
Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been
paid. (Art. 99(1) European Patent Convention).

Printed by Jouve, 75001 PARIS (FR)

(19)
E

P
2 

20
0 

74
2

B
1

TEPZZ  ZZ74 B_T
(11) EP 2 200 742 B1

(12) EUROPEAN PATENT SPECIFICATION

(45) Date of publication and mention 
of the grant of the patent: 
11.07.2018 Bulletin 2018/28

(21) Application number: 08799006.5

(22) Date of filing: 29.08.2008

(51) Int Cl.:
B01J 23/00 (2006.01) C01G 23/053 (2006.01)

B01J 35/00 (2006.01) B01J 37/02 (2006.01)

B01J 37/03 (2006.01) B01J 21/06 (2006.01)

C03C 1/00 (2006.01) C03C 17/02 (2006.01)

C04B 41/00 (2006.01) C04B 41/50 (2006.01)

C04B 41/65 (2006.01) C04B 111/00 (2006.01)

(86) International application number: 
PCT/US2008/074879

(87) International publication number: 
WO 2009/029856 (05.03.2009 Gazette 2009/10)

(54) TRANSPARENT, STABLE TITANIUM DIOXIDE SOLS

TRANSPARENTE, STABILE TITANDIOXIDSOLE

SOLS DE DIOXYDE DE TITANE, STABLES, TRANSPARENTS

(84) Designated Contracting States: 
AT BE BG CH CY CZ DE DK EE ES FI FR GB GR 
HR HU IE IS IT LI LT LU LV MC MT NL NO PL PT 
RO SE SI SK TR

(30) Priority: 31.08.2007 US 848967

(43) Date of publication of application: 
30.06.2010 Bulletin 2010/26

(73) Proprietor: Cristal USA Inc.
Glen Burnie, MD 21060 (US)

(72) Inventors:  
• FU, Guoyi

Ellicott City, MD 21042 (US)
• MONK, Billiejo, M.

Glen Rock, PA 17327 (US)
• MCINTYRE, Robert

Highfields, Louth LN11 9XZ (GB)

(74) Representative: Cockerton, Bruce Roger et al
Carpmaels & Ransford LLP 
One Southampton Row
London WC1B 5HA (GB)

(56) References cited:  
US-A- 6 024 929 US-B1- 6 420 437
US-B1- 6 420 437 US-B1- 6 576 589
US-B1- 6 576 589  

• DATABASE WPI Week 200520 Thomson 
Scientific, London, GB; AN 2005-187651 
XP002753056, & JP 2005 056746 A (TAKI CHEM 
CO LTD) 3 March 2005 (2005-03-03)

Remarks: 
The file contains technical information submitted after 
the application was filed and not included in this 
specification



EP 2 200 742 B1

2

5

10

15

20

25

30

35

40

45

50

55

Description

FIELD OF INVENTION

[0001] The present invention relates generally to com-
positions for imparting a photocatalytic coating on a sur-
face. More specifically, the invention relates to sols of
titanium dioxide nanoparticles which are useful for pro-
viding transparent photocatalytic coatings on a substrate
which are de-polluting and/or self-cleaning.

BACKGROUND OF THE INVENTION

[0002] The photocatalytic properties of the semicon-
ductor material titanium dioxide result from the promotion
of electrons from the valence band to the conduction
band under the influence of ultraviolet (UV) and near-UV
radiation. The reactive electron-hole pairs that are cre-
ated migrate to the surface of the titanium dioxide parti-
cles where the holes oxidize adsorbed water to produce
reactive hydroxyl radicals and the electrons reduce ad-
sorbed oxygen to produce superoxide radicals, both of
which can degrade NOx and volatile organic compounds
(VOCs) in the air. In view of these properties, photocat-
alytic titanium dioxide has been employed in coatings
and the like to remove pollutants from the air. Such coat-
ings may also have the advantage of being self-cleaning
since soil (grease, mildew, mold, algae, etc.) is also ox-
idized on the surface.
[0003] In many applications, it is desirable for the tita-
nium dioxide coating to be transparent in order to main-
tain the original appearance of the substrate (e.g., ce-
ramic tile, paving block, siding, etc.) or its original trans-
parency (e.g., window glass, car windshield, etc.). Tita-
nium dioxide colloidal sols have proven to be a useful
precursor material for forming such transparent coatings.
[0004] For example, U.S. Pat. No. 6,420,437 to Mori
et al., discloses a neutral titanium dioxide colloid sol said
to have high stability in a neutral range and which is ca-
pable 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 titanium
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 mixture to 5 to 10, or adjusting the pH
value of the liquid mixture to 6 to 10, and then applying
a deionization treatment to the mixture to thereby charge
the titanium dioxide colloidal particles with negative elec-
tricity.
[0005] U.S. Pat. No. 6,627,336 to Ohmori et al., de-
scribes an aqueous dispersion of titanium oxide particles,
which are preferably predominantly comprised of brook-
ite titanium oxide particles, comprising chloride ion, and
a Bronsted base other than chloride ion, preferably nitrate
ion and/or phosphate ion. The aqueous titanium oxide

dispersion is prepared by hydrolyzed titanium tetrachlo-
ride in the presence of at least one kind of a Bronsted
acid. Thin films formed from the aqueous titanium oxide
dispersion are said to exhibit good photo-catalytic activ-
ity, transparency and adhesion to a base material.
[0006] U.S. Pat. No. 6,824,826 to Amadelli et al., re-
lates to the use of photocatalytic preparations of colloidal
titanium dioxide optionally doped with a metal chosen
from groups I-VA, and the lanthanide and actinide series
of the periodic table, for preserving the original appear-
ance of cementitious, stone, and marble products. Prep-
aration of colloidal titanium dioxide by the controlled hy-
drolysis of titanium isopropoxide with nitric acid is pro-
vided in Example 1 of that patent.
[0007] U.S. Patent Pub. 2004/0241502 to Chung,
Hoon et al., relates to a method of manufacturing a neu-
tral 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 alcohol, neutral-
ized 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, tetraisopro-
panol titanium (titanium isopropoxide) and among the nu-
merous 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.
US 6,576,589 B1 discloses a method for preparing an
anatase type titanium dioxide photocatalyst having a par-
ticle size of nano level that includes adding a titanium-
based starting material to a selected solvent and adding
an acid or base catalyst to the resulting aqueous solution.
Next, subjecting the catalyst-containing aqueous solu-
tion to heat treatment at about 80 +/- 20 °C to activate
peptization thereby preparing an anatase type titanium
dioxide sol solution. Finally, the anatase type titanium
dioxide sol solution is coated onto a support to complete
the preparation of the photocatalyst.
JP 2005-056746 A and JP 2001-206720 A purport to
disclose a method for making a stable anatase type crys-
talline titanium oxide sol by hydrothermally treating tita-
nium hydroxide gel, adding hydroxycarboxylic acid and
hydrothermally treating again.
[0008] Despite these advances in the art, there is con-
siderable 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 photo-
catalytic titanium dioxide which are transparent. It is also
and object of the invention to provide such transparent
titanium dioxide sols which are stable over an extended
period of time. It is a further object of the invention to
provide novel methods for preparing such stable, trans-
parent sols which are readily implemented on a commer-
cial scale.
[0009] The foregoing discussion is presented solely to
provide a better understanding of nature of the problems
confronting the art and should not be construed in any
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way as an admission as to prior art nor should the citation
of any reference herein be construed as an admission
that such reference constitutes "prior art" to the instant
application.

SUMMARY OF THE INVENTION

[0010] 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 tita-
nium dioxide in the presence of certain alpha-hydroxy
acids.
[0011] The invention is as defined by the claims. In one
aspect of the invention, a method for preparing a stable,
transparent photocatalytic titanium dioxide sol is provid-
ed, comprising: (i) providing a solution comprising a tita-
nium containing compound, for example, a titanium
alkoxide, titanium oxychloride, titanyl sulfate, or titanyl
acetylacetonate; (ii) precipitating hydrous titanium diox-
ide from said solution of a titanium containing compound;
(iii) forming an aqueous dispersion of the precipitated
hydrous titanium dioxide; and (iv) mixing the aqueous
dispersion in the presence of one or more alpha-hydroxy
carboxylic acids, for example, lactic acid, tartaric acid,
malic acid, citric acid, and combinations thereof, at a tem-
perature between 70°C and 150°C in a sealed hydrother-
mal reactor for a period of time between three hours and
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 in-
troduced during any of steps (i)-(iv). The one or more
alpha-hydroxy carboxylic acids will not include glycolic
acid.
[0012] The resulting sol of titanium dioxide is surpris-
ingly stable and transparent over the pH range of 2 to
12. The sol comprises crystallites of titanium dioxide hav-
ing an average particle size of less than 10 nm, or be-
tween 1 nm and 10 nm, the majority of the crystallites
being in anatase form. In one variant, the crystallites have
an average particle size between 1 nm and 5 nm and/or
at least 90% of the crystallites are in the anatase form.
[0013] These and other aspects of the present inven-
tion will be better understood by reference to the following
detailed description and accompanying figures.

BRIEF DESCRIPTION OF THE FIGURES

[0014] FIG. 1 compares the photocatalytic activity
against NOx pollutants over time for four coatings des-
ignated Sample A-D formed from the sols of Examples
2, 4, 5, and 8, respectively.

DETAILED DESCRIPTION

[0015] All terms used herein are intended to have their
ordinary meaning unless otherwise provided. The term
"sol" refers to a colloidal suspension of particles. The

term "NOx" refers to the species NO (nitrogen oxide) and
NO2 (nitrogen dioxide), either collectively or individually.
[0016] Where reference is made to "removal" of pol-
lutants from the air, it will be understood to include com-
plete or partial removal of pollutants from the air. Whether
removal is "substantial" can be determined by the meth-
ods provided in the examples, where "substantial" re-
moval refers to reduction in the total concentration of a
fixed amount of given pollutant by at least about 5%, pref-
erably 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 so-
lution 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 be-
tween 70°C and 150°C for a period of time between three
hours and 3 days; wherein the peptizing agent comprises
an alpha-hydroxy carboxylic acid; thereby providing a
stable, transparent sol comprising nanoparticles of ana-
tase titanium dioxide having a particle size less than or
equal to 10 nanometers (nm) in diameter, and preferably
less than or equal to 5 nm in diameter.
[0018] The titanium containing compound may be any
compound capable of forming a precipitate of titanium
dioxide, including without limitation, a titanium alkoxide,
titanium oxychloride, titanyl sulfate, titanyl acetylaceto-
nate, and the like. Suitable titanium alkoxides include,
without limitation, titanium ethoxide, titanium n-propox-
ide, titanium isopropoxide, titanium tert-butoxide, and ti-
tanium n-butoxide, to name a few. Mixed alkoxides are
also contemplated to be suitable. Titanium isopropoxide
is a currently preferred titanium containing compound ac-
cording to the invention due in part to its low cost and
relative ease of hydrolysis.
[0019] The solution of the titanium containing com-
pound may be an aqueous solution or may comprise a
suitable organic solvent such as an alcohol, for example,
ethanol or iso-propanol. There is essentially no constraint
on the concentration of the solution of the titanium con-
taining compound, although it is preferably suitably con-
centrated such that the kenetics of the precipitation are
optimized. Precipitation may be affected by any suitable
method, including without limitation, hydrolysis, pH ad-
justment, or solvent-shifting. The precipitation method
employed will be determined largely by the selection of
titanium containing compound. For example, hydrolysis
is the preferred precipitation method where the titanium
containing compound is a titanium alkoxide or titanium
acetylacetonate. For titanium oxychlorides or titanyl sul-
fates, which are water soluble, precipitation is best car-
ried 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 sol-
ubility of the titanium containing compound is sufficiently
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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, in-
cluding, without limitation, pentanol, hexanol, heptanol,
octanol, etc.
[0020] The amorphous hydrous titanium dioxide pre-
cipitate is typically collected by filtration and thoroughly
washed with de-ionized water prior to re-dispersion. The
washed, wet filter cake is then re-dispersed in a volume
of de-ionized water with vigorous agitation (e.g., stirring
with a deep vortex, shaking, etc.). The deionized water
will usually, though not always, comprise a peptizing
agent in solution before the dispersion is formed. Since
the benefit of the peptizing agent is largely realized during
the subsequent thermal treatment step, it is not strictly
necessary that the peptizing agent be present in the
aqueous solution before the precipitate is re-dispersed.
Rather, the peptizing agent can also be added after the
dispersion is formed, or may be added to the titanium
precursor before the precipitation is carried out. The
amount of de-ionized water used will preferably be such
that the weight ratio of the initial titanium containing com-
pound (e.g., titanium isopropoxide) to the total weight of
the dispersion is from about 1:2 to about 1:10, more typ-
ically, about 1:3 to about 1:6, and preferably about 1:4
to about 1:5.
[0021] Peptizing agents include organic acids (e.g., a
carboxylic acid) which will preferably have a first disso-
ciation constant pKa1 ≤ 3.5 at 25°C. The peptizing agents
according to the invention are alpha-hydroxy carboxylic
acids. Suitable alpha-hydroxy carboxylic acids will typi-
cally comprise one, two, or three carboxylic acid groups,
and include, without limitation, lactic acid, malic acid, tar-
taric acid, and citric acid, to name a few. Salts of the
foregoing acids are also contemplated to be suitable.
Combinations of the foregoing acids are also contem-
plated to be useful. In one embodiment, the solution will
be free of or essentially free of glycolic acid, as this alpha-
hydroxy acid has a pKa1 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 TiO2 precipitate. With-
out wishing to be bound by any particular theory, it is
believed that the peptizing agent prevents or inhibits floc-
culation and exerts a chelating effect on the growing crys-
tallites during the thermal treatment to limit the crystallite
size and to provide stability to the resultant sol.
[0022] The peptization is carried out at a temperature
from 70°C to 150°C (thermal treatment) for a period of
time from 3 hours to 3 days under agitation. It is not nec-
essary to neutralize the solution prior to thermal treat-
ment. Therefore, in one embodiment, the dispersion
comprising the peptizing agent is not subject to neutral-
ization step, such as by the addition of a basic solution,

prior to or during the thermal treatment. It has been found
useful to perform the peptization in a sealed hydrothermal
reactor due to the concomitant increase in pressure.
Bomb-type hydrothermal reactors, such as those avail-
able from Parr Instruments, have been found suitable for
use in the hydrothermal reaction. The bomb reactors may
be placed in a roller oven or the like to provide the thermal
conditions and to achieve agitation.
[0023] In some embodiments, the resultant sols are
stable and transparent at essentially any pH (acidic, neu-
tral, or basic) and therefore pH adjustment is not neces-
sary. However, it is within the scope of the invention to
optionally adjust pH as desired. The pH of the acid pep-
tized sols may be adjusted by the addition of organic or
inorganic base, including without limitation, tert-
butylamine, diethylamine, tetramethylammonium hy-
droxide, ammonium hydroxide, and the like. The trans-
parency of the sols may be observed either visually or
by UV-visible spectroscopy. The stability of the sols may
be measured as a function of the change in transparency
over time. A "stable" sol is one which does not visibly
change in transparency over a one, two, or preferably
three month observation period at room temperature. It
is not necessary to include a stabilizing agent, such as
those described in U.S. Patent Pub. 2004/0241502, to
impart stability to the sols according to the invention.
[0024] The particle size and crystallinity (anatase/ru-
tile) may be determined by transmission electron micro-
scopy (TEM) or other suitable means. Titanium dioxide
crystallites can have an average particle size between
about 1 and about 20 nm. In embodiments of the inven-
tion the average particle size is between 1 nm and 10
nm, and preferably between 1 and 5 nm. In other em-
bodiments, the substantially all of the titanium dioxide
crystallites will have a particles sizes less than or equal
to 10 nm, and preferably less than or equal to 5 nm. By
"substantially all" is meant that the D90 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
crystalline form. In other embodiments, the titanium di-
oxide sols will be substantially free of the rutile crystalline
form, by which is meant that less than 5%, preferably
less than 2.5%, and more preferably less than 1% of the
titanium dioxide is has the rutile crystalline form. In an-
other embodiment, the titanium dioxide is 100% in the
anatase form.
[0025] The sols will typically comprise from about 0.5
to about 20% by weight titanium dioxide based on the
total weight of the composition. More typically, the sols
will comprise from about 1% to about 10% by weight ti-
tanium dioxide, based on the total weight of the compo-
sition. The sols exhibit excellent transparency and sta-
bility over a wide range of pH values, including acidic,
neutral, and basic conditions. In one embodiment the sols
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will be stable and transparent over the entirety of each
of the pH ranges of 1 to <6; 6-8; and >8 to 13. Further,
the pH of the sols may be adjusted from acidic to neutral
to basic, and vice versa, without having a measurable
impact on the transparency or stability.
[0026] The sols according to the invention may option-
ally include additional ingredients provided that the ad-
dition of such ingredients does not have a measurable
negative impact on either the transparency or stability of
the sol. For example, it is contemplated that the sols may
include minor amounts of bactericidal agents, organic
solvents (e.g. alcohols), film-forming aids, sequestering
agents, pH adjusters, etc. In one embodiment, the sols
will be free of metal ions chosen from group I-VA, and
the 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 impuri-
ties 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-pol-
luting, self-cleaning film or coating on a substrate com-
prising applying to the substrate any of the sols according
to the invention. The films are allowed to dry to a trans-
parent coating having good adhesion to the substrate.
There is essentially no limit on the nature of the substrate.
Cement, metal, glass, polymeric, wood, ceramic, paper,
textile, and leather substrates are each contemplated to
be suitable.
[0028] The stable, transparent sols will find particular
utility in any application where photocatalytic activity is
desired. Due to the transparent nature of the sols, they
are ideally suited for coating surfaces which are them-
selves transparent (i.e., glass) or for providing a coating
that does not alter the appearance of the underlying sub-
strate. Notable applications include, without limitation,
photocatalytic coatings for air depollution on road surfac-
es, pavers and ceramic tiles, building exteriors, window
glass, car windshields and the like. The sols will also find
utility on fabrics, furniture, art works, etc., due to the self-
cleaning properties to provide stainless and soil-less
products as well as UV-protection.

Example 1

[0029] A transparent titanium dioxide sol according to
the invention was prepared as follows. 50g of titanium
isopropoxide (Alfa Aesar, 95%) diluted by 50g isopropa-
nol was added slowly to 250g deionized water under
strong agitation. After the precipitation of titanium diox-
ide, the agitation was maintained for about 10 more min-
utes. The precipitate was then filtered and washed with
500g of deionized water. The washed, wet filter cake was
redispersed in deionized water to a total weight of the
dispersion of 250g. 6g of lactic acid (Alfa Aesar, 85% in

water) was added to the dispersion and mixed well. The
dispersion was charged into bomb-type hydrothermal re-
actors (125 ml capacity, Parr Instruments) lined with Te-
flon 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 re-
vealed that it contained ≤ 5 nm crystalline TiO2 nanopar-
ticles. Measurement of d-space on high resolution TEM
images indicated that majority of the crystallites were
anatase (>50%) with rutile as secondary phase (<50%).

Comparative Example 1

[0030] A sample was prepared by the same method
as for Example 1, except that 7.6g of nitric acid (69 wt.
% solution) was used as the peptizing agent instead of
lactic acid. After peptization, the sol appeared stable but
had a milky, non-transparent appearance.

Example 2

[0031] The identical procedure of Example 1 was used
to prepare a transparent titanium dioxide sol according
to the invention, except that 4.5g of tartaric acid (Alfa
Aesar, 99%) was used instead of lactic acid as the pep-
tizing agent. The resultant sol was stable and transpar-
ent. TEM examination revealed that it contained ≤ 5 nm
TiO2 nanoparticles. High resolution TEM d-space meas-
urement 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 3

[0032] The identical procedure of Example 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 pep-
tization treatment was maintained for three days. The
resultant sol was stable and transparent. TEM examina-
tion revealed that it contained ≤ 5 nm TiO2 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 hy-
drothermal conditions for 2 days. The acidic sol was neu-
tralized to pH 8.0 with tert-butylamine. The sol product
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was stable and transparent. TEM images show well crys-
tallized 5 nm TiO2 nanoparticles. Measurement of d-
space on high resolution TEM images indicated that ma-
jority of the crystallites were anatase (>50%) with rutile
as secondary phase (<50%).

Example 5

[0034] The identical procedure of Example 1 was used
to prepare a transparent titanium dioxide sol according
to the invention, except that 6.0g of tartaric acid was used
and the peptization was carried out at 120°C under hy-
drothermal conditions for 2 days. The acidic sol was neu-
tralized to pH 8.0 with tert-butylamine. The sol product
was stable and transparent. TEM images show well crys-
tallized 5 nm TiO2 nanoparticles. High resolution TEM d-
space measurement revealed that majority of the crys-
tallites were anatase (>50%) with an unknown secondary
phase (<50%) showing unusually large d-space of ∼0.6
nm.

Example 6

[0035] A transparent titanium dioxide sol according to
the invention was prepared as follows. 50g of titanium
isopropoxide was mixed with an isopropanol solution of
tartaric acid (12.5g tartaric acid in 100g isopropanol). To
this mixture, 125g of deionized water was slowly added
under strong agitation. After hydrolysis, the agitation was
maintained 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-dispersed
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 ad-
justed to pH 8.0 with tert-butylamine. It was stable and
transparent.

Example 7

[0036] This example provides a larger scale prepara-
tion of the sol of Example 5. The sample was same as
used in Example 5, except that instead 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 sub-
stantially the same as Example 5.

EXAMPLE 8

[0037] In this example, titanium oxysulfate (TiOSO4)
was used as TiO2 precursor and precipitation of TiO2
was affected by pH adjustment with an ammonia solution.
950g of titanium oxysulfate solution in water (7.9% based
on TiO2 analysis, Millennium Inorganic Chemicals) was
added at 25 ml/min to a 4 L beaker containing 950g of

deionized water. Simultaneously, the ammonia solution
(29%) was added to the beaker at a rate that maintained
the pH of the reaction mixture at about 8.0 throughout
the precipitation process. The precipitate was stirred for
another 30 minutes before it was filtered and washed
with 5 L of deionized water. The washed, wet precipitate
was then redispersed with deionized water to a total
weight of the dispersion about 1,400g. 45g of tartaric acid
was added to the dispersion with stirring and the disper-
sion was charged in the 2 L hydrothermal reactor de-
scribed in Example 7. It was treated hydrothermally at
120°C for 2 days. A transparent TiO2 sol was obtained
with appearance and properties similar to the sample de-
scribed in Example 5.

EXAMPLE 9

[0038] To investigate the photocatalytic activity of coat-
ings prepared from the sols according to the invention,
the sols of Examples 2, 4, 5, and 8 were deposited as
thin layers on concrete substrates (about 0.3 ml of sol on
an 18 cm2 area) to give Samples A, B, C, and D, respec-
tively. The activity against NOx pollutants under UV ra-
diation (2 W/m2) was measured at various intervals over
a period of about 4,000 hours. The methodology for de-
termining NOx reduction was substantially as described
in U.S. Patent Pub. 2007/0167551. As shown in FIG. 1,
each of the samples showed substantial (i.e., greater
than about 15%) photocatalytic activity, expressed as
%NOx removal, over the entire time period. Interestingly,
samples A, B, and C, which were prepared by hydrolysis
of titanium isopropoxide, exhibited increasing %NOx re-
moval over time, whereas sample D, which was prepared
by pH induced precipitation from titanium oxysulfate
(TiOSO4), showed extremely 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.

Claims

1. A method for preparing a stable, transparent photo-
catalytic titanium dioxide sol, comprising:

(i) providing a solution comprising a titanium
containing compound;
(ii) precipitating hydrous titanium dioxide from
said solution of a titanium containing compound;
(iii) forming an aqueous dispersion of said pre-
cipitated hydrous titanium dioxide;
(iv) mixing said aqueous dispersion in the pres-
ence of one or more alpha-hydroxy carboxylic
acids at a temperature between 70°C and 150°C
in a sealed hydrothermal reactor for a period of
time between three hours and 3 days; with the
proviso that said one or more alpha-hydroxy car-
boxylic acids are essentially free of glycolic acid;
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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 10 nm, the majority of said crystallites
being in anatase form;
wherein "stable" means that the sol does not visibly
change in transparency over a one, two, or three
month observation period at room temperature,
wherein "essentially free of glycolic acid" means that
glycolic acid collectively comprises no more than 5%
of the total weight of the one or more alpha-hydroxy
carboxylic acids.

2. The method of claim 1, wherein said titanium con-
taining compound is selected from the group con-
sisting of titanium alkoxide, titanium oxychloride, ti-
tanyl sulfate, and titanyl acetylacetonate.

3. The method of claim 2, wherein said titanium con-
taining compound is titanium isopropoxide.

4. The method of claim 1, wherein said one or more
alpha-hydroxy carboxylic acids include an alpha-hy-
droxy carboxylic acid selected from the group con-
sisting 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.

7. The method of claim 4, wherein said one or more
alpha-hydroxy carboxylic acids include citric acid.

8. The method of claim 1, further comprising the step
of neutralizing the resultant sol produced by step (iv)
with a base.

9. The method of claim 1, wherein said sol comprises
titanium dioxide crystallites having an average par-
ticle size of less than 5 nm.

10. The method of claim 1, wherein said sol comprises
titanium dioxide crystallites, at least 90% of which
are in the anatase form.

Patentansprüche

1. Verfahren zur Herstellung einer stabilen, transpa-
renten, fotokatalytischen Titandioxidsole, umfas-
send:

(i) Bereitstellen einer Lösung, umfassend eine
Titan enthaltende Verbindung;

(ii) Fällen von wässrigem Titandioxid aus der Lö-
sung einer Titan enthaltenden Verbindung;
(iii) Bilden einer wässrigen Dispersion des ge-
fällten wässrigen Titandioxids;
(iv) Mischen der wässrigen Dispersion in Anwe-
senheit einer oder mehrerer alpha-Hydroxycar-
bonsäuren bei einer Temperatur zwischen 70
°C und 150 °C in einem abgedichteten hydro-
thermalen Reaktor für eine Zeitperiode zwi-
schen drei Stunden und 3 Tagen;

mit der Maßgabe, dass die eine oder mehreren al-
pha-Hydroxycarbonsäuren im Wesentlichen frei von
Glykolsäure sind;
wodurch eine Titandioxidsole bereitgestellt wird, die
stabil und transparent bei jedem pH im gesamten
pH-Bereich von 2 bis 12 ist; wobei die Sole Titandi-
oxidkristallite mit einer mittleren Partikelgröße von
weniger als 10 nm umfasst, wobei die Mehrheit der
Kristallite in Anatase-Form vorliegt;
wobei "stabil" bedeutet, dass sich die Sole in der
Transparenz über eine ein-, zwei- oder dreimonatige
Beobachtungsperiode bei Raumtemperatur nicht
sichtbar verändert,
wobei "im Wesentlichen frei von Glykolsäure" be-
deutet, dass Glykolsäure kollektiv nicht mehr als 5
% des Gesamtgewichts der einen oder mehreren
alpha-Hydroxycarbonsäuren bildet.

2. Verfahren nach Anspruch 1, wobei die Titan enthal-
tende Verbindung ausgewählt wird aus der Gruppe
bestehend aus Titanalkoxid, Titanoxychlorid, Titany-
lsulfat und Titanylacetylacetonat.

3. Verfahren nach Anspruch 2, wobei die Titan enthal-
tende Verbindung Titanisopropoxid ist.

4. Verfahren nach Anspruch 1, wobei die eine oder
mehreren alpha-Hydroxycarbonsäuren eine alpha-
Hydroxycarbonsäure umfassen, die ausgewählt ist
aus der Gruppe bestehend aus Milchsäure, Wein-
säure, Apfelsäure, Zitronensäure und Kombinatio-
nen davon.

5. Verfahren nach Anspruch 4, wobei die eine oder
mehreren alpha-Hydroxycarbonsäuren Milchsäure
umfassen.

6. Verfahren nach Anspruch 4, wobei die eine oder
mehreren alpha-Hydroxycarbonsäuren Weinsäure
umfassen.

7. Verfahren nach Anspruch 4, wobei die eine oder
mehreren alpha-Hydroxycarbonsäuren Zitronen-
säure umfassen.

8. Verfahren nach Anspruch 1, ferner umfassend den
Schritt des Neutralisierens der erhaltenen Sole, die
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in Schritt (iv) hergestellt wird, mit einer Base.

9. Verfahren nach Anspruch 1, wobei die Sole Titandi-
oxidkristallite mit einer mittleren Partikelgröße von
weniger als 5 nm umfasst.

10. Verfahren nach Anspruch 1, wobei die Sole Titandi-
oxidkristallite umfasst, von denen mindestens 90 %
in der Anatase-Form vorliegen.

Revendications

1. Procédé pour la préparation d’un sol transparent et
stable de dioxyde de titane photocatalytique,
comprenant :

(i) l’utilisation d’une solution comprenant un
composé contenant du titane ;
(ii) la précipitation de dioxyde de titane hydraté
à partir de ladite solution d’un composé conte-
nant du titane ;
(iii) la formation d’une dispersion aqueuse dudit
dioxyde de titane hydraté précipité ;
(iv) le mélange de ladite dispersion aqueuse en
présence d’un ou plusieurs acides alpha-hy-
droxycarboxyliques à une température compri-
se entre 70 °C et 150 °C dans un réacteur hy-
drothermique hermétiquement fermé pendant
une durée comprise entre trois heures et 3
jours ; à condition que ledit ou lesdits acides al-
pha-hydroxycarboxyliques soient essentielle-
ment exempts d’acide glycolique ;

ce qui fournit de cette manière un sol de dioxyde de
titane qui est stable et transparent à n’importe quel
pH sur toute la plage de pH de 2 à 12 ; ledit sol com-
prenant des cristallites de dioxyde de titane ayant
une taille moyenne de particule inférieure à 10 nm,
la majorité desdits cristallites étant sous forme
anatase ;
dans lequel « stable » signifie que le sol ne change
pas de façon visible en terme de transparence sur
une période d’observation d’un, deux ou trois mois
à température ambiante,
dans lequel « essentiellement exempts d’acide
glycolique » signifie que l’acide glycolique ne cons-
titue collectivement pas plus de 5 % du poids total
du ou des acides alpha-hydroxycarboxyliques.

2. Procédé selon la revendication 1, dans lequel ledit
composé contenant du titane est choisi dans le grou-
pe constitué par un alcoolate de titane, l’oxychlorure
de titane, le sulfate de titanyle et l’acétylacétonate
de titanyle.

3. Procédé selon la revendication 2, dans lequel ledit
composé contenant du titane est l’isopropylate de

titane.

4. Procédé selon la revendication 1, dans lequel ledit
ou lesdits acides alpha-hydroxycarboxyliques com-
prennent un acide alpha-hydroxycarboxylique choisi
dans le groupe constitué par l’acide lactique, l’acide
tartrique, l’acide malique, l’acide citrique et les as-
sociations de ceux-ci.

5. Procédé selon la revendication 4, dans lequel ledit
ou lesdits acides alpha-hydroxycarboxyliques com-
prennent de l’acide lactique.

6. Procédé selon la revendication 4, dans lequel ledit
ou lesdits acides alpha-hydroxycarboxyliques com-
prennent de l’acide tartrique.

7. Procédé selon la revendication 4, dans lequel ledit
ou lesdits acides alpha-hydroxycarboxyliques com-
prennent de l’acide citrique.

8. Procédé selon la revendication 1, comprenant en
outre l’étape consistant à neutraliser avec une base
le sol résultant produit par l’étape (iv).

9. Procédé selon la revendication 1, dans lequel ledit
sol comprend des cristallites de dioxyde de titane
ayant une taille moyenne de particule inférieure à 5
nm.

10. Procédé selon la revendication 1, dans lequel ledit
sol comprend des cristallites de dioxyde de titane,
dont au moins 90 % sont sous la forme anatase.
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