TRANSPARENT, STABLE TI TANI UM DI OXI DE SOLS FI ELD OF | NVENTI ON [ 0001]
The present invention relates generally to conpositions for inparting
a photocatalytic coating on a surface. Mre specifically, the
invention relates to sols of titanium dioxide nanoparticles which
are useful for providing transparent photocatalytic coatings on a
substrate which are de-polluting and/or self-cleaning. BACKGROUND COF
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al kal i met al [0003] In many applications, it is desirable for the titanium dioxide coating to be
transparent in order to maintain the original appearance of the substrate (e.g., ceramic
- tile, paving block, siding, etc.) or its original transparency (e.g., window glass, car
windshield, etc.). Titanium dioxide colloidal sols have proven to be a useful precursor
material for forming such transparent coatings.
[0004] For example, U.S. Patent No. 6,420,437 to Mori et al, which is hereby
incorporated by reference, discloses a neutral titanium dioxide colloid sol said to have
high stability in a neutral range and which is capable of forming a colorless transparent
coating even when dried at room temperature. The sol is produced by mixing an acid
titanium dioxide sol comprising 50 to 100 parts by weight of titanium dioxide colloidal
particles and 5 to 50 parts by weight of a chelating agent for titaniuimn ions with 1 to 50
parts by weight of an alkaline substance comprising at least one of alkali metal

compounds and amine compounds, and optionally by adjusting the pH value of the liquid
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conpounds and am ne conpounds, and optionally by adjusting the pH
value of the liquid 2 mxture to 5 to 10, or adjusting the pH val ue
of the liquid mxture to 6 to 10, and then applying a deionization
treatment to the m xture to thereby charge the titanium di oxide
colloidal particles with negative electricity. (0005] U S. Patent No.
6,627,336 to Ohnori et al., the disclosure of which is hereby
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said to be suitable. The neutral titanium di oxide colloid solution
prepared by Mhich hséleﬁgﬂmcorporated by reference, relates to a method of manufactunnganeutral

and transparent titanium dioxide colloid solution wherein titanium dioxide nano particles
are dispersed, and a titanium dioxide colloid solution prepared by the method. In one
method for preparing the sols, a titanium compound and a stabilizer are added to aleohol,
neutralized by adding a basic solution, and then heated at a temperature of above 75°C for
more than 7 hours. The titanium compound can be, among others, tetraisopropanol
titanium (titanium isopropoxide) and among the numerous stabilizers, glycolic acid is
said to be suitable. The neutral titanium dioxide colloid solution prepared by the method
are said to be stable and transparent.

[6008].. Despite these advances in the art, there is considerable room for
improvement as each of the known sols is not without its disadvantages. It is therefore an

object of the invention to provide sols comprising photocatalytic titanium dioxide which



are said to be stable and transparent. [0008] Despite these advances
in the art, there is considerable roomfor inprovenent as each of
the known sols is not wthout its disadvantages. It is therefore an
obj ect of the invention to provide sots conprising photocatal ytic
titani um di oxide which 2 are transparent. It is also and object of
the invention to provide such transparent titanium dioxide sols

whi ch are stable over an extended period of tinme. It is a further
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[0010] In accordance wth t] oregoi ng objectives and others, it has
surpri si ngl y in Hoersy poumulmissian 21 foPaeR afrorshew s ciwios of i ireffrense 8eFiBt h
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suspensi on of anorphous titanium dioxide in the presence of «certain
al pha- hydr ox PR 8. [0011] In one aspect of the invention, a method
for preparing a stable, transparent photocatalytic titanium dioxide
sol is provided, conprising: SUMMARYOOF AHRINEENDBON i on conprising a
titani um contai ni ng conpound, for exanple, a titanium al koxi de,

titani um oxy®APlori deln acrardangs wishithe foregoing pbigctives3yd e dihaaEtrisiel e;
(11) precipi tad iichd it AHSmdidxiaIsHEN wHibh Qe 1den bR Bludp & Ukd fofacdl @
titanium contai ning conpound; (iii) form ng an aqueous. ﬂl slger si gn of
the preci pi tMé&ﬂhﬂ?&%@%ﬂtt@fﬁéﬁlfp%owﬁaevw%wwwxmm £ Pepgace of
aqueous di spetsi MhainRdrbfieucias.esence of one or nore al pha-hydroxy

carboxylic acjids, for_exanple, . lactic acid, .tartaric acid, nali
acid, citri C$®g?]d anl %%ﬁﬁgf thHE’c’t“ﬁ%r"’é’beg‘,Od (’trpraepaqnéﬁﬁ%{rﬂ%’ttﬁ?sgmﬁ
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oxychloride, titanyl sulfate, or titanyl acetylacetonate; (ii) precipitating hydrous titanium

dioxide from said solution of a titanjum containing compound; (iii) forming an aqueous
dispersion of the precipitated hydrous titanium dioxide; and (iv) mixing the agueous
dispersion in the presence of one or more alpha-hydroxy carboxylic acids, for cxamplé,
lactic acid, tartaric acid, malic gcid, citric acid, and combinations thereof, at a
temperature between about 70°C and about 150°C for a period of time between about
three hours and about 3 days. While it is required that the one or more alpha-hydroxy
carboxylic acids be present during the thermal treatment step, it will be understood that
they can be introduced during any of steps (i)~(iv). In one variant of the inventive
method, the thermal treatment is advantageously carried out without a prior neutralization
step. In another variant, the one or more alpha-hydroxy carboxylic acids will not include

glycolic acid.



carboxylic acids be present during the thermal treatnent step, it

wi |l be understood that they can be introduced during any of steps
(i)-(iv). In one variant of the inventive nethod, the thermal
treatment is advantageously carried out without a prior
neutralization step. In. another variant, the one or nore

al pha- hydroxy carboxylic acids will not include glycolic acid. 3
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have their ordinary neani n%xé‘hpgégﬁ'ﬁfﬁﬁg\ﬁggFﬁ%%ed The term
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to "renoval " aQJs,PéQ#JCH%%U_tS fromthe air, it will be wunderstood to
i nclude conplete or partial renoval of pollutants fromthe air.

Whet her _rerrpval is "substanti ET@%%%&EDQ ned by the methods
provided in the exanples, whe _ _ removal refers to
oot | Loty SR Bl LS BT, ol
nor e otherwise provided. The term “sol” refers to a colloidal suspension of particles. The
term “NO,” refers to the species NO (nitrogen éxide) and NO; (nitrogen dioxide), either
collectively or individually.
[0016] Where reference is made to “removal” of pollutants from the air, it will be
understood to include complete or partial removal of pollutants from the air. Whether
removal is “substantial” can be determined by the methods provided in the examples,
where “substantial” removal refers to reduction in the total concentration of a fixed
amount of given pollutant by at least about 5%, preferably at least about 10%, and more
preferably at least about 15%.
[0017] The method for preparing stable, transparent sols of colloidal
photocatalytic titanium dioxide according to the invention generally comprises: (1)
providing a solution of a titanium containing compound; (2) precipitating amorphous
hydrous titanium dioxide from the solution; (3) dispersing the precipitated titanium
dioxide in water and mixing with a peptizing agent at a temperature between about 70°C

and about 150°C for a period of time between about three hours and about 3 days;
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preferably at |east about 15% [0017] The nethod for preparing
stabl e, transparent sols of colloidal photocatalytic titanium

di oxi de according to the invention generally conprises: (1)

providing a solution of a titanium containing conpound; (2)

preci pitating anmorphous hydrous titani um di oxide fromthe solution;
(3) dispersing the precipitated titanium dioxide in water and m xi ng
with a peptizing agent at a tenperature between about 70C and about
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preferred precipitation method where the titanium containing compound is a titanium
alkoxide or titanium acetylacetonate, For titanium oxychlorides or titanyl sulfates, which
are water soluble, precipitation is best carried out by pH adjustment (e.g., raising the pH)
or by adding a solvent in which the compound is essentially insoluble, such as acetone or
higher alcohols (“solvent shifting”). By “essentially insoluble” is meant that the
solubility of the titanium containing compound is sufficiently low in the solvent to permit
titanium dioxide to precipitate from solution when contacted with the second solvent. By
“higher” alcohols is meant Cs alcohols or greater, including, without limitation, pentanol,
hexanol, heptanol, octanol, etc.

[0020]. = The amorphous hydrous titanium dioxide precipitate is typically collected

by filtration and thoroughly washed with de-ionized water prior to re-dispersion. The



al koxi de or titanium acetyl acetonate. For titanium oxychlorides or
titanyl sulfates, which are water soluble, precipitation is best
carried out by pH adjustnent (e.g., raising the pH or by adding a
solvent in which the conpound is essentially insoluble, such as
acetone or higher alcohols ("solvent shifting"). By "essentially
insoluble"™ is neant that the solubility of the titanium containing
conpound is sufficiently lowin the solvent to permt titanium
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free of glycolic acid, as this alpha-hydroxy acid has a pK,; of 3.83 at 25°C and is thus not

preferred in the practice of the invention. By “essentially free of” is meant that glycolic
acid collectively comprise no more than 5% of the total weight of peptizing agent,
preferably less than about 2.5% by weight, and more preferred still, less than about 1%
by weight. The amount of peptizing agent required will typically range from about 0.1 to
about 0.5 moles per mole of TiO, precipitate. Without wishing to be bound by any
particular theory, it is believed that the peptizing agent prevents or inhibits flocculation
and exerts a chelating effect on the growing crystailites during the thermal treatment to
limit the crystallite size and to provide stability to the resultant sol.

[0022]. The peptization is typically carried out at a temperature from about 70°C

to about 150°C (thermal treatment) for a period of time from about 3 hours to about 3



are also contenplated to be suitable. Conbinations of the foregoing
acids are also contenplated to be useful. In one enbodi nent, the
solution will be free of or essentially free of glycolic acid, as

t hi s al pha- hydroxy acid has a pKTj of 3.83 at 25C and is thus not
preferred in the practice of the invention. By "essentially free or’
is neant that glycolic acid collectively conprise no nore than 5% of
t he total meight of peptizing agent, preferably |ess than about 2.5%
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for a peri odsuébld fomesef indim Eyidotitergal hmqros t"JEhc &bl reagors Guayebpsplagertiisra

agi tation. |hndSviQk th@‘ﬁﬁ@tﬁ fvibie {1 ol E(fhldﬁx%z% iR a%lﬁé‘)éta%&ﬂmpr ror to
thermal treatnent. Therefore, in one enbodi nent I sper si on
conpri si ng tM&3pept i zIF rsgme gahedimenis, thet esiipt sels %Stﬁéﬁf“?dapi“%%ﬁf?“bﬁ‘

step, such ac%sem(al?hﬁl yasdi hdign &tltrzﬁ Qxaﬁsﬁz) SQd Uler@bte ﬂ?f 'a&}ﬁstﬁléht Gk not
during the-thermal treatnent. been found useful to performthe

peti zation i¥foysars cHp ey ids mtﬁeﬁ*r?aﬁconc@é&edlﬁvem t® GPHRRCHIHEORH fsant
incr Ieagle i ][1 QKBS UhEpH BOWD adiy Pprizdaneik e%psa @isteae@ek@a&u%nlsd:@?gaﬁscﬁ hose
avai lable from Parr Instyr nts, . ve een 1ou t abl e use in
the hydr ot hePHFG e BBE oﬂar@?ﬁ’e BERD r dREEPs FFE&’ B’Za“b Cnc SIFHY ﬁméP

roll er oven teurmtehmahtﬂcﬁmmmymbmﬂ dﬁmbiﬂ&nﬂxhﬁoxm arglaimdiikel d‘hstras;drehq

achi eve agit the result

lon [0023] |n s are
stabl e and t‘%ékﬁ: Sﬁgr‘%‘ﬁt%c S%SCW & %’ Rt “sngTle °’ ible, apecfroscopy. The Stﬁ%%
basic) and tdfeheen‘otsrreaypid xwl;unfsttamrfunmen ofcthe cm@cesswsyarcde@mame At s

within the SSBRE: ol B8 LONeaLL 8 i lga{aagm'é%sg%@rgy oL oS two, or

desired. The e acld peptize usted Y the
addi ti on of mfgaw dhregr morith obsgerAficn Asrgkat rpare fegabregrew [t ot “¢CFWY&I i on,

tert-butyl an,fgye éjdtﬁ)tﬂﬁ}ﬁlgeh nnesuch 1sahdsa AREADEL OB PAEA: PYEr D84/681502,

amoni um hydr oxi de, and ke. The transparency of the sots may
be observed lé?wed\hygﬁww hﬁﬁmwIW@P@P%%&%??&S&P@&%‘BW inpgRiion.
stability [o024) - The particle size and crystallinity (anatase/rutile) may be determined by

transmission electron microscopy (TEM) or other suitable means. The titanium dioxide
crystallites will typically have an average particle size between about 1 and about 20 nm,
more typically, between about 1 nm and about 10 nm, and preferably between about 1
and about S nm. In other embodiments, the substantially all of the titanium dioxide
crystallites will have a particles sizes less than or equal to about 10 nm, and preferably
less than or equal to about 5 nm. By “substantially all” is meant that the Dgg value is less
than or equal to the indicated size, on a weight basis. The titanium dioxide sols will
typically comprise a majority (i.e., > 50%) of crystallites in the anatase form, with only a
minority of the crystallites being in the rutile form. In various embodiments, at least

60%, at least 70%, at least 80%, or at least 90% of the crystallites are in the anatase



of the sots may be neasured as a function of the change in
transparency over tine. A "stable' sol is one which does not visibly
change in transparency over a one, two, or preferably three nonth
observation period at roomtenperature. It is not necessary to

i nclude a stabilizing agent, such as those described in U S. Patent
Pub. 200410241502, incorporated by reference herein, to inpart
stability to the sots according to the invention. [0024] The

particle sizeg andnCfonst &l bmalehmo&ﬁaﬁst 2R Qfidntld &6Ad R m b@%ﬁt%{aﬂﬁaﬂﬁ_d by
transm ssion él ectron m croscop TE or ot her suitabl e neans

titani um di okFdef the Wéetcamutnééorm %x whigh iscagantthat depe that Sy aiefspbly less

particle sizeahelveand abRUerdrasi{ thsABAN1 %2R R itanil® G xiay B lﬁi@ltﬂchunlc
bet ween about 1 nm and about 10 nm and referablg bet ween about 1
9

and about 5 R BfRein é’}?ﬂﬁﬂf"ﬁ@m“?’“ et tights 11109% 4 thegpattshe
titani um di oxdle -crystallites will have a part| cles sizes | ess t han

or equal to t 10 rJj an r ef er abl t bout

5 nm By ﬁ‘B? nti al {Yg‘yerga‘i’fsl Wit r‘?‘{é"a%‘)tmpF aftwn%ﬁ ﬁggt({/%oﬂ[e |2byl S f

t han or equahtamomtdixecidcrbds'eda»tx@eb tethlzvecighoof the vumipgéitionb aders typicaidy, t hetseiml um

di oxi de S0t S W {doriliRiaf o QT ﬁﬁzﬁﬁ’y @%%%/h?&éaﬁ&{m(ﬂoxﬁe;bas%g 59%% 1o
mnority of the

crystallites int eanatasefor a
crystal | it eswhightrrf thercotopesitipni [The $Q3ﬂr ¢rhiblt igxagHent Ganspaserion ddnasabiity ovet a

least 60% Qlae! RS f79% valies, ﬁéﬁ&mgBQc{ﬁxc Oﬁeuélﬂ laﬁf"%&s@@u@dﬁlfonst fh? one

crystallites are in he anat ase crystall ine form In ot
enmbodi ment s, erppdingng ‘é‘ﬁlsﬁﬁnwéﬁ BW%P@? Hg ttanspRrpt o thaendireshef f‘éfhl 63f thg plee of

the ruffle cramgésa«,k b 1126, 608, Bha Dy 10D Ghrttles HEBANSS thd1ls bR Lifgt R

preferably less than 2.5% and nore preferabl y less than 1% of the
titani um di o¥iYeq BuRaldo pagic apf vice versy yEboat Priing & Begthrably impask oethe
enbodi ment, triRpdrdntAbH staBALiek. OXI de is 100%in the anatase form [0025]

The sols wl pi cal C e fram.about 0.5 to about 20% b

worgnt it alfoRie o e Rk ER 4 B P ey ghieng P dabina
conposi ti on. inpedient piividad thyt tht-, lédittatd suoM ihgredidmmspdoess got fhaaa a:bnuhbl&% to
about 10% by n\%ht titani di oxi de bas he t

t he COHpOSI i (% fﬁlgacé S Seltgc)l(' ﬁilnebtra{nsparehceyl %1h?y ott the so]Otl‘%r exz}_rlnd)llegq is

€XC ranspar ency
stability ovemteaplagiddbeat tizngs miy qntllu&ipahmesa,mqums |0fldilcltfgimddl agergs, orgenit r al ,

ranspar ont  GUEr > TG i Pl GIRGLE Sl R3S, Mt iR 87 e ST
6-8; and >8 tmbofignentfhe bady wili he figobmetahions @h@cmﬁymk@@d] ¥4t end the om
lanthanide or actinide series of the periodic table, by which is meant that no additional
amounts of such metal ions are-added to the sols or intermediate preparations beyond any
trace amounts which are present as impurities in the titanium starting material or other
reagents.
[0027] While the sols according to the invention are transparent, it has also
advantageously been found the films formed from the sols when applied to a substrate are
also transparent. Included in the invention is therefore a method of forming a transparent
photocatalytic de-polluting, self-cleaning film or coating on a substrate comprising
applying to the substrate any of the sols according to the invention. The films are

allowed to dry to a transparent coating having good adhesion to the substrate. There is



acidic to neutral to basic, and vice versa, w thout having a

measur abl e i npact on the transparency or stability. (0026] The sols
according to the invention may optionally include additional

i ngredi ents provided that the addition of such ingredients does not
have a neasurable negative inpact on either the transparency or
stability of the sol. For exanple, it is contenplated that the sots
may i nclude m nor anmobunts of bactericidal agents, organic solvents

(e.g. al COhOLs%Qnﬂaﬁy‘ R AR ol (R nddheel ﬂﬁesﬂbhﬂ*&‘&er(leﬂﬁntaﬂﬁm 5glasso |ﬁolymenc
adj usters, etc. In one enbodinent, the sots wl ge of

i ons chosen PPehtegrgtFaRer (K tileagnd ktaﬁ‘%' S“‘I’Sgﬁﬁsr?é?ﬁaﬁféc‘%‘}"mﬁlé't"' iy g auita F i es

of the peri Ofvoﬁsﬂ abl erheyabhirlpdréht FRAR frkdPartioRaraditiyt 1hQﬂy'llhpphadﬂiBrU nts
of such netal ions are added to the sgts or internedi ate R ar.ati ons

beyond any FPEEEIUAHHEANES A REPCH a1t pPRSBte ORI sty 30l frey
titani um st ant idegllysaiteirfoedoating satfdes whithesegBentsslves[tABPient\¥x. | gms) hefos ot S

according to th Invené’r‘ﬁjﬂ? r%fshrogn%? ar ent Om@f%eajn%gﬂ substrate.

advant ageousFy YAk ’gén 6 he sot sy"\}ﬁ"len applied
to a subst r aNetable epplzhdns tinchds.paitemnt hmitat@hupl@@bmﬁiylud’leodln&ﬁefw |aUnder s

therefore a Hﬁﬂxn%?onc%ad sgﬁwe@?a‘)@rstaﬁmm Ao bml%%:ﬂ%@twﬂdb& lass, car

de-pol I uting, eani n I'mor coatin substrate conpri sing
appl yi ng to windshialdssind dmélkan?hmlstWIé alse Find @tdwruﬁawﬁf@wwe, okt i on.

The films arg. aldl tgﬁ\{@geﬁ Qe In¥ ‘g}ogeriaesstts %@%@@&&ﬁ&s ap@éonrias BRYICRGDs %@d

adhesion to the strate. essentially nolimt on the
nat ure of théS‘éYm@qu%ﬁﬂe. Cenent, netal, glass, polyneric, vvood
ceram c, paper, textile, and | eat heIExWi rates are each contenpl at ed
to be suitable. [0028] The stable, transparent sols will find
particul ar ufaok9ity i nAamayspappkitagiatn dioxide whi eccerdjpigad e atvarltipt ves @ephiedi t y

i's desired, gs(;f%ym L0 of NS ALEDLORBYMELARL: S0 BBLS by SHPUon AL -

|deaIIy suit tlng surt are t hensel ves
(i.e., gl ass)vamddcﬁdﬁowlmoo’éip&ldwgwad wmtqndrg smmatag@@@s Aiter thg preeipitatine

appear ance Ofy &Jaﬁumﬁ&&&ymagdgﬁ%ﬁtwﬁtﬁmntmmtfaphb%ua@@kﬁo%hﬁm§ The

include, without Irmtation, photocatal ytic coatings f air de-

pol | ution onPicgBightesyasfia didiercdanderaghed yith See-pfpieioniqer @gter. bIhq verehieg, wet

exteriors, WiREQykeGHaAsRlispdrat in WidAHSd ks a mqiwa@ﬁ dmieensp&hem &b Wi | |
also find utility on faprics, furnlture to the

sel f - cl eani nfe PrafIeAis Guiadpsis §R% Havaiep) zﬂaﬁla mé{\"ué%fs °“Ia%‘§’§“x5‘f‘6%lhct s

as wel | The dispersion was charged into bomb-type hydrothermal reactors (125 ml capacity, Parr
Instruments) lined with Teflon cups and lids. The bombs were then placed in a roller
oven with rolling speed of 25 RPM and temperature set at 80°C. The treatment was
‘maintained for 24 hours. After the sol cooled down to room temperature, its pH was 2.3.
Tert-butylamine (Alfa Aesar, 98%) was added to the sol to adjust the pH to 7.0. The final
sol product was stable and completely transparent and TEM examination revealed that it
contained < 5 nm crystalline TiO, nanoparticles. Measurement of d-space on high
resolution TEM images indicated that majority of the crystallites were anatase (>50%)
with rutile as secondary phase (<50%).



as UV-protection. Exanple 1 [0029] A transparent titani um di oxi de sol
according to the invention was prepared as follows. 50g of titanium
i sopropoxide (Alfa Aesar, 95% diluted by 50g isopropanol was added
slowy to 250g deionized water under strong agitation. After the
preci pitation of titanium dioxide, the agitation was maintained for
about 10 nore minutes. The precipitate was then filtered and washed
wi th 5009 of deionized water. The washed, wet filter cake was

redi spersed in deionized water tgmgngggghmwwgﬁu of the dispersion of
250g. 69 of lactic acid (Alfa Aesar, 85%in water) was added to the

di spersi on amdsup xed Avedohple wéﬁrpeepdb@pﬁmssm ms)dmfgﬁdxplern exchmtas t ype

hydr ot her nal tors Parr Instru li.ned with
Tefl on cups ’é{%o Tige ac’%é ‘B‘o%bsé’ﬁ’@%rﬁ %H?ﬁ‘ af)fhﬁt?ﬁ%‘z’i“ﬁ aécn 5‘? Kol 1aien
with rolli nga@:pembrqjep%ncﬁpl‘ﬂxeasd dppevpdr siftly dutskdd atmi8QCnonFhasparent

t r eat ment Wa?p ntained for 24 hours. After the sol cool ed down to
roomtenpera gre |ts pH was 2.3. Tert-butylamne (Al fa Aesar, 98%
was added to the sol to adjust the pkt2/. 0. The final sol product
was stable and conpletely transparent and TEM exam nati on reveal ed

t}[laéI it contoa'%med < ﬁxeﬁfi@nﬁéa}lﬁo_ﬁghﬂcﬁﬁlﬁhﬁﬁe ngxaopsautd px’e@seawaamnﬁherrent
0 space on esol uti on es indj at _maj .qr,i

the crystallf ?‘é&‘g\%}xéjﬁéﬂ lAceudng g’S%/!@/éme 'BI"FX?"‘B‘E %s()ih y (fjégﬁ‘%%;a
(<509 . g SOWI; 89% )/ RaskxaiTpdtead 3¢ 1hddio 30 ;ﬁhé@p’@h@a@a& mneapzamadsd)ywai he
sanme nethod as . for except .t hat ni.tric

w. % sol uti%ﬂ’)l @%dsuﬁrégg%“és'hf‘% Oi'l lﬁﬁmgé tﬁ% b §etaicg fsa P%glil t
acid. After pepartisi Hiph rtdomtieoTEM pippar edasteaiohtacsaitd thadnagority bl
non- L " anspar &b BPRERTANEE - IXAR e kAR eccHiy RD AR Regedur e

of Exanpl e ar a transparent t'ant um di'oxi de” so]
accordi ng tourtuhellvhmrdtw@nofé}@wt t hat 4 5g of tartaric acid (Afa
Aesar, 99% was used instead of lactic acid as the peptizing agent.
The resultant sol was stable and t EX¥&¥atent. TEM exami nation

reveal ed t ha{OOJ&ZtJ Cont"ﬂieqs nuca:l‘px%cgdurc o¥13xamplc 1 was used to prepare a transparent
titanium: dioxide sol according to the invention, except that 10.5g of citric acid was used
instead of lactic acid as the peptizing agent and the peptization treatment was maintained
for three days. The resultant sol was stable and transparent. TEM examination revealed
that it contained < 5 nm TiO; nanoparticles. High resolution TEM d-space measurement
revealed that majority of the crystallites were anatase (>50%) with an unknown

secondary phase (<50%) showing unusually large d-space of ~0.6 nm.
Example 4

[0033] - The identical procedure of Example 1 was used to prepare a transparent
titanium dioxide sol according to the invention, except that 4.0g of lactic acid was used
and the peptization was carried out at 120°C under hydrothermal conditions for 2 days.
The acidic sol was neutralized to pH 8.0 with tert-butylamine. The sol product was stable
and trénsparent. TEM images show well crystallized 5 nm TiO; nanoparticles.
Measurement of d-space on high resolution TEM images indicated that majority of the

crystallites were anatase (>50%) with rutile as sécondary phase (‘<50%).
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nanoparticles. H gh resolution TEM d-space neasurenment reveal ed that
majority of the crystallites were anatase (>50% w th an unknown
secondary phase (<50% showi ng wunusually |large d-space of -0.6 nm
Exanpl e 3 [0032] The identical procedure of Exanple 1 was used to
prepare a transparent titanium dioxide sol according to the

i nvention, except that 10.5g of citric acid was used instead of

| actic acid as the peptizing agent and the peptization treatnent was
mai ntained for three days. The resgkimMds sol was stable and
transparent. TEM exam nation revealed that it contained 5 5 nm Ti 02
nanoparti cl egpe34fi gh r’ﬂ&QH&ﬁtlbﬂlprdEEMerfSiﬁaﬁ}ﬂe IBas Uded ne piepar¢ & vwaabedcht t hat
oy BB S e e N S R ol B Rty
Exanpl e 4 [ 0@B8Bde Hpzitide wes cﬁaicdpmb@éwﬁemw hE&thﬁp)llﬂé condifgens e ddiayso
prepare a trapspafent wasnle&(%meur@ 611 83 bl oAy AR he 1 Prdadf s stable

i nventi on, except t ha actic acid was used

pepti zati on mv@marqnde%Mtlmages EIZUO”EihEFé%tﬂW%%‘FhW%’EﬁﬂFSt i B8 for

2 days. The 2QihCrie!d-WaR REeMiLAt 286h1dd0mRHnderly W R crystallites were
tert-butylam ne. The sol product was stable and transparent. TEM

i mages show weefae 50%) %ith Py Bekogw fReqiden PREASPATY PRIV unufyalls {gFeg dent
of d-space og,h ghokegol ution TEM images indicated that najority of
the crystallites were anatase (>50%9 with ruffle as secondary phase
(<50%). 10 Exanple 5 [00341 The i denrammgad procedure of Exanple 1 was
used to prepare a transparent titanium dioxide sol according to the
i nvention, ek$3Pt that u@nsPerewstitapimrdinxide sel @fedrdingado te entign g ay fgpared

peptizati on waguGayr 5@2,&;{5“95 isbid xizﬂg%E nﬁ&grw@ﬁlhaﬁ%@!mp%%‘@él&do&?% for

2 days. The acidic so] was neutrali
t ert - but yl antareric afigd 1% t%@@étn%sxswmw Taﬁusm)rxm%ﬁg@ﬁémowm

i mages show Weld wad VishR! ddudethder fbhnd aGhafanapar tjacdiRs, el fhation was
resol uti on TEM d-space neasurenent revealed that majority of the

crystal | it esMpidfained &o12p Jaiputess grrywhighithe @W‘%ﬁiﬁmc@@?ﬂﬁdﬁvﬂfp‘ﬁ%@%
(<50% show 6191 e uppealibyid 1236:0@astiecBRAGE, Ofhe Wit ElidMyer was re-dlsperscd in

water to a total weight of 250g. It was charged in bomb reactors and treated in a roller
oven at 80°C for 3 days. The sol sample with pH about 2.0 as prepared was adjusted to

pH 8.0 With tert-butylamine. It was stable and transparent.
Example 7

[6036] This example provides a larger scale preparation of the sol of Example 5.
The sample Was same as used in Example 5, except that instéad of 125 ml bombs, a two
liter hydrothermal reactor equipped with a heater, a Teflon liner and a magnet drive
stirrer was used for the sample preparation. With this reactor, a sample of about 1.5 kg
was obtained in each batch. The appearance, properties and photocatalytic performance

were sﬁbstantially the same as Example 5.
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Exanple 6 [0035] A transparent titanium di oxide sol according to the
invention was prepared as follows. 50g of titaniumisopropoxi de was
m xed with an i sopropanol solution of tartaric acid (12.5g tartaric
acid in 100g isopropanol). To this mxture, 125g of deionized water
was slow y added under strong agitation. After hydrolysis, the
agitation was maintained for 15 mnutes, after which the precipitate
was separated by centrifugation and the upper liquid | ayer was
decanted off. The wet solid | ayer waBxampledi spersed in water to a
total weight of 250g. It was charged in bonb reactors and treated in
a roller ovdf0Hl 80C It tis Bamiplg ditaniPhacoxypifats AHPS Q) wit Isedd BDpprecuBor) as

prepared was adipkeiofslioh @t TR0, Baartbibd b} Shla A 0 bl e
and transpar %b.p%g?ar{ﬁllhe %[EXEOO?BG?{ 'Ifthi g§ gf;aar‘%%%g%gr 01\{I %‘es a *Xg?%‘g}rﬁ
scal e prepar atPoff Binyh e ysglatesplutignippaier € 9% bppesd aa g walypis Millsraivpis
used i n Exanph@gic €xERls) twhatadded Sk @80nikin 123 4 1 beRRIRSntaifing \9@05 i ter
hydr ot hermal Jeeact(fr tg‘?\,élgg‘ged \é\gflt ca h%a,t er, '% Tefl on Ilntg an kar .
magnet drive ““STFFG %Y BFUT0 Heronia sopiend L ERav e o O Psrkerni s
reactor, a samplreeofat a:bﬁituidneal .rilﬁe K19 of Vbla&e@bdirﬁin' B@ch bNatRACH0 BabiGhou: e
appear ance, properties an otocatal ytic rformance were |

subst anti al 1y rﬁcﬁjéansog RS 5%181?%‘:. Vi Stlﬁ?{gﬁbﬁfé)mgf poOBaes prfofer) was
exanpl e, ti t dileudrokysbdd witheS [ 5f @EDied watsr. Ukhe tvasted, WdDprepipad v &akien and
precipitati ofefdpeddd P, ' 1 .ad] . Lt h a ia
solution. 950g I.)gr}- dtqia%h\g%?’axr@né%%q}srgﬁ g%/alegg%}ﬁ gii #%%%%EOM F 1,(3@)_;;9%%5 ed
on Ti @2 anal y¥T2E¢ 29 Fretfedimtbe dipesian ith eivang andiths) dispersiom didechagged 25

m/nmin to a 4nd2ibpaksensHaion bA&ived YEQMplede1 P Qb 8G1AL B thermally at
Si mul t aneousl t he ammoni a sol ution 29%p was added to’t he beaker

at a rate thdtOTePh? died FaEagspl HO: toh@vas ehisned gyithrApRaatsres aad proboties 8, O
t hr oughout themzapfoa@sah%aaésa{be@rnm es.The precipitate was stirred
for another 30 m nutes before it wasfiltered and washed with 5 L of
dei oni zed water. The washed, wet praxapptate was then rcdi spersed

wi th deionized water to a total weight of the dispersion about

1, 400g. 45g &9938k ar t ad'p dnvastizete Weesphatdceadyticaictiviey aficepimps properadi frdin the

e d Libg.cgl | Qe les e in
stirring andgbg. %Egﬁ%‘?e\ﬁ@? ﬂ’%{ga\g\,agﬁ“g‘f’#}ggt%g%%ﬁ%ﬁ‘%%‘%ﬁ g%at{]

T,

reactor described in
layers on concrete substrates (about 0.3 ml of sol on an 18 cm? area) to give Samples A,

B, C, and D, respectively. The activity against NOx pollutants under UV radiation (2
W/mz)_‘ was measured at various intervals over a period of about 4,000 hours. The
methoc}ol;igy for determining NOx reduction was substantially as described in U.S.
Patent Pub. 2007/0167551, the disclosure of which is hereby incorporated by reference.
As shd_Wn in Figure 1, each of the samples showed substantial (i.e., greater than about
15%) photocatalytic activity, expressed as %NOX removal, over the entire time period.
Intcresﬁngly, samples A, B, and C, which were prepared by hydrolysis of titanium
isopropoxide, e;;hibited increasing %NOx removal over time, whereas sample D, which
was prepared by pH induced precipitation from titanium oxysulfate (TiOSO,), showed
cxtremély: high (e.g., between about 50% and about 75%) initial %NOx removal up to
about 1,500 hours with a gradual leveling off above about 45% NOx removal.
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120C for 2 days. A transparent Ti Q2 sol was obtained with appearance
and properties simlar to the sanple described in Exanple 5. Exanple
9 (0038] To investigate the photocatal ytic activity of coatings
prepared fromthe sols according to the invention, the sols of
Exanples 2, 4, 5, and 8 were deposited as thin [|ayers on concrete
substrates (about 0.3 m of sol on an 18 cnR area) to give Sanples A
B, C, and D, respectively. The activity against NOx pollutants under
W radiati on[o(m] W A1l whsSenb®asdidag paﬁcnt\églmicms hfdt b Ncalichs @3tET hefein

period of about 4,000 ho et erm ni NOX
Poducti on wed SGHEVAR! PIPR Py J8o5sOF BB e sapBhte Y sive
2007/ 0167551¢xtenhss iflewb lisiudus! piblivdioe br pagnhermeleyt dppletigowat spetifiylly

ref erence.

e e et
expressed asMagyarodifeatinns knd guations ¢fahisipventien eap e mopder Wiggut depaﬂmg fmm

| nterestingl o o3@MRCRofy Boifll fopadthl € MndETRIBY SORCH: b%ehéﬁg&ﬁ?é ysis
of titanium |sopropOX|de bi t I ncreasi ng YNOx renoval "over
tine, whereagnbodimshie decritgh herhin aenifersd bp are of Bympltonlycad & invention is
preci pi tatiog den@fel ioh§yUnd RIS th@bpeddtl ) ﬂo@@iﬂ?%e 68X kdoBeTeE ¥
high (e.g., between about 50% and about 75% initial 9%NOx renbval up
to about 1,BHUARBHPINEEhSlaEARaAfldeveling of f above about 45% NOX
removal . 12 [0039] Al references including patent applications and
publications cited herein are incorporated herein by reference in
their entirety and for all purposes to the sane extent as if each

i ndi vi dual publication or patent or patent application was
specifically and individually indicated to be incorporated by
reference inits entirety for all purposes. Mny nodifications and
variations of this invention can be made w thout departing from its
spirit and scope, as will be apparent to those skilled in the art.
The specific enbodi nents described herein are offered by way of
exanple only, and the invention is to be limted only by the terns
of the appended clains, along with the full scope of equivalents to
whi ch such clains are entitled. 13 d ai ns:
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1. A nethod for preparing a stable, transparent photocatal ytic
titani um di oxide sol, conprising: (i) providing a solution
conprising a titaniumcontaining conpound; (ii) precipitating hydrous
titani um di oxide fromsaid solution of a titanium containing
conpound; (iii) form ng an aqueous dispersion of said precipitated
hydrous titaniumdioxide; (iv) mxing said aqueous dispersion in the
presence of one or nore al pha- hydroxy carboxylic acids at a
t enper at ur e dhgtyveen about 70C and about 150C for a period of tine
bet ween about three hours and about 3 days; ., wt he. provi.so, that
said one or Lirméem%ﬁ“’ﬁh T RYAT 8%y s('?"g’klebgﬁrw al‘%n% 58&8“&%‘%%&%‘5‘% P §/°l1]f ree
of gl ycoli coagisilig: t her eby providing a sal of titani um di oxi de which
is stable and transparent at every pH throughout the pH range of 2
to 12; said sol ©onprevidinggseiytips cepripinga titgium LQUANIREROT@PBLi de havi ng
an average particle size of |less than about 10 nm the mgjority of
said crystallit@s HesREtingm s ddaivm digxido from, gaignselpig ¥fa Bfa&’¥% 1
wherein said titapwhsconsabyi ng conpound is selected fromthe group
consi sting of titanium al koxide, titanium oxychloride, titanyl
sul fate, and tidanpimiag el hanetisgeaion of sid plepitied ydtbuofitatbn dioxids;
wherein said titani um contai ning conpound is titanium isopropoxide.
4. The net hod of(iwl mixinglsaidvame®is ndispersidn dm eheopresamaeeofadne ha-thyrel ratpky-
carboxylic acid L el z | i l.eet ed
fromthe group ?g%?ig#ﬁ%y%?acﬁdg%? ?ée%gré@?bcﬁgwgﬁggog%%& ﬁﬁ%ﬁsg’%aci d,
citric acid, andotopdsioat fironketwdee plegtf threghouTyvad gauhd dayef Wil thg pipuso
wherein sai d onepQrefiosR & RRR-JPHEL Ay CARRBK defs 36d BSentibifChuder
lactic acid. 6. The nethod of claim4, "wherein said one or nore
al pha- hydr oxy ca#Be%§6% acids include tartaric acid. 14 7. The
gg;[ ggd of claim tﬁéreg)\;hpergvelzﬁgg %aé!oldofot?tgnhg{ dxrg%l;ig W%.IKCB r}s?' -stgt}sg I;zr?cf( Xan(s;[?'a;etr)l? §ty| Ic
every pH throughout the pH range of 2 to 12; said sol comprising crystallites of titanium
dioxide having an average particle size of less than about 10 nm, the majority of said

crystallites being in anatase form.

2. The method of claim 1, wherein said titanium containing compound is selected
from the group consisting of titanium alkoxide, titanium oxychloride, titanyl sulfate, and

titanyl acetylacetonate.

3. The method of claim 2, wherein said titanium containing compound is titanium
isopropoxide.
4, The method of claim 1, wherein said one or more alpha-hydroxy carboxylic acids

include an alpha-hydroxy carboxylic acid selected from the group consisting of lactic

acid, tartaric acid, malic acid, citric acid, and combinations thereof.

5. The method of claim 4, wherein said one or more alpha-hydroxy carboxylic acids

include lactic acid.

6. The method of claim 4, wherein said one or more alpha-hydroxy carboxylic acids

include tartaric acid.
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include citric acid. 8. The nmethod of claim1l, wherein step (iv) is
carried out without an intervening neutralization step between steps
(iii1) and (iv). 9. The nethod of claim1l, further conprising the step
of neutralizing the resultant sol with abase. 10. The net hod of
claiml1, wherein said sol conprises titaniumdioxide crystallites
havi ng an average particle size of |ess than about 5 run. 11. The

nmet hod of claim1, wherein said sol conprises titanium dioxide

crystal lites; afnd Bamdd 004, whblemRaid b drmokd@phangdragecaforyiic add. A
met hod for preparing a stable, transparent photocatal ytic titanium
di oxi de sol ,‘“d@’(?ﬁﬁ?‘i %?dng: (i) providing a solution conprising a

it ani um cony ai nigad, 6QOPOURG  LndeBTsR610R) sk ol AR bR
di oxi de from'said solution of a titanium’ contalning conmpound; (1ii)
form ng an aguediasiod stsplateden iepsfiiigaiddivpr eci pi t at ed hydrous titani um
di oxide; (iv) mxing said aqueous dispersion in the presence of ane
or nore al ptfa- hibly osthodefrdabnl fugthg(gp@gnsg{gt%@%twepﬁé{{aﬁ?lgg g‘@ﬁﬁ,&l@’ﬂt
about 70C ang; ghout.150C for a period of tinme between about three
hours and about 3 days; thereby providing a so) of titanium dioxide

whi ch is stah e apdmbhansaiaNt whdrein €IEEY cihbriséyr tamiho dioxith erypilittange

of 2 to 12; said so] co rilslngﬂcr)(sa%%oluﬁgnsl of titanium dioxide

havi ng an av@?’f&éé“?) PETRIE ST 28 6F 158 than about 10 nm the

8] 0.“ ty of Islal dThg &Xt?&@&fl Jlatlrﬁi Qﬁ’ér&gszﬁ@so@ p@l§é§ ﬁft@fum dimi&c!ﬂbr;smites,
proviso that” step (iv) Is carried out wthout an intervening

neut r al i zat i ®teast§0%pf Weithwre i thaaspigse@@rm ) and (iv). 13. The nethod of

claim 12, wherein said titanium containing conpound is selected from
the group colsiAtmatipdder PrepaAg A rFalie K GREFRIETL R Hanium ddg sob
titanyl sul fatgnsignd titanyl acetylacetonate. 15 14. The nethod of
claim 13, wherein said titanium containing conpound is titanium

iy providing a solution comprising a titanium containing compound;

(i) - precipitating hydrous titanium dioxide from said solution of a titanium

containing compound;
(iii) - forming an aqueous dispersion of said precipitated hydrous titanium dioxide;

Gv) mixing said aqueous dispersion in the presence of one or more alpha-
- hydroxy carboxylic acids at a temperature between about 70°C and about 150°C

for a period of time between about three hours and about 3 days;

thereby providing a sol of titanium dioxide which is stable and transparent at
every pH throughout the pH range of 2 to 12; said sol comprising crystallites of titanium
dioxide having an average particle size of less than about 10 nm, the majority of said

crystallites being in anatase form;
with the proviso that step (iv) is carried out without an intervening neutralization
step between steps (iii) and (iv).

13.  The method of claim 12, wherein said titanium containing compound is selected
from the group consisting of titanium alkoxide, titanium oxychloride, titany! sulfate, and

titanyl acetylacetonate.
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i sopropoxi de. 15. The nethod of claim 12, wherein said one or nore

al pha- hydroxy carboxylic acids include an al pha-hydroxy carboxylic
acid selected fromthe group consisting of lactic acid, tartaric
acid, nmake acid, citric acid, and conbinations thereof. 16. The

met hod of claim 15, wherein said one or nore al pha-hydroxy carboxylic
acids include lactic acid. 17. The nmethod of claim 15, wherein said
one or nore al pha-hydroxy carboxylic acids include tartaric acid.

- 18. The net hdt ofThe iaihnd dclaimier eherisaidditdnem Qhtafipeombilad id WEHAXY
carboxylic RgidRxincl ude citric acid. 19. The nethod of claim 12,
wherein said one or nore al pha-hydroxy carboxylic acids are
essentially fyee1af n@lhwe Rk cRinfed Ayhefl salih cl.aim 1l .
further conprising the fte of neut fchl ?m-zl%i ﬁlergﬂlng&?g@% @gﬁ’f‘y cgr(g)?xy{/l\ﬁth a
base. 21. Th?ec‘cgré’f‘ g 2872 P@F‘gl’q‘f‘?"ﬂiarbﬁﬁ@?é?lﬁ selegted fsam thecarpipi @essting bani um
di oxi de cryshalclatit@starib asid, RGLARIAVIEIAEE aﬁ@é&ﬂbﬁla&‘méhéfiopf I ess than
about 5 tun. -22. The nethod of claim 12, wherein said so] conprises
titani um di o deTos ysthad bf ties 15, atheleRasid dhe Q¥onke WhLHYIRKE chBoryhe
anatase form.23 ., A %n%t%lciﬁ’ transparent sol conprising from about |
to about 10% by wei g phot ocatal ytic titanium dioxide particles

having an aver agenerkahe bl i & 4B WECR. PR b TARd about. 10

nm the majorjty of said crystallites being 1n e an
br

wherein  sai §8BrlUfsBicAcid abl e and transparent at acidic, neutral,

and basic pHg 24., The i‘i;g/}s)‘lflgf"l Hans arent sol of claim23, wherein

said titaniutidi 0% HEr &Uerei gid aap, o gropeagehari oKy pasbasylice

bet ween abourcidt inplndleanirdc adidut 5 ran. 25. The stable, transparent sol
of claim 23, wherein at |east 90% of said crystallites are in the
anat ase for m® 16The method of claim 12, wherein said one or more alpha-hydroxy carboxylic

acids are essentially free of glycolic acid.

20. ’lfhc method of claim 12, further éomprising the step of neutralizing the resultant

sol with a base.

21. The method of claim 12, wherein said sol comprises titanium dioxide crystallites

having an average particle size of less than about 5 nm.

22. The method of claim 12, wherein said sol comprises titanium dioxide crystallites,

at least 90% of which are in the anatase form.

23. A stable, transparent sol comprising from about 1 to about 10% by weight
p}}otocatalytic titanium dioxide particles having an average crystallite size between about
1 nm and about 10 nm, the majority of said crystallites being in the anatase form, wherein

said sol is both stable and transparent at acidic, neutral, and basic pH.

24.  The stable, transparent so} of claim 23, wherein said titanium dioxide crystallites

have an average particle size between about 1 nm and about 5 nm.

25.  The stable, transparent sol of claim 23, wherein at least 90% of said crystallites

are in the anatase form.
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