfans sea.ff 1864me/ 908018 xgﬁgg&zgftl-% cc/g, and a

pore diameter of 353.8 A. Example 3 [0056] Six ml of deionized water was added to a reaction

flask at room teHPEISH BEIHeRo T FoH s Hdraso traszerhery ARLPUFELEHAPged with18.8 g of
acid sol (specifizqriaiity: of G4bbane 60 mokhial- was added. The heel was kept

- [0049] STEM-XEDS was applied to obtain elemental maps of the material
to assess composition. Resolution using this technique was limited to about 1 rm.
Elemental maps were obtained by probing the sample a statistically significant
number of times and applying the energy window method. The settings were selected
carcfully since detectability limits may be affected when elemental mapping is
conducted for minor amounts of elements (s.g., several atomic %). The quality of
STEM-XEDS maps was modified by post experiment image processing. Color
saturation adjustment, contrast level separation, and high-pass filtering have been

performed in & skillful manner to improve image quality and appearance.
Example 1

“[0050] Worm-like porous silicecus materials were synthesized by preparing
silicic acid through cationic ion exchange of 3 wi% to 6.5 wit% solution of chilled
sodium silicate. The cation exchange step may be performed through any means of
exposing or contacting the silicic acid with the ion exchange resin, for inslance mixed
in a vessel or through a columm. 1130 ml of sodium silicate solution was diluted to
2,600 ml with deionized water. The dilute sodium silicate solution was deionized
with a Dowex Monosphere® 650-H resin (available from Dow Chemical Co. in
Midland, M) of acid form into a 1:2 ratio of resin:solution through a column. The

resin in the column was first flushed with deionized water and the dilute sodium
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stirred at 300 rpm. An ammonia solution was prepared, including 9 g of a 28 % NH4O0H solution and
0.1 g of dissolved citric acid monohydrate. In order to induce silica precipitation, the ammonia solution
was added to the heel at a feed rate of 13.8 m112 Ins. The final sample M’% Ho-
PhyssorpﬂoW%é?é " %ed a surface area of 128.8 m2/g, a pore volume %SF@% cclg and a pore
diameter of 536.3 A. Example 4  [0057] Two ml of HO was added to a reaction flask at room
temperature containing 6 ml deionized water. The heel was charged with 18.8 g of acid sol (specific
gravity 1.0426) and 0.01 not NaF was added. The heel was kept stirred at 500 rpm. An ammonia
solution was prefiesedohichvinthed eBsgioha:28 tis NH4@HWheofteritumntineeheilicatprecipitation, the

ammona solutignag gk e ael 4ra e iaie. ) 1A I Thadnal serple was a gel a

pH 5. PhyS|sorpt|on indicated a surface area of 119.5 m2/g, a pore volume of 1.1 ml/g and a pore

diameter of 3688 King sligipreid sol feshaesibs SR, e AR & 4481 Rask at room
temperature contaifing-G6 spamling detanite devaterd Fheheectiliag chteged Wit 8680 g of acid sol

(specific gravity, 08 3 2AANABCONSIANIY SMIRHA LA00 RALAD ANANIR slutian was prepared,

which mcluded 6 grams of a 28 % N and 4.4 g of citric_ acid monohydrate. In order to induce
silica prempﬂaﬂ@ﬁwﬂi‘édéﬁﬁngrﬂ&@mﬁéﬁi%’é@ HH&EB“FS% ARadn Beviatiaus R SAlES with 240 ml at

240 ml/hr and e@miisat, Qe aifilad Th@eadiwas monitored during the reaction and-was adjusted back to
1 with 100 ml 1E1 after reaching p117. The final sample pH was I. The final product was oven dried at

150 C for 3.5 hrs ("dr@@SIqurmgqegégbgk{gglm@@@f@Mmm ceeipatianiabibaipgwder at 600 C for
B o ey e et s 2uEes AR 4 @ pore vohme

remove any residue or centammants from the waiis of the flask, the reactor was

soaked in 0.5 N caustic soda, and rinsed to neutrality with deionized water. The flask

was stired with standard, uncalibrated lightening mixers. A thermocouple was

passed through a neck while one opposing neck housed an addition hose. A solution

of dejonized water and HCl was added to the flask under stirring at 300 rpm fo keep

the pH below 2. The previously prepared doped/undoped acid sol was added to the

flask. Structural modifiers may be added at this point.

{0052] In order to induce silica precipitation, adding a doped or undoped
ammonia soltion at various feed rates imposed a confined pH change of the silica
heel. Doping of ammonia may also include hydroxyl-carboxylic acids. Since the
reaction occurring in the flask was exothermic, the flask was cooled using tap water
runming through the double walls of the flask to keep the reaction temperature at room
temperature. During the addition of the ammonia solution, the pH may rise above pH
4 and HCI may be introduced to the reaction to lower the pH, if desired. Subséquent
metal doping was performed by adding, for instance, a mixture of sodium
tetrachloropalladate and deionized water using a peristaltic pump at a predefined rate
from a reservoir. In some reactions, the pH changed gradually to higher pH values,
up to & final pIl of 10.5. To obtain the final product, the samples were dried ovemnight
at temperatures tanging from 65°C to 150°C, followed by a calcination process at
500°C to 600° C for 2 hrs. '
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[0059] 111 ml of HC1 was added to a reaction flask at room temperature containing 333.3 ml of
deionized water and the heel was charged with 1,000 g of acid sol (specific gravity 1.0392). The heel
was kept stirred at 230 rpm. An ammonia solution was prepared, including 147, 8 of a 28 % NH40H
and 2.2 g of\éflﬂ%)g'é{fa"ﬁ{%nohydrate To induce silica precipitation, the an?r%%rlﬁ%% Bt was added at
various feed rates with 120 ml at 120 ml/hr and 30 ml at 960 ml/hr to the heel. The pH was monitored
during the reaction and was adjusted from pH 2 to pH 1 with 25 ml Ha after % of the ammonia solution
was fed. The final sample pH was 1. Gelling was decreased during this reaction. The product was
oven dried at 150C fdo@shis, Totldolled oy Rxithmdeadekadticinstieniofh thfspomwdesdtaBOC for 2 hrs.

Playsisorption g plcaledaisiie AP RLAS%E Maltadareroline al3ie43tidio, and a pore
diameter of 40.39 A. Exa le 7 %0060 1111.1 ml of HO was added to a reaction flask at room

temperature cofftfthgus58e3iF S SiEATe ditate Pt nBEr B BRI WA $D00 grams of
acid sol (speC|fﬁng|m@\miﬂ/rﬁeﬁBQﬁ)ie§hmhhebﬂva&kﬁﬁk$Hrﬁeﬁ at 2i30IrpopingpEpmbataisolution having

147.8gofa 28d05 éﬂlglﬁgl;;’gﬂ&?&%&ﬂglc acid monohydrate was prepared. In order to induce silica
precipitation, the ammonia solution was féd to the heel at a rate of 200 ml/hr. The pH was monitored

during the reaction and was adjusted from pH H 1 with 25 ml HCI after % of the ammonia
solution was fed. The final sample pH was 1. e?fn g'was decreased during this reaction. The final
product was achieved by oven drying at 150 C for 2 his, followed by milling and calcmatlon of the

powder at 600C for 2fﬁ?§ bh%]i‘é%ﬁ?ﬁ%ﬁﬁéﬁ?ﬁﬁ%%&&%@ﬁﬁﬁ%ﬁ%@#@ 5§52 pore volume of
0.977 mug, andv&pestitharméteniitddl 28 Ehataptedared [bP6iLufidd .40Mmbof df1&BA4AwWas added to a

reaction flask aloQMMAREWIRFORIAING B33 301 Otfleinized MaIesikeY SRRl ALINO3)3 was
dissolved in 117.9 ml deionized water and_ added to 1,000 g of aC|d so' specific gravity 1.0263), which

was then charg¥ t9hE%8el #hé M%angﬂﬁ%d 6302505 AR BFEHk S8Mition was
prepared, whickiaslitselath 1i0vHidbing, 28 6N O and 818 gaab cificsacichmantdbygtede. In order to

induce silica prg&mtlo&eﬂ;&ﬁrﬂp@@@oﬁ%ﬂtl{%&% added to:fha hesl at ggglgrrg@o Decreased gelling

was observed during this reaction. The product was oven dried at 150C for 2 his, followed by milling
and calcinationdriespOWRSH S Goetian ehletryesd Shprsh BEtePIRBRafSFPB I area of 476.4
m2/g, a pore Veifimetobd DS atikdty, atityharehdiaraeies of ARG Auwid, the effluent was

collected.

[0055] Six ml of deionized water was added to a reaction flask at room
temperature and 2 mi of HCl was added to the heel. In addition, the hecl was charged
18.8 g of acid sol (specific gravity: 1.0443) and was constantly stirred at 300 pm. An
ammonia solution was prepared, including 36 g of a 28 % NH40OH solution having
0.54 g of dissolved citric acid monohydrate. In order fo induce silica precipitation,
the emmonia solution was added 1o the heel at a feed rate of (.12 ml/min. Increasing
stirring 1o 800 Jpxh broke up unwanted gelation. The final sample was held under
reflux for 2 brs with a pH of 11.5. Physisorption data indicated a surface area of 186
m/g, a pore volume of 1.65 ce/g, and a pore diameter of 353.8 A

Example 3

[0056] Six ml of deionized water was added to a reaction flask at room
temperature and 2 ml of HCI was added to the heel. The heel was charged with18.8 g
of acid sol (specific gravity: 1.0455) and 0.01 mol NaF was added. The heel was kept
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Example 9  [0062] 253 g of HC1 was added to a reaction flask at room temperature containing
763.25 nil of deionized water. 7.51 g of A.12(0I-DC15 was dissolved in 70 ml deionized water having
210.75 g acid sol (specific gravity 1.0384 g/m1). This solution was added to 2.300 g of acid sol
(specific graW@/@;’@géQ%?ml) and charged to the heel. The heel was kept (ST %&ﬁgﬁ:’?pm. An
ammonia solution was prepared, which included 710 g of a 28 % NH4OH and 43.5 grams of citric acid
monohydrate. To induce silica precipitation, the ammonia solution was added at ‘320 nil/hr to the heel.
Increased gelling was observed during the reaction, which was disrupted by increasing stirring to 700
rpm. This produttredast dopepowitiha Sdrealattolut{b:SsgiNadiadd ] hdilditeddire B8ml2BIY; by adding the

Pd-solution to the preciRiiAieA. AR lAfe A0 MR O LRHMXd RRRS was Aeiey gy oven drying at
150C for 3 hrs, followed by milling and calcination of the powder at 600C for 2 hrs. Physisotption data

indicated a surfilie Rreciripoes heABROHAORE0B HRIeWFS 9sbeticeligt afadagioré Hidmeter of 133.1 A,
Example 10 #0063 132 .8ngl eidielvwas gddeplc areadiionitadseonirinedq sa&a ml of deionized

water at room tg&%?%%{g{hé)/%ﬁ 5%\% r%&slﬁﬁ!svgpl %chfe%llt’gf%%g%%%%%%%ﬁ3 gg@dded to 1,000 g acid

sot (specific gravity ch was charg The heel was kept stirred at 450
rpm. An ammonia solution was prepared, whi%w inclluqled 210.6 g of a 28 % NH4O0H and 13.2 g of

DL-tartaric acid. To induce silica precipitation, fi€ Ammonia solution was added to the heel at 320

mllhr. The final product was a lower viscosity gel with a final pH of 10, achieved by oven drying at 150

C for 3 hrs, followed BPATING "B cai AT BRIFL 1P AWERsIaR SBEKCHIRT HFEPBA fsorption data
indicated a surtaceaisa &fdl8dsbuir2dgwatporaioheievaf tibtet/gitArnit.a pare aidmelter of 348.6 A.

Example 11 (o coific gravity 1.0426) and 0.01 mol NaF was added. The heel was kept stirred at
500 rpm. An ammonia solution was prepared, which include 9 g of a 28 % NH40H.
In order to induce silica precipitation, the ammonia solution was added to the heel ata
feed rate of 13.8 ml/2 hrs. The final sample was a gel at pH 5. Physisorption data
indicated a surface area of 119.5 m¥/g, a pore volume of 1.1 ml/g and a pore diameter
of 368.4 A.

Example 5

[0058] 222.2 ml of HCI was added to a reaction flask at room temperature
containing 666.6 ml of deionized water. The heel was charged with 2,000 g of acid
sol (specific gravity 1.0457), and was constantly stirred at 450 Iprt. An ammonid
solution was prepared, which included 295.6 grams of & 28 % NH4OH and 4.4 g of
citric acid monohydrate. In order to induce silica precipitation, the ammonia solution
wag added to the heel at various feed rates with 240 m!i at 240 m/hr and 60mi at 960
mbhr, The pH was monitored during the reaction and was adjusted back to pH 1 with
100 ml HCI after reaching pH 7. The final sample pH was 1. The final product was
oven dried at 150° C for 3.5 hrs (“dried” curve in FIG 2), followed by milling and
calcination of the powder at 600° C for 2 hrs {(“cal” curve in FIG 2). Physisorption
data iﬁdicateﬁ a surface area of 344.2 m¥/g, a i)ore volume of 1.24 ml/g, and a pore
diameter of 143.5 A.
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[0064] 393.9 grams of HO was added to a reaction flask containing 1,000 ml of deionized water at
room temperature. 2.1 g KF dissolved in 30 nil of deionized water and was added to 3,000 g acid sol

(specific gravity 1.0414). TiO2 doping was performed by adding 5 wt% Tig8%4 %bg%s%%gson silica, 2.9 g
HC1, and 23" Zed water to the acid so!. This solution was to thé hee ANd Was Ef<ept stirred at

450 rpm for 10 min. An ammonia solution has been prepared, which included 221.2 g of a 28%
NH40H and 26.4 grams of DL-tartaric acid. To induce silica precipitation, the ammonia solution was
added to the heel at 320 mlihr. The reaction was kept stirring at 315 rpm. This product was doped with
a Pd-solution (0.78 g Na2PdC14 diluted in 10Eratp¥) sby adding the Pd-solution to the precipitated gel
after 30 min of reflu_x at a feed rate of 160 mllhr. This reaction was constantly stirred for 2 hrs at 400
rpm and was pH 1. Theofisal produicasiachiedesiby overchyingatl 50 ferddumrdollowed by

milling and calcination of wder. at.600C for. 2.hrs., Physisorption data indicated a surface area of
5375 molg, a 1R SPO SE s e e e S O Y R D e

. \ g, . i
understood thas¥alierefiermmaesididhodhrcafdietdtpespreden ki Hiererrded emberinents described

herein will be appasentss thesasakitlthdhihead cicuehangepandinndifications eap be made
without departirll_g froqim tQte S '{r}itia(pd ng%g ofe é?%@ggn&gn an% Witgol%'t;igli}m&gésﬁggditgbintended
advantages. Itis SreT0re intended that cugh cﬂangeb and moditications ba covere y the appended
claims. CLAIM® ity Sedrriges e nfdmisit 120 mArpadidtarthat 360 okbs phékwdeehndbsiliceous, the

partiﬂf com&fﬁiﬁ%@ﬂk&&ﬁ%&%@f;ﬁﬁ%m f @ﬁ%@ﬁ@@@h}&@émﬁqﬂpmﬁliw%ﬂmﬂelonlgated,
ring-like, and/or aggregated; a plurality of pares present in each branch; a tunable pore volume
controlled by a%%%%ﬂ?\%giﬁ%g%u%oﬁ}éﬁﬁéeg%t és%%‘%ofﬁilgigniﬁﬁﬁg% Ky 'reé%lﬁ%% diameter
ranging from abwast@aasabbuingohioketion.2 TRherphudickeofCladmed apkidféideeddhsbranch has an
outer diameter {mgaley i IAPRMAARY Bifhe powder at 600°C for 2 hrs. Physisorption

data indicated a surface area of 636.8 m%/g, a pore volume of 0.643 ml/g, and a pore
diameter of 40.39 A. '

Example 7

[0060] 111.1 ml of HCI was added to a reactior flask at room temperature
containing 333.3 ml of deionized water and the heel was charged with 1,000 grams of
acid sol (specific gravity 1.0396). The heel was kept stirred at 330 rpm. An ammonia
solution having 147.8 g of a 28 % NH40H and 6.6 g of citﬁc acid monohydrate was
prepared. In order to induce silica precipitation, the ammonia solution was fed to the
heel at a rate of 200 mi/hr. The pH was monitored during the reaction and was
adjusted from pH 2 to pH 1 with 25 ml HCI after % of the ammonia solution was fed.
The final sample pH was 1. Gelling was decreased during this reaction. The final
product was achieved by oven drying at 150° C for 2 hrs, followed by milﬁhg and
caleination of the powder at 600°C for 2 hrs. Physisorption data indicated a surface
area of 307.1 mzkg, a pore volume of 0.977 mi/g, and a pore diameter of 127.3A.

Example &

[0061] 111.1 m! of H»804 was added to a reaction flask at room temperature
containing 333.3 m! of deionized water. 117.92 g of AINO;); was dissolved in 117.9
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3. The particle of Claim 1, wherein the tunable pore volume is tunable from about 0.10 co/gram to
about 2.5 cc/gram, based on nitrogen physisorption. 4. The particle of Claim 1, wherein a subset of

the pores are interconnected. 5. The particle of Claim 1, wherein the %dditive IS sg{lﬁgggted from the
group considiAFYL B Fanic bases, organic bases, fluoride ion sources, 'SUKHRTARLS. and
combinations thereof. 6. The particle of Claim 1, wherein at least a portion of.an outer surface

located outside of the pores is modified and/or a at least a portion of an inner surface located inside of
the pores is modified. 7. A method of synthesizing the particle of Claim 1, the method comprising:
(a) mixing undemt deistéuetl ovaintermhiticdad stitiiNg i o seidchdsneiBemrinquesiiy, stk acid solution
with an acidic hgel solition. oy fRrm.paixtyie, saidSNriRg being ppdgnally variahisspeed;:  (b)
introducing at a controlled rate an additive into the mixture, wherein the additive impgses a pH change

from a lower pHBECRIGRE PRI iRk ahees induealdict N tcred it drhGBHe

acid monohydrate. In order o induce silica precipitation, the ammonia soluiion was
a;ided,to the heel at 120 mi/hr. Decreased geliing was observed during this reaction.
The product was oven dried at 150°C for 2 hrs, followed by milling and calcination of
the powder at 600“(3 for 2 hrs. Physisorption data indicated a surface area of 476.4
m>/g, a pore volume of 0.546 ml/g, and a pore diameter of 45.86 A.

Example 8

[0062] 253 g of HCl was added to a reaction flask at room temperature
containing 763.25 m! of deionized water. 7.51 g of AlL(OH)Cls was dissolved in 70
m] deionized water having 210.75 g acid sol (specific gravity 1.0384 g/ml). This
solution was added to 2,300 g of acid sol {specific gravity 1.0384 g/ml} and charged
to the heel. The heel was kept stirred at 450 pm. An ammonia solution was
prepared, which included 710 g of a 28 % NH,OH and 43.5 grams of cifric acid
monohydrate. To induce silica precipitation, the ammeonia solution was added at 320
mi/hr to the heél. Increased gelling was observed during the reaction, which was
disrupted hy increasing stirring to 700 rpm. This product was doped with a Pd-
solution (5.8 g Na2PdCl4 diluted in 58ml DI}, by adding the Pd-solution to the
precipitated gel after 30 min of reflux. The product was achieved by oven drying at
150°C for 3 hrs, followed by milling and calcination of the ﬁow&er at 600°C for 2 hrs.
Physisorption data indicated a surface area of 286.1 m®/g, a pore volume of 0.952
ml/g, and a pore diameter of 133.1 A.

Example 10

- [0063] 131.3 g of HCI was added to a reaction flask containing 333.3 m! of
deionized water at room temperature. 0.7g KF dissolved in 17 ml of deionized water
was added to 1,000 g acid sol (specific gravity 1.0384 g/ml), which was charged o
the heel. The heel was kept stirred at 450 rpm. An ammonia solution was prepared,
which included 210.6 g of a 28 % NH4OH and 13.2 g of DLAtartaric acid. To induce
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(c) optionally introducing a solution containing a salt of a metal into the mixture; and  (d) optionally
modifying at least a portion of an outer surface located outside of the pores and/or a at least a portion
of an inner surface located inside of the pores. 8. The method of Claim 7, including introducing at
the controlle® P&t dtitive using a technique selected from the groupngﬁg(@ﬂWdoﬁﬁgddition ata
constant unchanging rate; drop-wise addition; increasing/decreasing the addition rate in a step-wise
fashion; increasing/decreasing the addition rate in a ramped fashion. 9. The method of Claim 7,
wherein the metal in the solution containing the salt of the metal is selected from the group consisting
of: transition mefids; hedshatioelals, Hahiginemiar are eadtd matelspdnd sHmbinatians thereof.  10.
The method of im 7, i ' i UHO; i ili ' f about 0.5 wt%
to 13 wt% to an%%&gﬁga%ggg %%%ﬁé%%%%%@g%iﬂ%ﬁ%%@ sﬁ%ﬁ%%%%%%%}%@% . The method of
Claim 7, where#i € &dftidams M@XW&@@@?&‘B’@HH&@% ReFerpifitoa&ider fnorganic acids,
fluoride ion soukeesPiRRREAHBRINAIRASIRAIESfrface area of 181.5 m’/g, 2 pore volume of 1.58

ec/g, and & pore diameter of 348.6 A.
Example 11

[00641 393.9 grams of HCl was added to a reaction flask containing 1,060
ml of deionized water at room temperature. 2.1 g KF dissclved in 30 ml of deionized
water and was added to 3,000 g acid sol (specific gravity 1.0414). TiO, doping was
performed by adding 3 wt% Ti{SO0.),, based on silica, 2.9 g HCI, and 23.4 ml
deionized water to the acid sol. This solution was to the heel and was kept stiired at
450 rpm for 10 min. An ammonia solution has been prepared, which included 221.2 g
of & 28% NH4OH and 26.4 grams of DL-fartaric acid. To induce silica precipitation,
the ammonia solution was added to the heel at 320 ml/hr. The reaction was kept
stirring at 315 rpm. This product was doped with a Pd-solution (0.78 g NayPdCl,
difuted in 100 ml DI), by adding the Pd-solution io the precipitated gel after 30 min of
refiux at a feed rate of 160 mVhr. This reaction was constantly stimed for 2 hrs at 400
rpm and was pH 1, The final product was achieved by oven drying at 150°C for 3 hrs,
followed by milling and calcination of the powder at 600°C for 2 hrs. Physisorption
data indicated a surface ares of 587.5 m’/g, a pore volume of 0.56 mi/g, and a pore
diameter of 38.07 A.

- [0065] It should be understood that various changes and modifications to the
presently preferred embodiments described herein will be apparent 1o those skilled in
the art. Such changes and modifications can be made without departing from the
spirit and scope of the invention and without diminishing its intended advantages. It
is therefore intended that such changes and modifications be coverad by the appended

claims.
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12. The method of Claim 7, including imposing a pH change from an initial pH in the range of about O
to 1.5 to a raised pH in the range of about 6 to 11. 13. The method of Claim 7, including

introducing ?&b%i}% /ﬁ%lg%on into the reaction vessel if the pH rises above gryigded| Bldsgss0 14 The
method of Claim 7, wherein the reaction vessel includes a temperature control means. 15. The

method of Claim 7, including drying the particle at a temperature from room temperature to about
300C and/or calcining said particles at a temperature from about 300C to about 1,200C.

CLAIMS
The claimed imvention 1s:

1. A particle that is non-spherical and siliceous, the particle comprising: a
plurality of branches, each branch being randomly oriented and elongated, ring-like,
and/or aggregated; a plurality of pores present in each branch; a tunable pore volume
confrolled by an additive introduced during synthesis of said particle; and a pore inner
diameter ranging from about 2A to about 50,0004,

2. The particle of Claim 1, wherein each branch has an outer diameter from

about 3 nm to about 120 nm.

3. The particle of Claim 1, wherein fhe tunable pore volume is tunable from
about (.10 ce/gram to about 2.5 cc/gram, based on nitrogen physisorption.

* 4. The particle of Claim 1, wherein a subset of the pores are interconnected.

5. The -paﬂ;iole of Claim 1, wherein the additive is selected from the group
consisting of: inorganic bases, organic bases, fluoride ion sources, surfactants, and

combinations thereof,

6. The particle of Claim 1, wherein at least a portion of an outer éurface
located outside of the pores is modified and/or a at least a portion of an inner surface

located inside of the pores is modified.

7. A method of synthesizing the particle of Claim 1, the method comprising:

(a) mixing under constant or intermittent stirring in a reaction vessel an

- aqueous silicic acid solution with an acidic heel solution to form a mﬁgtuxe,
said stirring being optionally variable speed;

(b) introducing at & controlled rate an additive into the mixture, wherein

the additive imposes a pH change from a lower PH to a higher pH to the

mixfure to induce siliceous particle precipitation;
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{c) optionally introducing a solution containing a salt of a metal into the
mixture; énd

(d) optionally modifying at least a portion of an outer surface located
outside of the pores‘ and/or a at least a portion of an inner surface located

inside of the pores.

8. The method of Claim 7, including introducing at the controlled rate the
additive uging a technique selected from the group consisting of addition at a
constant unchanging rate; drop-wise addition; increasing/decreasing the addition rate

in a step-wise fashion; increasing/decreasing the addition rate in a ramped fashion.

9. The method of Claim 7, wherein the metal in the solution cordaining the
salt of the metal is selected from the group consisting of® transition metals; heavy

metals; noble metals; rare earth metals; and combinations thereof.

10. The method of Claim 7, including exposing a solution of sodium silicate
-in the range of about 0.5 wit% to 13 wit% to an ion exchange resin to prepare the

aqueous silicic acid solution.

11. The method of Claim 7, wherein the additive is selected from the group
consisting of: organic acids, inorganic acids, flucride ion sources, and combinations

thereof.

12. The method of Claim 7, including imposing a pH change from an’'initial
pH in the range of about 0 to 1.5 to a raised pH in the range of about 6 to 11.

13. The method of Claim 7, including introducing an acid solution into the

reaction vessel if the pH rises above an ideal pIL.

14, The method of Claim 7, wherein fhe reaction wvessel includes a

temperature control means.
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15. The method of Claim 7, including drying the particle at a temperature
from room temperature to about 300°C and/or caleining said particles at a temperature
from about 300°C to about 1,200°C. ‘
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