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[ 00011The present invention relates generally to conpositions for

i nparting a photocatal ytic coating on a surface. Mre specifically,
the invention relates to sols of titanium dioxide nanoparticles which
are useful for providing transparent photocatal ytic coatings on a
substrate which are de-polluting and/or self-cleaning, BACKGROUND CF
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eby degrade N’Ox and volatile organic compounds (VOCs) in the air. In view of these

properties, photocatalytic titanium dioxide has been employed in coatings and the like to
remove pollutants from the air, Such coatings may also have the advantage of being self-
cleaning since soil (grease, mildew, mold, algae, etc.) is also oxidized on the surface.
{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 cven 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 titaniuvm 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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i ncorporated by reference, discloses a neutral titanium dioxide
colloid sol said to have high stability in a neutral range and which
is capable of formng a colorless transparent coating even when dried
at roomtenperature. The sol is produced by mxing an acid titanium
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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



i nprovenent as each of the known sols is not without its

di sadvantages. It is therefore an object of the invention to provide
sol s conprising photocatal ytic titaniumdioxide which 2 are
transparent. It is also and object of the invention to provide such
transparent titani umdioxide 'sots which are stable over an extended
period of tinme. It is a further object of the invention to provide
novel methods for preparing such stable, transparent sots which are
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SUMMARY OF THE INVENTION

[0016] In accordance with the foregoing objectives and others, it has surprisingly
been found that titanium dioxide sols, which are both stable and transparent, are formed
by thermal treatment of a suspension of amorphous titanium dioxide in the presence of
certain alpha-hydroxy acids.

[0011] . In one aspect of the invention, a method for preparing a stable, transparent
photocatalytic titanium dioxide sol is provided, comprising: (i) providing a solution
comprising a titanium containing compound, for example, a titanium alkoxide, titanium
oxychloride, titanyl sulfate, or titanyl acetylacetonate; (i) precipitating hydrous titanium
dioxide from said solution of a titanium 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 example,
lactic acid, tartaric acid, malic a_cid, 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 advantagecusly carried out without a prior neutralization
step. In another variant, the one or more alpha-hydroxy carboxylic acids will not include

glycolic acid.



photocatal ytic titani umdi oxide sol is provided, conprising: (i)
provi ding a solution conprising a titanium containing conpound, for
exanpl e, a titanium al koxi de, titanium oxychloride, titanyl sulfate,
or titanyl acetylacetonate; (ii) precipitating hydrous titanium

di oxi de fromsaid solution of a titanium containing conmpound; (iii)
form ng an aqueous di spersion of the precipitated hydrous titanium
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{0016] ' Where reference is made to “removal” of pollutants from the air, it will be

understood to include complete or partial removal of pollutanis from the air, Whether
remaval 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
photocz_italytic titanium dioxide according to the invention generally comprises: (1)
providing a solution of a titanjum containing compound; (2) precipifating 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;



ot herw se provided. The term"sol" refers to a colloidal suspension
of particles. The term"NOx" refers to the species NO (nitrogen

oxi de) and NO2 (nitrogen dioxide), either collectively or

i ndividually. [0016] Where reference is nade to "renoval " of
pollutants fromthe air, it will be understood to include conplete or
partial renmoval of pollutants fromthe air. Wether renoval is
"substantial" can be determ ned by the nethods provided in the
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may be an aqueou
preferred precipitation method where the titanium containing compound is a titanium

atkoxide or titanium acetylacetonate, For titanium oxychlorides or titanyl sulfates, which
are watér 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 s sufficiently low in the solvent tc 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 filiration and thoroughly washed with de-ionized water prior to re-dispersion. The



solution or may conprise a suitable organic solvent such as an

al cohol, for exanple, ethanol or |so-propanol. There is essentially
no constraint on the concentration of the solution of the titanium
cont ai ni ng conpound, although it is preferably suitably concentrated
such that the kenetics of the precipitation are optim zed.
Precipitation may be affected by any suitabl e nethod, including

w thout Iimtation, hydrolysis, pH adjustment, or solvent-shifting.
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f oregoi ng aci ds
the foregoing a
enbodi ment, t he syt PH (Hhepal “W@@ééa@tn%?f t@§§@mﬁbwtﬁ>¢°‘¥sﬂeéb°8t3
glycolic acid, as this al pha-hydroxy acid has a plc, of 3.83 at 25C
and is thus not preferred in the practice of the invention. By
"essentially free of' is neant that glytolic acid collectively
conprise no nore than 5% of the total weight of peptizing agent,
preferably | ess than about 2.5% by wei ght, and nore preferred still,
| ess than about |% by weight. The anpbunt of peptizing agent required
will typically range fromabout 0.1 to about 0.5 noles per nole of

E %2 ar e gt% gennzgn is tﬁ;bciaﬂ caxate out %t a temé)er]gdlﬁe?r%rln a!)ou?'yol’é) ns of



days under agitation. It is not necessary to neutralize the solution
prior to thermal treatnent. Therefore, in one enbodi ment, the

di spersion conprising the peptizing agent is not subject to
neutralization step, such as by the addition of a basic solution,
prior to or during the thermal treatnent. It has been found useful to
performthe petization in a seal ed hydrothermal reactor due to the
concomtant increase in pressure. Bonb-type hydrothernmal reactors,
such as those ayail able fromParr |nst v ee 0,

suitable for usée/aysl lﬁ%%r he “ﬁon s lsnmt Tal ssarl%ggt% ﬁﬂ%)aﬁm tg%amﬁ B JZ!? teoat%:ilét?’ga‘rls may
be placed in a ForeEgr T’e%ﬁc 61r°“? ebogipngab ﬁleélslﬁf“@w%“%“lﬁéhetﬂﬁ@lz’ﬁﬁfg°m

condi tions and itsaotasbjwea/@u@giah@tstep rsuchh&@%]addjﬁmsarmasemmh Rt t he
(o N oot i B4 P AGed” ANRPALER Henf EORMRA deslite P
(acidic, neutra go Sic hér ef or & 'S no
necessary. ' Howistek hydii"‘theqng‘ Heehius 1 he C‘S"E‘Hﬁ)‘@“ éﬂm%“ﬁé‘ ﬁ’f‘?f%ﬁ‘nt Por-tre
optional |y adj ustiroppbimisedes] si@hchs thibhawvikblofont he Iacittnpeaptd zedosol s my
be adj usted by Ma%leafs&cusé bR @Bmagrgm&ag?om Tﬁcrb%gec@&&s has& pidfiGh Wdi ng

without limtation, tert- yamne l%/)Pamn
t et r amet hyl anmofi lfameﬁsfd*r-ed%?fa@m RYLPPLRT BEHKHE L | i ke, The
transparency of{0eie sol B swmy cbi@digise theechulgnt fairarevitadlgadnd yargparelyyat

UV-vi si bl e spe CLIARAORY, oif Ngidh! bichl b i@y LGS P BReATEASUI d a5
a function of -the c 5% transparenc over tine. stable" sal is

one whi ch does W&y SPBFY™ LiaHEE hepetee él%‘g‘b‘ﬁYeétf?E?O ?i\?%rfanyaadé}‘ﬁté’ﬂ Fwo, or
preferably threesindnth pbils ¢ st gepircdpels maythe adjusted bytht 8iijder dtogrmgor [t i s

got nege; sar yUtxgorga%It u,gls? Pﬂcl&ﬂnggbvhﬂlh%% Zg%lgﬁg@m enDHGHnAS theS ﬁmme;c

escri pe in en u C re erence
herei n, to i mpafE %\wm%%dﬁ@n@sw‘gﬂﬁ%%ﬁedﬁﬁgp G A

[ 0024] The part idke sgi me bandereadyeiticatifupllyiot y ariatiametputnyl &)e skbility be

determined by tyapsi 89 mmgéuﬁwmmmn%%@%gé if J&Q&m{% o ABE. A
sui tabl e means._The titaniumdi oxid %stal lites wll ?%r@l cal I y have

an average part rere &5 8 pEiRean “8fb" Mgt GHBHTRY hi nBPe™
typi cal |y, bet vedmabiirbigs mdnthphserationaytngtat Ho0m tampergtvrel  Briefot rabbay het ween
about | and athl:tiudéarsthmhzm'gr&gdﬂi Euas asetnataeaeusdmeéatusust mnsrauas:toammab;i y all

of the titaniumdi OXI(?D rys }g tes w.l a articles si.zes | ess
. { tbﬂ th vanti
than or equal t'0 apou yf%e i mm A prat er abi 0 SO “f’rﬁiaﬁ “iequal to

about 5 am 39924hubstHﬁtPFfa¢1¢ i}ZCaPP cwﬁﬁln%(af?ﬁmf%) map e @@vaﬁ‘élbﬁle is
|l ess than or equmdmiskion &dt€od MiloLaly@TEM) o Gther Qiltatde MehsQ The aBinSdioxiiBe

tit di d | |
5 IO %a n :):{I mC r Iygi( Ial c?yst?ﬂ?les szI t}EpHai}szQvle%Q avel)é%e%%ef sllzse g?‘]wcerr;r%;o&r Ia%cy abét%} i‘)'dteﬁym t he

crystallites bé?%f'gtyi"??ui’ evegfapuel P AR, ab?ﬂh%%?r |a‘EﬁiLf§ef‘§'1‘Pb’o‘m“f‘??§‘rﬁb§“ L at
| east 60% at |:edsicut/D8p. &t othe @asbodBBAs, tersutatntkibast of IRUitofunt Hiexide

cryst allites arc?yst'alﬂtc; Qﬂ h%@xtpax%ges SIZGSQ£SY§1£I?Ar leﬁu@ieto Eﬂg{itnib nlrnnangtpggfably
enbodi nents, the titaniumdioxide sols will be su stantlally free of

the rutile crysEaPFHETHS? HPUBY=WAY CHPsPuahal e meatpat fha D vERFAH 5 0
pref erabl y | esshahamudl584he anidatniie, quraafushalaby Tiessnunakp«iesdf wil he

titani um di oxi dgd. g BASidh Nfab e> LifieP\Gn @ L Rase lrhmARBLRG
enbodi ment , the}%tl |a‘?yan| tm dglaj IHHIL %%g&%t : the anatggse form ?
minerity of the crystalhtes bcmg in the rutile form, In various embodiments, at lcast

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



[ 0025] The sols will typically conprise fromabout 0.5 to about 20% by
wei ght titani um di oxi de based on the total weight of the conposition.
More typically, the sob will conprise fromabout 1% to about 10% by
wei ght titanium di oxi de, based on the total weight of the
conposition. The sols exhibit excellent transparency and stability
over a wi de range of.- pH val ues, including acidic, neutral, and basic
conditions. In one enbodi nent the soI s wll be stable and transparent
over the entiret f ach of th 1a 39,56 - and >8 to
13, Further, thé r‘ﬂ ?minh Othqbe ngjg%% eﬁo’?ros?rllswmtél&s i eutr al
to basic, and viffPﬂan\?@rfsféc Cfvﬁaﬂil%iwﬂ Wa\WMgls aewehs lpsabined 4. r?ﬁ&@’@ly & t he
transparency or st ab¥) dnli Yoore] (23201 TAe th801% oPECQESIMNPodiaR i§ Be weRM@NT i ON
may optionally Ins(EJilhnc adqml naImbch regl nts. gxgeiig %m%t t he

addi tion of such’ |ngre ents does no ave & heasurabl’e neg Gatn ve

i mpact on eithefo™he transparency or stability of the sol. For
exanple, it is oomenpl ahedistdintypitdle caphs 168 YbouiCd 0 ABoullZ0%0Fy vaEBuNt S
of bactericidal %%&%ﬁde%a&gnﬁ ﬁ;xe %%l M&@E&&(ﬁ%b osxf?(JnC%% t%cdly the so(i)s ne

filmformng ai sequest erln% % {ﬁg‘sters

enbodi nent, t hewglcfP@Pw frqm gpgutfl Podoeabeyt l%twmg‘iﬁa m&ﬁa&@nbafeﬁahﬁh@*?%‘up

| -VA, and t he | astthanhédenptsitatt Thisdeosdtt bediad badshengyeand adiley dvatal e, by
whi ch is neant Evh@trangg oﬁ(ﬂﬁ' \;akugsn%lclugigg) %(:S n%‘als grgihbag@ @Jx(hdogsn%x HeE

added to the sots or internmediate preparations an trace
amount s whi ch afEPopre diftsola gl tﬁ'ﬁﬁ?lf i“idérénsPaFF“‘t‘?’f%f %q T‘%‘ﬁ‘? B?ﬁa%}t 4ritciPHy

mat eri al or ot hefges efaigers;35-8; pAGR 7 \8h iFlueet hepks & tse sals @y 6H ddgsiddrotnhe
invention are tLanspaLenty vhic, Q@lsvmglvéga wi WA RACQUS ¥ RS0 Jn%nd the
films formed fromthe sols_when applied to a substrate are al so
transparent . InEff“ﬂiﬁféEFy‘)W‘atbﬂéy invention is therefore a nethod of

form ng a transpazeent phint obatcakdsitc tdeavpabt by ngionagelidklud] @dineoalg fil m

or coating on a;subs tsr;@me&&ma 2RG ARRY Xlkz@ﬂcntsqméshﬁt &UQ§E€:@L§;@“Y Of
the sols according to the invention. The films are allowed to dry t

a transparent cb"ﬁ‘l’q’i"ﬁﬁnﬂﬁ‘é\?f‘ (el 56 FSRIFAY % ﬁ‘abt‘lﬁy Pihbe WpEE TR Fier e | s
8 essentially soteplaed thgribet dale magainglods rgfior tdnems whbtcedddel agBesremginjc

metal, glass, plYIEELCico ?@m&%@é’&& seR ARGz agdn )0 disterdBl h8AL her
substrat es are ew con#l g‘R %Eied to be suita Ie " 002§Jp ;I;heﬂl?t abl e,
transparent sol EREPF Ph oY TP & e PIStSOSFn i'fc

wher e phot ocat alapthanige arcaciingdetsyries of tbgstiadigdableDyyevhicd it mnttthaanrsqﬂancemit

nature of the sSglSas iREY nRfBods 98adddio aykoﬁs%dmafemcmg@?, JafdGonS b $AGES
whi ch are thensel ves transparent

i rOV|d|ng a
Coating that  doBE" MBETSFLER ot RE<HpERPAFER 6 HepHE e PG
substrate. Notaitsentmpplications include, wthout [imtation,
photocatal yti c et i ngswhd taiséls eRorfify folthd ARenGR 4D athsgmdhitf AG@Sasopaver s

and ceramc til %§antageltl>hs y%e?%o&? Ihgﬁllfng ¥o§'bed\ﬁdo gxgg&s%h S%Bheg% swfsﬁgsapl el ds

and the |ike. Gttt rrcs urniture,
art works, et c.asodampaest tifddeddp the @V@%ﬂﬁl‘%@f’“ﬁ%‘%’%ﬁ“’f’? idorine p revReTe

stai nl ess and s@itcaBES dPpOIdiR] SifaBanglimas cbdingddb:0k Gtk confpiadgpl € 1
(00291A transpapaot. J H20isMd9%} HE 3Pl BEEAE HeNGchRn! NG BIYERTT ON

was prepared . . - )
allowed to dry to a transparent coating having good adhesion to the substrate. There is



as follows. 50g of titaniumisopropoxide (A fa Aesar, 95% diluted by
50g i sopropanol was added slowy to 250g dei oni zed water under strong
agitation. After the precipitation of titaniumdioxide, the agitation
was nai ntai ned for about 10 nore m nutes. The precipitate was then
filtered and washed with 500g of deionized water. The washed, wet
filter edit was redispersed in deionized water to a total weight of

t he di spersion of 250g 6g of -ldatic acid (Alfa Aesar, 85%in water)
was added to the erS| nd m X 0

charged into boRBLf Qp %m 3?%% F@%ﬂ%%&e & Eﬂghﬁﬁpéé%a%?ﬁg% Par r

| nst runent s) IHﬁ@@cvmmhpﬂ%ﬁkﬁﬁi%ﬁb§maW&W%Wd§e“TH@mﬁﬁ%%%m Betisblehen

pl aced in a rolhes ovenrhu\écathe lir@lslbateﬂgsolSﬂrﬁlefﬂzd@;mﬁﬁr R iaad dpgeper at ur e

set at 80C. The hterc f\attorgggg.}c aaf L‘I’{’tyel és{}é[d DEFeg) mthréns af‘entl]_%‘ilxrc ftt@i@%i? th} he sol

cool ed down to Toom

(Al fa Aesar, 98%1%&)5/3*“1&6&@@03{1@ sprfpges §16th WeFheR G S FRntPRE 1 @16“)7“ @f The
final sol prodyedvidsgs obaglet ated n6104pl B edpyardhdean Spa@etying rsebsiakM
| O L CYGRLE e bR AL iop, MoGLA! B0 G Tk

nanoparticl es asufenent space resol ution TEM i nages
i ndi cat ed t hat PAiiel (rgpd gffagengaves MW’P‘F ‘fl?sb%‘fgé’“ﬁ?%st HEPWEE0P with
rutil e as secondakiel3has@e (40 %e sols Gangdafiat itig o faigp) fermiturd, O 3GHA
sanpl e was prepar I t hat
208 of it 11 o s st YT Bl (Rl RIRG doulHEREL
agent instead &f UV&CEF®aci d. After peptization, the sot appeal ed
/stabl e but had a m|ky, non- transparMplappear ance. Exanple 2
(00311The identical procedure of Exanp was used to prepare. a
transparent ti t4&um d|%Wﬁ’é‘e‘gaiam%@W?ﬁlsﬂécc‘frﬁnﬁtﬁg‘e f“ﬁ??&?f‘tvfaﬁﬁepa%‘;(cept
that 4.5g of t asfoliewsc Seecifdita(itih fisapréveside (AIDASY, MESdiusety Pasemendrobf

lactic acid as J.DgiaRERWZb g @%ﬁ&d wa@hﬁd&@ﬁﬁé defiton. SHer ﬁﬁ@-&eo‘@ttﬁx@rl e and
transparent. TEM exam nat.i ogﬁ reveal ed T| a2
n

nanopart M es. 1§ §HH PRSI En B FERF 2% %%“eﬁé‘ﬁsau?“éargﬁ’tmr"e“{’/%e& ed’ t hat
majority of t hepregxplyi@tvaxb thitt fésrcmdefaézm&si@og@ﬁ@@%edwatch Tan weshddriein
secondary phasei:caEd%hs @Ja@wséagl &mﬁgaaadawoL@fagmgdr&paa@pc@fon ofds€. Nrn.

Ex le 3 [003 d f
pl‘ 232]‘ g a ,E r ané% e I%ac:fegl (,[A écgesar éég i wa gr)ewa(s) ddcl‘%((c?‘ ﬁrz}:) 81spem1o¥ an% uxcg gel

hiam & ‘Sof*“aceor
i nvention, excépt dliphfaéPﬂ 16 Cwﬁé)fﬂmépmiﬂm %?‘@%@a%ﬁse(é{”l‘ﬂ §%Pé%lu Pest

lactic acid as @sh@ndEPkded M&g'r@zgxeaips 20aad e m’& W e Pladed el&tlﬂ&ﬂt was
mai nt ai ned for thre mg?%g[sspe%o?%{g%ffe nt sat%e s§a§8qg{:a%c treap 0t was

transparent. TEKM eXar it contained < 5 urn Ti 2
nanoparti cl es. nHinghed fesd ot offtemEM Oblm@iiﬁa’e‘éﬂ AR EEReR: telea%ed t hat
maj ority of th@ebyaindhd (AlLSesiBB®@) @3 Addarieth sob0 Wjusvdhd FH @M.0.UTHE ARNN

secondary phas &l (proguc%vas sﬁ& n%gonlfprl]elf'e%yl’@alnslpé{‘enk 24 gﬁM%Ra%Qrﬁﬁ&n rQJealéthapxt nm
L contained < 5 nm crystalline TiQ; 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%).



Exanpl e 4 f0033) The identical procedure of Exanple 1 was used to
prepare a transparent titani umdi oxide sol according to the

i nvention, except that 4.0g of lactic acid was used and the
peptization was carried out at 120C under hydrothernmal conditions for
2 days. The acidic sot was neutralized to pH 8.0 with
tert-butylarnine. The sol product. was stable and transparent. TEM

i mges show well crystallized 5 am Ti Q2 nanopartictes. Measurenent of
d- space on high resolution TEM i indicated that majority of the
crystallites were anatase (>50% %%g%nﬁﬁti%ﬂ%tlas secondary phase
(<5g°/<)- 10 Exanpbae) 5 [ 0Q34pkhas i)rgpﬁﬂ_ﬁbﬁﬁédsglﬂd’@ég@dhﬂfi&ﬂiimﬁlgmaépeﬂﬁ V\Iﬁ.S
used to prepare_ a transparent titanium dipoxide sal accordi.ng,t9 the
i nventi on, exceb?g Cffﬁlgqc %36689 Gt % PATPR M T "'\R&’é%z“t%aéa“?é{ﬁ%a Gha

pepti zati on was¥iarfFrerringtiongthe 1590 @resrrd tablp Py bt e PR "CHBAFPETBNs f or
2 days. The aci gperas@l was neutralized to pH 8.0 with '
tert-butyl am ne. The sol product was stable and transparent. TEM

i mges show wel | crystallized 5 nm TE®PRArtopatticles. High

resol uti on TEM d-space asurenent . reveal ed j.orl e
crystallites V\e@%ﬁgnat ag%’_ l%g{% }érgcﬁﬁufcﬁygﬁmglﬁﬁhgan&m{s% %&%%?gg‘gpﬁ%@e
(<50% showi ng trmirsudiPiide spigaeegeding e g ingentiin, ex@QPBthﬁrﬁ5gE§<é‘ﬁﬁcémg("ﬂ%o35] A
trans |oa£I ent ]E i lt,?éaﬁrmw;l g%?@nsﬁﬁl of A afidlis g p&pezsﬁgggeni. r’l‘iﬁef&hﬁtﬁigsom )
prepared as fo ) of tifaniumisopropoxide L Xe i an
i.sopr opanol solstﬁaﬁgﬁaﬁ‘dot?‘g?%?“fa#ﬁ{h@eﬁaﬁ“ﬁ“ °€i‘§.‘“‘§f§ APt AR csdg%:?d?l?\r%%dfOOQ

i sopropanol ). Tenqphiigesnitiahueselution IBY dpaceiasegnmmes devored dhet MaEisI 6 y
added under st ropgnagive@taane AbdekinhydhBbys keSonddrh ghaggi<boat) istvingas

mai ntai ned for 15 minutes. after which the precipitate was separated
by centri fugati%]ﬁsuglﬁgm%ehdzspﬁﬁﬁfterg'gr?"qui d | ayer was decanted off. The
wet solid layer was re-dispersed in saégr3to a total weight of 250g.
It was charged in bonb reactors and treated in a roller oven at 80C
for 3 days. Thel®%38] sanpiecdopficelprysriusgtsd Branple @ wasuspt € PEPER2 W4 ust ed
to pH 8.0 W th &iidor kit sa BcBBing doltheWdisntisd, adadpethandsgd of ams:peid e@mtused
Exanple 7

instead of lactic acid as the peptizing agent and the peptization treatment was maintained
for three days. The resuliant 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 vnusually large d-space of ~0.6 nm.
Example 4

[0033].- The identical procedure of Example 1 was used fo prepare a transparent
titanium dioxide sol according to the inyention, 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 (ESO%).
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[ 0036] This exanple provides a | arger scale preparation of the so! of
Exanpl e 5. The sanple was sanme as used in Exanple 5, except that
instead of 125 m bonbs, a two liter hydrothernmal reactor equi pped
with a heater, a Teflon |iner and a magnet drive stirrer was used for
the sanple preparation. Wth this reactor, a sanple of about 1.5 kg
was obtained in each batch. The appearance, properties and

phot ocat al yti e performance were substantially the sane as Exanple 5.
11 Exanple 8 [0037] In this exanpleg aﬁnglre?n' um oxysul fate (T10OSO4)
was used as Ti Q2 precursor and precipitation of Ti O2 was affected by -
pH adj ust nent Wwjpbda; an anKOMnRcabRbckidute@N Ex209107 waf ustd bbbk eyl f at e
sol ution in wat er ddogci/c %%cecdrjixﬁ%nto cmvenﬁ%a%y% 6Mgf|m§tmlaum£sqg%§gam c

Chem cal s) was af’:ln ed a cont ai ni ng
dei oni zed wat er @4 GierpEtiEaine Bepsriicd PhE 1%&*&?3?%@?&?8? PRt 8y ? (s added
to the beaker athecacitiafobwishairalived tnpids.meich tztrhﬁtyphﬁn@fThb krdproduatcitas wihle

mxture at ab Ou£ %az%pir E W%@s J?&« \Qé‘ilec%’stgthzge@% 'nfﬁnh@zr ﬁﬁ@ﬁcles-rﬂ%h

precipitate was stlrre for another 30 nminutes before it was filtered
and washed wi t hrespiHonTEN g3 f@ﬁ%"f‘bfe"e%@a‘vﬁé‘ﬁ@d"f etV HrEE "5t at e
wasl| anatase (>50%) with an unknown secondary phase (<50%) showing unusually large d-

tmn ndi spersed w.th (¢l.gl oni zed water to a total weight of the
di spersi on about’ f 4009n 45g of tartaric acid was added to the
di spersion with stirring and the di spengion was charged in the

214' hydrot herrnal reactor described in Exanple 7. It was treat ed
hydr ot her r nal | yl0%5] 120CAfuaPgenifitgpym dﬂ"‘f‘?%ﬁ%‘ﬁ@’r"éﬁ’tm&ﬁV@m’éB‘i‘s PiREpEd
obt ai ned wi th appeawanc® d@nitniphoPabiokieswsiniiel aith o isbih@asamplien of

described in EXQ.&%' gc,xds(IZ %&MA a%ui?n 1%9%3?52110%901’ H'%{ g'i%tn{x)gﬁ‘g QZﬁrapdexomzcd

phot ocatal ytic activit t1ngs romthe sols according
to the inventi ofertWie sy sdde “E@é’é?&?f‘%ég“?m“4’*ﬁ5 hydiflpis RS & igelBsi t ed

as thin mmntamed for 15 minutes, after which the precipitate was separated by centrifugation
and the upper liquid layer was decanted off. The wet solid layer was re—dxspcrscd 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
pHE&.0 @ith tert-butylamine. It was stable and transparent.

Example 7

[0036] This example provides a larger scale preparation of the sol of Example 3.
The sample vdas same as used in Example 5, except that instead of 125 ml bombs, a two
liter hydrothermal reactor equipped with a heater, 2 Teflon liner and a magnet ddve
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 silbstantiaﬂy the same as Example 5.
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| ayers on concrete substrates (about 0.3 m of stil on an 18 cn®
area) to give Sanples A, C, and D, respectively. The activity

agai nst NOx pollutants under WV radiation (2 1V/nR2), was neasured at
various intervals over a period of about 4,000 hours. The net hodol ogy
for determ ning NOx reduction was substantially as described in U S
Pat ent Pub. 200710167551, the disclosure of which is hereby

i ncorporated by reference. As shown in Figure 1, each of the sanples
showed substantial (i.e., greater thag,ahoyt 15% photocatalytic
activity, expressed as TeNOx renoval, over the entire tine period.
Interestingly, d8¥l'es ApntB, cxamplt, CuivwhixghifweTiosQ) epaseds DY, fgdsol ysi s
of titaniumi soma@lgfeagnggon &x;m brets @fkcied 6f ﬁ@ﬁ,}d@%@\é@e& ayledmxm soM&]

ti ne, wher eas Sag@]?' %n? ium ox su gte SO§ ﬁgalfl é"atfrfg éaﬁ% Onngdmmé%llleéw y

precipitation f r'om ani um oxysu
hi gh (e.g., bet viexswialioericd)yea aidedady G0 MUTEUP a hithegkr of@xing 85Pp\val up

to about 1,500 hﬁidﬁx&d\bﬂa&ﬂ”l ﬁn@&am?lmel aﬁﬁﬁ&ha ﬁﬁu&f(ﬁv/@bﬁyﬁd&b@m& b0 NOX
removal . 12 [03?% mrtefereng%ﬂ1 g nt% pat ent ag i cations and
publ i cations ci ted Hefei e e r‘%&gé?a% FETET §Pﬁ8f‘%f?‘@FP8b 7 n
their entirety afdipfagen rpdessp Thpmeddat wastsfred §amﬂ@x103mmt®$>efp¢ itsach
i ndi vi dual publ ifixatd H8 wadhe ARSI of AioddRd PR, @Qmakx{é@%%%zﬁc was then
specifically an%sﬁtgexw&l&k%w@{ér'tg%gﬂw o8 PR LOSQLRALAL S5 or

reference in its entiret
vari ations of t H&iq *ﬁ\?’é‘ﬁf fdgett ‘&élﬁd%fs‘ﬁ‘hﬂ’él W&B‘E\t‘hedém%“ﬁgcmﬂﬁm its
spirit and scopeje 2asydwthdrmi) @eaatppindcating int ExahghoRs et %k &eht&dhyﬁﬂ&th&rﬂﬁlyat t.

el el v Coagt IR R AORELRGE TOPLELM Bl Yih Sl anliBrflles

exanple only, and the in

t he appended cIéWW?‘OQT%W&cﬁFﬁﬁ“Ph@wPﬂ?? scope of eqU|vaIents to.
whi ch such clains are entitled. 13 A net hod for
preparing a stable transparent photoca?§1yt|c titani um di oxi de sok

conpri sing: prowiossing a TSGhvadtikMthe PHERESkid) @ti@eyt df leduithdd BB AL febnthdN O
conpou nd; éols acébrding to the invention, the sols of Examples 2, 4, 5, and 8 were deposited as thin
layers gm- concrete substrates (about 0.3 ml of sol on an 18'cm2 area) to give Samples A,
B, C, and D, respectively. The activity against NOx pollutants under UV radiation (2
W/m )‘was measured at various intervals over a period of about 4,000 hours. The
methodology 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 sho_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.
Intcrcsﬁngly, samples A, B, and C, which were prepared by hydrolysis of titanium
isopropoxidc, e:;hibited increasing %NOX removal over time, whereas sample D, which
was prepared by pH induced precipitation from titanium oxysulfate (TiOSQy), showed
extrcmély: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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(ii) precipitating hydrous titani umdioxide fromsaid solution of a
titani um contai ni ng conpound and recovering and washi ng said

preci pitated hydrous titani um di oxi de with deionized water; (iii)
form ng an aqueous di spersion of said precipitated hydrous titanium
di oxi de; (iv) mxing said aqueous dispersion in the presence of one
or nore al phahydroxy carboxylic acids at a tenperature between about
70 C. and about 150 C. in a hydrothermal reaction zone for a period

of time betweenyghout Ly @f%mg}gsgmudga BPGM SR B kDBl OV 90

t hat said one r oxy lic acids are essentially
free of glycol i lafefparateé feﬁs&ew i“d‘?“‘rﬁ‘g‘“‘%"’t% 81d g el oAt Rt Bk de
which is stablemandsﬁbamsﬁaw@nbmaamemepymphpmhngmgh@mtwﬁhmw@¢MYange

of 2 to 12; sai,g 5@liaeRREd.ah a,q,e %Mﬁ b& xtefa,%nc@fn ifs 'extt@éi')' fu;mq,h ksde
havi ng an averhgg&partlcle Si

majority of sailf™épodicaioes T“8§a“8‘é‘1“‘“nﬁ tq’sdnvﬁ’??ﬁ‘i‘é’% ’f’atéif W‘\Jﬁmﬁt dgafﬁmg Eonf hod of
claim 1, wher eiits sgidi. ehdt corn ksumiliciendpgdrani gthese wioldrdrid thes arts ellhe segific f r om
the group consi Esadn%né;fdcsubgmkem@éféé@a%ﬂ@y oft e AR B hhvatidde,

titanyl sulfate, an tan acet acet ohat e. pod o claim
2, wherein said®pg i tf?ﬁ]'?’(%meé‘?rﬁ? Pfg‘hcc@ﬁeﬁ?fﬁﬁlﬂmﬁs Pp twé{)ﬁ{hgﬁﬁ'l seope ©
|sopropOX|de eduivalEhetondichogh odfimclrezntiied, 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, malic acid, citric acid, and conbinations thereof. 5. The

met hod of claim4, wherein said one or nore al pha-hydroxy carboxylic
acids include lactic acid. 6. The nethod of claim4, wherein said
one or nore al pha-hydroxy carboxylic acids include tartaric acid 7.
The nethod of claim4, wherein said one or nore al pha-hydroxy
carboxylic acids include citric acid. 8. The method of claim1l,
wherein step (iv) is carried out without an intervening
neutralization step between steps (iii) and (iv).
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9. The nmethod of claim1, further conprising the step of neutralizing
the resultant sol with a base. 10. The nethod of claim1, wherein
said sol conprises titaniumdioxide crystallites having an average
particle size of less than about 5 nm 11. The method of claim1,
wher ei n &&ids:sol conprises titaniumdioxide crystallites, at |east
90% of which are in the anatase form 12. A nethod for preparing a
st abl e, tir anspamefitod pfoot wemtiag yat steblt.i tramparent dphosocaeysoltitangonphdxsienspl,
(i) provigdi gr% solution conprising a titanium containing conmpound;
(i) preC|pQ.a ing hydrous titanium di oxide fromsaid solution of a
titani um cont & ni ngroyaimzcubitianchbnmeisog e tiangmegedtanagtromgowdi d

preci pitated dro i i i)
form ng an aqﬁéousB%%%héﬁgﬁgﬁ%g?ﬂégﬁ d%$@g§9§€§§ggaﬁ% rod§&¥F{anlum
di oxi de; (iv) n1xmeM@ag¢omqme©u@mdmgp©mma@miM@ﬂmhmﬁwiegeméﬁﬁbbwbwe
or nore al pha-hydr - : & tenperature between about
70 C. and about 15§é%§&ﬁ%8§&%&%ﬁo?%%gﬁa Feaction zone for a peri od
of time betmeéﬁ)ab@umhghm@@khwuhswanmCéb@®m6®m@3¢§y¢pWEm@bwnprOV|d|ng
a sol of tltanIUWIQIQﬁlde which is stable and transparent at every pH
t hroughout the pH rang€ of 2 to 12; said sol conprising crystallites
of titanium diiexi demhagwanrgaqaﬁpuavlepqg@ palret freskece of g aofnokealghat han
apbout 10.nm Lhe mal gkt éﬁrl%%ﬁ ot G Y BRIl LRPER Ao A0Sl 956H
with the proviso t V)18 carrred o hout an 1 nterveni ng
neutralization steﬁfbeﬂm@eﬁﬁsn@p%w%mnmme%mdp@uvpfUmiBﬁW$Mwa§ﬂH®dK@ﬁ
claim 12, wherein t nt.al ng. .

The group consisti B P T Qe R Pl FRFRE e 3 IRICAPTEN ST
titanyl sulfate, andb@wbanydsaceﬁyﬂaﬁbﬁ@ﬁaf@yuMQAQdTﬁ@ehemﬁ@dméﬁSd<ﬁ
claimi3, wherel 0 Sghtlul ShARL WA AU AARAUALS o BRI me pi
i sopr opoxi de. claim 1. erein said one

al pha- hydr oxy carbuwg¢pﬁ2atﬂ35ﬁﬂﬁ@]ﬂd@ﬂamgabph&ﬁ%yﬂﬁ@mymtépbéRWMmgan
acid selected fr Omaxg frlgleg)ﬁigl%g dsz%% ésts It%% a(BI)ut 1@% tq !ajgfltyt(ﬁ'rsgi%rdrfstalhtes

acid, malic acid, cit aci d, i nati ons ereo
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.
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16, The net hod of claim15, wherein said one or nore al pha-hydroxy
carboxylic acids include lactic acid. 17. The nethod of claim 15,
wherein said one or nore al pha-hydroxy carboxylic acids include
tartaric acid. 18. The nethod of claim 15, wherein said one or nore
al pha- hydr oxy Thamnisthog lof claiact, ddieiemchiddee ai hork elphe hylroxyk@rbodHies apigdt imoldde
of claim/g, %@ grein said one or nore al pha-hydroxy carboxylic acids
are essentlaf y free of glycolic acid. 20. The nethod of claim 12,
further conpr|5|ng the step of neutralizing the resultant sol with a
base. : 0

it ant um'd oxi B oReLr o £k so bR 6l o e Bl SRR Seigg il
t han abouitriagx 22 The net hod of claim 12, mhereln sai d sol
conprises titaniumdi oxide crystallites, at | east 90% of which are in
the anatase form 23. A stable, transparent sol conprising from
about |t @. aboUthe 1198ty ofieilagit 1,pvbereioasted yiv) gs carried out without an intervening

neutralization step between steps (iii) and (iv).

9. The method of claim 1, further comprising the step of neutralizing the resultant sol with a
base.
10. The method of claim 1, wherein said sol comprises titanium dioxide crystallites having an

average particle size of less than about 5 nm.

1. The method of claim 1, wherein said sol comprises titanium dioxide crystallites, at least

90% of which are in the anatase form.

12. A method for preparing a stable, transparent photocatalytic titanium dioxide sol,
comprising:

@) providing a solution comprising a titanium containing compound;

(ii) precipitating hydrous titanium dioxide from said solution of a titanium containing

compound and recovering and washing said precipitated hydrous titanium
dioxide with deinonized water;
(iii)  forming an aqueous dispersion of said precipitated hydrous titanium dioxide;
@iv) 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. in a
hydrothermal reaction zone 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).
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titani um di oxi de 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 sol of
cl ai m 23,13wheflb¢ methad df ¢laimal?i wherein exd deniomyesttainingtcempdhad & wlctad Gradle

ticl ' 1 . . t 25,. | .
P opas RS MOSIRER Ay R AR e Mls? pT0E GFRE! B

cryst al | iatetdacgtoeate.n t he anatase form

14. The method of claim 13, wherein said titanium containing compound is titanium
isopropoxide.
15. The method of claim 12, 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.

16. The method of claim 15, wherein said one or more alpha-hydroxy carboxylic acids

include lactic acid.

17. The method of claim 15, wherein said one or more alpha-hydroxy carboxylic acids

include tartaric acid.

18. The method of claim 15, wherein said one or more alpha-hydroxy carboxylic acids

include citric acid.

19. The method of claim 12, wherein said one or more alpha-hydroxy carboxylic acids are

essentially free of glycolic acid.

20. The method of claim 12, further comprising 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 photocatalytic

titanium dioxide particles having an average crystallite size between about 1 nm and about 10 nm,
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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 sol 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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