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DESCRIPTION

BACKGROUND OF THE INVENTION

[0001] The presently disclosed and claimed inventive concept(s) relate generally to
mesoporous titanium dioxide (TiO2) nanoparticles, and more particularly, to a new type of TiO3

nanoparticles which are highly uniform in particle size and contain generally uniform intra-
particle pores in the mesopore size range.

[0002] Porous nanoparticles, especially those with well defined pores and a narrow pore size
distribution, have high application potentials in catalysis, as catalyst supports, adsorbents, in
optics, photovoltaics, and filtration materials for separation. Control of particle microstructure
allows control of physical and electronic properties, which, in turn, leads to new functionalized
materials.

[0003] U.S. Patent Application Pub. Nos. 2006/0110316 and 2011/0171533 relate, respectively,
to mesoporoous metal oxides and to a mesoporous oxide of titanium which can be produced
by precipitating an ionic porogen and a hydrous oxide of the metal, i.e., titanium, compound
comprising a titanium starting material, a base and a solvent, wherein the titanium starting
material or the solvent or both are a source of the anion for the ionic porogen and the base is
the source of the cation for the ionic porogen. The ionic progen is removed from the
precipitate, and the mesoporous oxide of titanium is recovered. However, there is a need for a
process for preparing TiO, nanoparticles that demonstrate consistent particle morphology,

uniform particle size, spherical shape, and which contain uniform intra-particle pores in the
mesopore size range.

[0004] Zhou et al. (Applied Catalysis B: Environmental, 89 (2009), pages 160-166) discloses
mesoporous titania nanospheres which are fabricated by spray hydrolysis of a solution of
tetranutyl titanate and ethanol.

[0005] Tsung et al. (Angewandte Chemie International Edition, 47 (2008), pages 8682-8686)
disclose a process for the production of mesoporous metal oxide submicrospheres comprising
aerosol spray drying of metal oxo-acetate precursor particles form via the dissolution of metal
alkoxides in solutions of acetic acid, hydrochloric acid and ethanol.

[0006] Iskandar et al. (Advanced Materials, 19 (2007), pages 1408-1412) discloses the
production of brookite TiO, macroporous particles by spray drying a suspension of brookite

nanoparticles and polystyrene latex particles which are used for colloidal templating.

SUMMARY OF THE INVENTION
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[0007] US 6,403,689 discloses a dispersion of photocatalytic titanium dioxide particles, wherein
the liquid phase comprises at least a cross-linking catalyst and at least a polyorganosiloxane

either of formula (1) MqDgQa(O1/2R")¢, or of formula (I1): MgDgT,Qa(01/2R1)e.

[0008] US 5,045,301 discloses poorly crystallized or amorphous TiO, particulates having a

mean particle size greater than 20 nm prepared by thermally hydrolyzing a titanium compound
in solution, in the presence of at least one carboxylic acid containing a hydroxyl and/or amino
group, or an organophosphoric acid.

[0009] The present invention relates to a method according to claim 1 for producing generally
uniform TiO5 nanoparticle spheres of from 20 nm to 100 nm in size wherein each particle

contains generally uniform pores in the mesopore size range having a generally narrow pore
size distribution centered at a value between about 2 nm to about 12 nm and an inter-particle
pore size distribution centered at a value between about 15 nm and about 80 nm, wherein the
TiO, is at least 95 percent anatase phase with a crystallite size in the range of from about 4 nm

to about 12 nm; and to an oxide of titanium, i.e., TiO5, in the form of a generally uniform

spherical nanoparticle of from about 20 nm to about 100 nm in size wherein each particle
comprises generally uniform intra- particle mesopores having a substantially uniform pore size
distribution centered at a value between about 2 nm to about 12 nm and an inter-particle pore
size distribution centered at a value between about 15 nm and about 80 nm, wherein the oxide
of titanium is at least 95 percent anatase phase with a crystallite size in the range of from
about 4 nm to about 12 nm, prepared as described in claim 5. In a preferred embodiment, the
TiO2 nanoparticles are generally spherical in the range of 50 nm in size and exhibit intra-

particle mesopores centered at about 6 nm.

[0010] The TiO, nanoparticles are a powder material wherein the nanoparticles exhibit a

bimodal pore size distribution. One mode is from the intra-particle pores mentioned above, i.e.,
the pores within individual nanoparticles. The other mode originates from the packing
arrangement of the nanoparticles, that is, the inter-spacial pores, with a substantially uniform
pore size distribution centered between about 15 nm to about 80 nm. In a preferred
embodiment, the TiO5 powder material formed by this type of nanoparticles has a substantially

uniform inter-particle pore size distribution centered at about 35 nm.

[0011] The TiO5 nanoparticles according to the presently disclosed and claimed inventive

concept(s) are produced by:

1. (i) forming an aqueous solution of a water soluble compound of titanium at a
concentration of from 0.5 to 1.5 moles per liter in the presence of an alpha hydroxyl
carboxylic acid at an acid to titanium molar ratio of from 0.02 to 0.2;

2. (i) heating the aqueous solution in a heated reactor equipped with a condenser to a
temperature in the range of from 70°C to 80°C and adding anatase TiO» seeds to the

solution at a seed to TiO» molar ratio of from 0.0005 to 0.0015 while maintaining the
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same solution temperature for a period of from 1 hour to 3 hours, and then heating the
aqueous solution to a temperature in the range of from 100°C up to the refluxing
temperature and maintaining that temperature for an additional period of from 2 hours to
4 hours;

3. (iii) cooling the solution to room or ambient temperature, i.e., a temperature in the range
of 25 °C, and separating the reaction product.

[0012] The process of the invention is capable of producing a consistently uniform particle size
for this type of TiO5 nanoparticle that can be controlled at a size range of from about 20 nm to

about 100 nm. The intra-particle mesopores exhibit a narrow pore size distribution centered at
a value between about 2 nm to about 12 nm. The powder material from this type of
nanoparticles also exhibit substantially uniform inter-particle pores with a pore size distribution
centered between about 15 nm to about 80 nm. Pore size distribution measurements via Ny

adsorption (BET) on one of this type of nanoparticle products reveal that the materiai has two
types of mesopores. One type of mesopore, i.e., the intra-particle mesopore, is centered at
about 6 nm, which has also been observed by SEM. The other type of pores is centered at
about 35 nm, and these are believed to be inter-particle pores generated by the packing
arrangement of the individual nanoparticles. Nanoparticle materials produced according to the

described and claimed inventive concept(s) have a pore volume of from 0.2 to 0.6 cm3/g as
measured by N> adsorption (BJH).

BRIEF DESCRIPTION OF THE DRAWINGS

[0013]

Figs. 1A and 1B depict scanning electron microscope (SEM) images of SEM images of
mesoporous TiO, nanoparticle samples produced according to the inventive concepts

described herein.

Fig. 2 is a pore size distribution plot of the TiO» nanoparticles produced according to the

inventive concepts described in Example 1.

Fig. 3 is a pore size distribution plot of the TiO» nanoparticles produced according to the

inventive concepts described in Example 2 with one sample treated at a temperature of 200°C
and a second sample treated at a temperature of 300°C

Fig. 4 is a pore size distribution plot of the TiO» nanoparticles produced according to the

inventive concepts described in Example 3.

Fig. 5 is a pore size distribution plot of the TiO, nanoparticles produced according to the

inventive concepts described in Example 4.



DK/EP 2780287 T3

DETAILED DESCRIPTION OF THE INVENTION

[0014] The disclosed and claimed inventive concept(s) are directed to a process for producing
a type of TiO, nanoparticles which are highly uniform in particle size and contain uniform intra-

particle pores in the mesopore size range with a relatively narrow pore size distribution. As
used herein, the term "mesoporous” or "mesopore size range" means structures having an
average pore diameter of from 2 nm to 100 nm (20 A up to 1000 A), although the average
pore diameters of the structures are generally smaller than 100 nm depending on the
morphology of the nanoparticles, which in turn depends on the titanium precursor material, i.e.,
the water soluble compound of titanium, and the entity of the organic acids used in the
process.

[0015] The highly uniform and generally spherical TiO, nanoparticles of the invention are

produced by:

1. (i) forming an aqueous solution of a water soluble compound of titanium at a
concentration of from 0.5 to 1.5 moles per liter in the presence of an alpha hydroxyl
carboxylic acid at an acid to titanium molar ratio of from 0.02 to 0.2;

2. (i) heating the aqueous solution in a heated reactor equipped with a condenser to a
temperature in the range of from 70°C to 80°C and adding anatase TiO» seeds to the

solution at a seed to TiO» molar ratio of from 0.0005 to 0.0015 while maintaining the

same solution temperature for a period of from 1 hour to 3 hours, and then heating the
aqueous solution to a temperature in the range of from 100°C up to the refluxing
temperature and maintaining that temperature for an additional period of from 2 hours to
4 hours;

3. (iii) cooling the solution to room or ambient temperature, and separating the reaction
product.

[0016] The reaction product is typically separated as a powder, and the powder is then treated
to remove solvent (e.g., water) from the pores, such as, for example, by heating the powder at
a controlled temperature in the range of from 200°C to 500°C.

[0017] As noted above, preparation of mesopopous TiO, nanoparticles according to the

described and claimed inventive concept(s) begins with preparing precursor nanoparticles by
wet chemical hydrolysis. A typical hydrolysis process involves the following steps:

[0018] Dissolving a water soluble compound of titanium in distilled or deionized water at a
titanium concentration of 0.5 to 1.5 moles per liter. Optionally, a small amount of an inorganic
acid can be added to control the solution pH and function as a hydrolysis catalyst to speed up
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the hydrolytic reaction. A suitable amount of an alpha hydroxyl carboxylic acid is then added to
the reaction mixture typically at an acid to titanium molar ratio of 0.02 to 0.2. The organic acid
has been observed to function as a morphology controlling agent.

[0019] The solution, i.e., reaction mixture, thus formed is transferred to a heated reactor
equipped with a condenser, and the solution is heated to a temperature between about 70°C
and 80°C. Anatase TiO» seeds are added to the solution at a seed to TiO, molar ratio of from

0.0005 to 0.0015 while maintaining the same solution temperature for a period of from 1 hour
to 3 hours. The TiO, seeds operate to control the crystalline phase and particle size of the

nanoparticles. Thereafter the reactor temperature is raised to a value in the range of from
100°C up to the refluxing temperature and maintained at that temperature for an additional
period of from 2 hours to 4 hours.

[0020] The reaction is then cooled to room or ambient temperature, and the reaction product
can be separated by filtration and then washed with deionized water until it is substantially free
of the salts generated during hydrolysis. The reaction mixture can also be neutralized with a
base, such as, for example, an ammonia solution, a sodium hydroxide solution, and the like,
before filtration and washing.

[0021] The precursor nanoparticles thus formed are then treated to remove adsorbed water
and residue acid molecules from their pores to produce the mesoporous nanoparticles of the
invention. This treatment can be accomplished in a number of different ways known to those
skilled in the art. For example, common organic solvents which are miscible with water, such
as ethanol, propanol, acetone, tetrahydroforan, and the like, may be used to extract water from
the precursor nanoparticles. Low temperature drying, e.g., in the temperature range of from
60°C to 150°C, may be necessary to remove the solvents after extraction. Strong desiccants
may also be used to remove adsorbed water from the nanoparticles. For example, phosphorus
pentoxide or concentrated sulfuric acid may be used to dry the nanoparticles in a desiccator
with the sample sitting over the desiccants. A few days may be required for the adsorbed water
to be completely removed from the mesopores. In certain cases, when detected, organic acid
residue, such as citrate molecules, may need to be removed to further free up the pores.
Organic acid residue may be removed by washing the nanoparticles with a salt solution, such
as ammonium bicarbonate, after they have been washed with deionized water. A simple,
effective and preferred method for removing adsorbed water and a majority of the residue acid
molecules is by heating the nanoparticles in an oven at a temperature of from 200°C to 500°C
under a constant air flow.

[0022] For the precursor materials for preparing the TiO» nanoparticles according to the

inventive concept(s) described and claimed herein, any water soluble compounds of titanium
may be used in the thermal hydrolysis. These include, but are not limited to, titanium
oxychloride, titanium oxysulfate, and the like; titanium potassium oxalate and the like; titanium
bis(ammonium lactate) dihydroxide, bis-acetylacetone titanate and other water soluble titanium
complexes. Suitable organic acids for use in the process are alpha hydroxyl carboxylic acids
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and include citric acid, tartaric acid, malic acid and the like. Citric acid is preferred in cases
where nanoparticles having a spherical shape are desired.

[0023] The SEM images shown in Figs. 1A and 1B depict spherical mesoporous TiO»>
nanoparticles produced according to the inventive concepts described herein. The TiO5

particles are highly uniform in particle size, with the samples shown in Figs. 1A and 1B having
a particle size of about 50 nm. The intra-particle pores are about a few nanometers in size,
and they can be clearly seen under SEM. BET measurements indicate that the samples exhibit
a bimodal pore size distribution with one type of pores centered at about 6 nm, which are the
same intra-particle pores observed under SEM. The nanoparticles exhibit a narrow pore size
distribution which can be centered, for example, at 6 nm, 10 nm, 12 nm, etc. The other type of
pores observed are centered at about 35 nm, which is believed to be pores that are formed by
the packing arrangement of the individual 50 nm nanoparticles. Both types of the pores are in
the mesopore size range.

Example 1

[0024] 1,196 g deionized water, 79 g hydrochloric acid solution (37% from Fisher Scientific),
5.9 g citric acid monohydrate (from Alfa Aesar) and 398 g titanium oxychloride solution (25.1%
in TiO,, from Millennium Inorganic Chemicals) were mixed together in a heated reactor

equipped with a glass condenser and an overhead stirrer. While being constantly stirred, the
mixture was heated to 75°C and a small amount of anatase TiO; seeds (0.1% vs. TiOy;

anatase seeds were produced by Millennium Inorganic Chemicals) was quickly introduced. The
reaction was maintained at 75°C for 2 hours. During this period, TiO» particles began to form

through hydrolysis of the titanium oxychloride. The reaction temperature was then increased to
103°C, and the reaction mixture was maintained for 3 hours at that temperature. The
hydrolysis was essentially complete at this stage.

[0025] The reaction mixture was then cooled to room temperature and transferred to a
different container where the particles formed during the reaction were allowed to settle for a
few hours. After substantially all of the particles had settled to the bottom of the container, the
mother liquor was removed and about the same amount of deionized water was added. The
mixture was stirred to re-slurry the particles, and then the pH of the slurry was increased to
about 7 by slow addition of an ammonia solution (~29%, Fisher Scientific). The particles were
then separated from the liquid using a Buchner filter and washed with deionized water until the
conductivity of the filtrate was lowered to about 5 mS/cm. Then the filter was filled with an
ammonia bicarbonate solution having a solution conductivity of about 5 mS/cm. The ammonia
bicarbonate washed material was then heated in an oven at 300°C for 6 hours under a flow of
air. SEM measurement of the material showed that the particles prepared by this process were
spherical in shape and had an average particle size of about 50 nm. Each particle exhibited
intra-particle mesopores of about a few nanometers in size (Figs. 1A and 1B). BET

measurement results showed that the material had a surface area of 121 m%g and a pore
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volume of 0.6 cm®/g. X-ray diffraction (XRD) measurement showed an anatase crystallite size
of 11.9 nm. The pore size distribution plot shown in Fig. 2 indicates that the material exhibited
a substantially bimodal pore size distribution centered at about 6 nm and 35 nm, respectively.

Example 2

[0026] TiO, nanoparticle samples were produced as described above in Example 1 except that
0.15% (vs. TiO5) anatase seeds were used instead of 0.1%. One half of the reaction product

was degassed at 200°C for ~12 hours before BET measurement; the other half of the reaction
product was treated in an oven at 300°C for 6 hours. The pore size distribution curves of the
two samples measured by BET are shown in Fig. 3. As one can see, both samples exhibit
substantially bimodal pore size distribution. However, the sample degassed at 200°C for 12
hours has a smaller pore size modal centered at 2.7 nm, while for the sample treated in an
oven at 300°C for 6 hours, the pore size distribution modal increased to 5.4 nm. The larger
pore size modal is also increased by a few nanometers. Other measurement data indicated

that the 200°C sample exhibited a surface area 308 m?/g, a pore volume of 0.52 cm®/g, and a
crystallite size (XRD) of 6.6 nm for the sample before thermal treatment in an oven. For the

300°C sample, surface area was 128 m?/g, pore volume was 0.46 cm3/g and crystallite size
(XRD) was 11.3 nm before thermal treatment in an oven.

Example 3

[0027] A TiO2 nanoparticle sample was produced as described above in Example 1 except that

anatase seeds were not used. The product was degassed at 200°C for about 12 hours before
BET measurement. A plot of the pore size distribution for the sample, measured by BET, is
shown in Fig. 4. The plot also shows a bimodal pore size distribution with the smaller pore size
modal being centered at 4.7 nm and the larger pore size modal being centered at 22 nm. The

sample had a surface area of 218 m2/g, a pore volume of 0.2 cm3g, and a crystallite size
(XRD) of 6.3 nm.

Example 4

[0028] TiO» nanoparticle samples were produced as described above Example 1 except that

no seeds were used, and 6.6 g of citric acid monohydrate was added instead of 5.9 g. One
third of the reaction product was degassed at 200°C for about 12 hours before BET
measurement. Another third of the reaction product was treated in an oven at 300°C for 6
hours, and the last third of the reaction product was treated in an oven at 500°C for 6 hours.
Pore size distribution plots for the three samples measured by BET are shown in Fig. 5. All
three samples exhibit substantially bimodal pore size distribution. However, the sample that
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was degassed at 200°C exhibits a pore size modal centered at 2.2 nm, whereas the sample
treated in an oven at 300°C exhibits a somewhat larger pore size modal centered at 5.4 nm.
The sample treated in an oven at 500°C exhibits an even larger pore size modal centered at
8.6 nm. Surface area for the 200°C sample was measured at 262 m2/g, and pore volume was
measured at 0.28 cm®/g. Surface area for the 300°C sample was measured at 115 m?g, and

pore volume was measured at 0.32 cm®/g. Surface area for the 500°C sample was measured

at 58 m2/g, and pore volume was measured at 0.27 cm?3/g. Crystallite size (XRD) was 6.4 nm
for the first sample before thermal treatment, 11.2 nm for the 300°C sample, and 19.2 nm for
the 500°C sample.

[0029] TiO» nanoparticles produced according to the invention demonstrate improved

consistent particle morphology, uniform particle size, and contain substantially uniform intra-
particle pores in the mesopore size range.
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Patentkrav

1. Fremgangsmade til fremstilling af almindelige regelmaessige TiO2 nanopartikel-
smakugler pa fra 20 nm til 100 nm i stgrrelse hvor hver partikel indeholder
almindelige regelmaessige porer i mesoporestgrrelsesomradet med en almindelig
smal porestgrrelsesfordeling centreret ved en veerdi mellem ca. 2 nm til ca. 12 nm
0g en inter-partikelporestgrrelsesfordeling centreret ved en vaerdi mellem ca. 15
nm og ca. 80 nm, hvor TiOz2 er mindst 95 procent anatasefase med en krystallit-
stgrrelse i omradet pa fra ca. 4 nm til ca. 12 nm; hvilken fremgangsmade

omfatter at:

(i) danne en vandig oplgsning af en vandoplgselig forbindelse af titanium
ved en koncentration pa fra 0,5 til 1,5 mol pr. liter i tilstedevaerelse af en
alfa-hydroxylcarboxylsyre ved et syre til titanium-molforhold pa fra 0,02 til
0,2;

(ii) opvarme den vandige oplgsning i en opvarmet reaktor udstyret med en
kondensator til en temperatur i omradet pa fra 70°C til 80°C og tilsaette
anatase TiO2-kim til oplgsningen ved et kim til TiO2-molforhold pa fra
0,0005 til 0,0015 mens der opretholdes den samme oplgsningstemperatur i
en periode pa fra 1 time til 3 timer, og derefter opvarme den vandige
opl@sning til en temperatur i omradet pa fra 100°C op til tilbagesvalings-
temperaturen og opretholde denne temperatur i en yderligere periode pa

fra 2 timer til 4 timer;

(iii) afkgle oplgsningen til stue- eller omgivelsestemperatur, og separere

reaktionsproduktet.

2. Fremgangsmaden ifglge krav 1, hvor reaktionsproduktet separeres ved (i)

25 filtrering; (ii) vaskning af det separerede reaktionsprodukt for at fjerne saltene

genereret under reaktionssekvensen; og (iii) faerdigbehandle produktet ved
tarring hvorved vand og organisk indhold fjernes.
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2

3. Fremgangsmaden ifglge krav 2, hvor faerdigbehandlingen opnas ved at
opvarme produktet ved en forhgjet temperatur i omradet pa fra 200°C til 500°C

under en strgm af luft.

4. Fremgangsmaden ifglge et hvilket som helst af de foregaende krav, hvor den
vandoplgselige forbindelse af titanium i trin (i) er valgt fra titaniumoxychlorid,
titaniumoxysulfat, titaniumkaliumoxalat, titanium-bis(ammoniumlactat)-

dihydroxid, og bis-acetylacetone-titanat.

5. Oxid af titanium i form af almindelige regelmaessige nanopartikel-smakugler pa
fra 20 nm til 100 nm i st@grrelse hvor hver partikel indeholder almindelige
regelmaessige mesoporer med en i det vaesentlige regelmaessig porestgrrelses-
fordeling centreret ved en veaerdi mellem 2 nm til 12 nm og en inter-partikelpore-
stgrrelsesfordeling centreret ved en veerdi mellem ca. 15 nm og ca. 80 nm, hvor
oxidet af titanium er mindst 95 procent anatasefase med en krystallitstgrrelse i
omradet pa fra ca. 4 nm til ca. 12 nm, og nanopartiklerne fremstilles ved at:

(i) danne en vandig oplgsning af en vandoplgselig forbindelse af titanium
ved en koncentration pa fra 0,5 til 1,5 mol pr. liter i tilstedevaerelse af en
alfa-hydroxylcarboxylsyre ved et syre til titanium-molforhold pa fra 0,02 til
0,2;

(ii) opvarme den vandige oplgsning i en opvarmet reaktor udstyret med en
kondensator til en temperatur i omradet pa fra 70°C til 80°C og tilsaette
anatase TiO2-kim til oplgsningen ved et kim til TiO2-molforhold pa fra
0,0005 til 0,0015 mens der opretholdes den samme oplgsningstemperatur i
en periode pa fra 1 time til 3 timer, og derefter opvarme den vandige
opl@sning til en temperatur i omradet pa fra 100°C op til tilbagesvalings-
temperaturen og opretholde denne temperatur i en yderligere periode pa

fra 2 timer til 4 timer;

(iii) afkgle oplgsningen til stue- eller omgivelsestemperatur, og separere

reaktionsproduktet.
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6. Oxidet af titanium ifglge krav 5, hvor reaktionsproduktet separeres ved (i)
filtrering; (ii) vaskning af det separerede reaktionsprodukt for at fjerne saltene
genereret under reaktionssekvensen; and (iii) faerdigbehandling af produktet ved

tarring hvorved vand og organisk indhold fjernes.

7. Oxidet af titanium ifglge krav 6, hvor faerdigbehandlingen opnas ved at
opvarme produktet ved en forhgjet temperatur i omradet pa fra 200°C til 500°C

under en strgm af luft.

8. Oxidet af titanium ifglge et hvilket som helst af kravene 5 til 7, hvor den
vandoplgselige forbindelse af titanium i trin (i) er valgt fra titaniumoxychlorid,
titaniumoxysulfat, titaniumkaliumoxalat, titanium-bis(ammoniumlactat)-

dihydroxid, og bis-acetylacetone-titanat.
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