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Hydrothermal Synthesis of Nanosized Titanium
Dioxides from Peroxotitanate Solution and
Their Photocatalytic Activity

Young Bok Ryu

Department of Chemical Engineering Graduate School

Pukyong National University
Abstract

Nanosized TiO. particles were prepared by hydrothermal method
of the amorphous powders which were precipitated in an aqueous
peroxotitanate solution. The physical properties of prepared
nanosized TiO. particles were investigated. We also examined the
activity of TiO¢ particles as a photocatalyst for the decomposition of
orange II. The titania sol can be successfully crystallized to the
anatase phase through hydrothermal aging more than 160°C. The
particle size increases from 18 to 25 nm as the synthesis
temperature increases from 140 to 200C and it also increases with
an increase of initial pH of the solution. The titania particles
prepared at 180C shows the highest activity and the titania particles
calcined at 400°C also shows the highest activity on the
photocatalytic decomposition of orange II. The titania particle
prepared at pH=2.0 shows the highest activity on the photocatalytic
decomposition of orange II. However, the photocatalytic activity

gradually decreases with an increase of pH.



In addition titania particle prepared by using tetraethlyammonium
hydroxide(TEAOH) at calcined 500°C shows the highest activity on

the photocatalytic decomposition of orange II.
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where h = Planck constant (6.6256 x 10-34]-s /photon)
¢ = speed of light (2.9979 x 108 m/s)
A = wavelength of radiation (m)

v = frequency of radiation (s )

_ . .
v = corresponding wavenumber (m )

o) #A Imolo] F5a o= ofgsh 2ol Lhehyth

—4
= /Vo‘é)‘\a =1197 XJDr [ £] | mole]l or [ £] | eznsterr]

where Ny = Avogadro’s number

theFg ghdel mE ol Y A= Table 20 YeEpth b4 og Fukg
of AtgEE WYE 200nmol A 700nme] i, o] ™ 600kJ/mol (or
140kcal/mol)°l A 170kJ/mol (or 40kcal/mol)e] A}-& =t}
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Table 1. Comparison of Photocatalysis with Thermal Catalysis

Thermal catalysis Photocatalysis
(Metal or metal oxide) (Semiconductor)
Input energy kT hv
Free energy change AG<0 Even AG>0 is possible

Main factors

Enhancement of reaction
change of
path

interaction with catalyst

rate or

reaction through

surface

Generation of electrons

and holes by excitation

of photocatalyst and
their electron transfer
reaction
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Table 2. Energy of an einstein of photons vs. wavelength

Domain A [s7!] = -1
vliem ]
[nm] [kJ-mol ] [eV]
Yy-rays 1072 | 3.0x10% 10% 1.2x10° 1.3x10°
10" | 3.0x10% 10° 1.2x10° | 1.3x10*
X-rays 16
30 10 33,3333 3984.8 41.3
200 | 1.5x10% 50,000 597.7 6.2
Uv 250 | 1.2x10% 40,000 478.2 5.0
300 10" 33,333 398.4 4.1
350 | 8.7x10" 28,571 341.5 3.5
400 | 7.5x10™ 25,000 298.9 3.1
450 | 606x10™ 22,222 265.4 2.8
500 | 6.0x10" 20,000 239.1 2.5
Visible 550 | 5.4x10™ 18,182 217.4 2.3
600 | 5.0x10™ 16,666 199.4 2.1
650 | 4.6x10" 15,385 183.9 1.9
700 | 4.2x10™ 14,286 170.9 1.8
1000 | 3.0x10™ 10,000 119.5 1.2
IR 5000 | 6.0x10" 2000 28.8 2.5x107!
10* 3.0x10" 1000 12.0 1.3x107!
i 107 | 3.0x10"Y 1 1.2x107% | 1.3x107*
lerowaves 10° | 3.0x10° 1072 1.2x107% | 1.3x107
Radio waves 10" 3.0x10° 107 1.2x107° | 1.3x107®
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Figure 4. Schematic representation of cyclic water cleavage in colloidal

TiO; particles loaded with bifunctional redox catalysis
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Table 3. Standard electrode potentials of some reaction involving

water and its fragment in aqueous solutions

No Reaction E°(V) A Ga9g(kcal/mole)
1 e = e -2.7 62
2 H =1/2H, +e -2.251 51.9
3 H=H +¢€ -2.106 48.61
4 055 =0y + € -1.8 42
5 H =H + 2 -1.125 51.93
6 HOy + 1/2Hz = H:0p + € -1.0 23
7  20H + Hy = 2H.0 + 2e -0.828 19.1
8 027 =0s+ ¢ -0.32 7.4
9 HOy =0:+ H + e -0.13 3.0
10 Hy, = 2H" + 2¢ 0.000 0.0
11 O(g) + HyO = 0, + 2H" + 2 0.037 1.7
12 HOy =02+ H + 2e 0.338 15.6
13 20H = H:0 + 1/20, + 2e 0.401 18.5
14 Hy0: = Oy + 2H" + 2e” 0.682 31.5
15 OH + H.0 = H:0, + H + e 0.72 17
16 2H,0 = O» + 4H" + 4e” 1.228 113.4
17 Os + 20H = 03 + H:0 + 2~ 1.24 57.2
18 H:0, = HOy + H" + e 1.5 35
19 3H:0 = O3 + 6H" + 6e 1.511 209.3
g O * MO = HO + 2H + ) o 78.76
2e
21  2H.0 = Hy0z; + 2H" + 2¢” 1.776 81.72
22 OH =OH + e 2.02 46.6
23 02+ HyO = O3 + 2H" + 2¢°  2.076 95.56
24 Hy=H + H + & 2.106 48.61
25 H,0 = O(g) + 2H" + 2e 2.421 111.7
26 HO =O0OH + H + e 2.8 65
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Table 4. The properties of sol-gel method.

Advantages

Disadvantages

1. Better homogeneity.

2. Better purity.

3. Low temperature preparation:
Savings In energy.
Minimize evaporation losses.
Minimize air pollution.
No reaction with container.
Bypass phase separation.

4. New non-crystalline solids.
5. New crystalline phase from
new non-crystalline solids.

6. Better glass products from the
special properties of gels.
7. Special products, e.g., films

and fibers.

1. High cost of raw materials.

2. Large shrinkage during
processing.

3. Residual microporosity.

4. Residual hydroxyl and organic
solutions.

5. Health hazards of organic
solutions.

6. Long processing time.

7. Difficulty in producing large

amounts.
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Table 5. Starting material for TiO2 Sol preparation

Item Chemical Formula Capacity
Titanium )
. . . TI(OC2H5)4
Ti—-Alkoxide ethoxide ) precursor
TI(OC3H7)4
TTIP
common solvent of
Ethyl Alcohol CH;30H
Alcohol water and
Propyl Alcohol CoHsOH . .
Ti-Alkoxide
Water Water H-0 solvent
) ) control of hydrolysis
Hydroloric Acid HCl .
Catalyst o ] velocity and
Nitric Acid HNOg3 o
Peptization
) ) CH3;COOH )
) Acetic Acid control of reaction
Chemical CH3COOH2:COOH ] .
N Acetyl Acetone velocity and stability
Additives ) ) 3
Diethyl Amine of Sol
(C2Hs5)2NHy
) stability of Sol and
Chemical Ethylene Glycol | HOCH>CH>OH
B control of gel
Additives Butoxylethanol CsH1409
structure
Drying Control . .
) Formamide NH.CHO control of drying
Chemical . )
B Oxalic Acid HOOC-COOH process
Additives

_41_



Table 6. Effect of relative rate of hydrolysis and condensation on

Gel quality

Hydrolsis rate

Condensation rate

Result

colloids./Sols

slow slow

slow fast controllde precipitate
fast slow polymeric gels
fast fast collodal gel

gelation precipitate
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H>TiO3 + ice cooled (NH,OH + H»05)

N

Mixing with stirrer for 2hrs
N

Addition of HNOs (pH12 ~ pH2)
N
Hydrothermal treatment at 120C ~ 200C for 5hrs

N

Rinsde by deionized water
\;

Drying at 105C for 24hrs
\;

Calcining 300C~900TC

Figure 8. Preparation schemes of TiO» particles
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Ai 1. Moisture trap

2. Metering valve

3. On/Off valve

4. Three way selection valve

5. Syringe

6. Mercury lamp

7. Water bath

. Magnetic Stirrer

m 9. Bubble flow meter

Figure 9. Schematic diagram of reaction experimental apparatus
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Figure 10. TGA-DTA curves of nanosized TiO: particles

(a) TGA and (b) DTA
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Figure 11. TGA-DTA curves of nanosized TiO» particles at different

addition agent; (a) TGA and (b) DTA
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Figure 12. XRD patterns of nanosized TiO» powders prepared at the

various temperatures ; drying temp.= 105C
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Table 7. Physical properties of nanosized TiO:; powders prepared at

various temperature

Synthesis XRD Activity
) Crystallite size® . L
[nm]

120 Amorphous - - -

140 Anatase 225 18 2.2
160 Anatase 530 19 7.8
180 Anatase 630 25 8.8
200 Anatase 685 26 6.8
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Figure 13. XRD patterns of nanosized TiO: powders prepared at various

pH ; drying temp.=105C, synthesis temp. = 180T
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Table 8. Physical properties of nanosized TiO» powders prepared at pH

' XRD Activity
pH Crystallite size” _— L
Structure Intensity k'[min "]*10
[nm]
12 Anatase 630 25 8.8
9 Anatase 390 18 104
7 Anatase 420 13 115
5 Anatase 300 12 14.3
2 Anatase 275 9 14.6
a by HNOS

> obtain by Scherrer equation
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Figure 14. XRD patterns of nanosized TiO». powders calcined at various
temperatures ; drying temp. =105C, synthesis temp. = 180T

and pH 5
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Table 9. Physical properties of nanosized TiO; powders calcined at

various temperature
Calcination XRD Activity®
e Crystallite size® . 72
[nm]
105 Anatase 300 12.1 1.43
300 Anatase 380 12.9 3.19
400 Anatase 370 145 4.85
500 Anatase 400 155 3.76
700 Anatase 930 34 1.37
800 Anatase /gy /oy 39.1 -
Rutile
900 Rutile 1050 66 0.04

* synthesis temp. = 180C, pH 5
" obtain by Scherrer equation

¢ apparent first-order constants(k’) of orange II
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Figure 15. XRD patterns of nanosized TiO» powders prepared at different
addition agent ; synthesis temp. = 180C and pH 5 (a)drying

temp. =105C (b) calcination temp. = 400C
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Table 10. Physical properties of nanosized TiO» powders prepared at

different addition agent

' XRD Activity®
Addition agent Crystallite size” |
Structure Intensity k'[min "]x10
[nm]

NH,OH Anatase 370 145 3.08
TMAOH Anatase 335 15.7 1.94
TEAOH Anatase 325 12.1 451
TBAOH Anatase 235 10.7 3.9

* synthesis temp. = 180C, pH 5, calcination temp.=400C
" obtain by Scherrer equation

¢ apparent first-order constants(k’) of orange II
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Figure 16. XRD patterns of nanosized TiO: powders prepared at clacination
temp. when using TEAOH addition agent ; synthesis temp. =

180C and pH 5

_66_



Table 11. Physical properties of nanosized TiO: powders using TEAOH

calcined at various temp.

Calcination

XRD

Temperature” [Tl Strycture Intensity

Crystallite size"

Activity®

k' [min '1x10 *

[nm]
300 Anatase 290 11.8 3.13
400 Anatase 325 12.1 4.51
500 Anatase 340 144 4.97
700 Anatase 780 34.6 2.6
900 Rutile 1280 68.8 0.81

* synthesis temp. = 180C, pH 5

> obtain by Scherrer equation

¢ apparent first-order constants(k’) of orange II
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Figure 17. FT-IR patterns of nanosized TiO: powders prepared at the

various temperature
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Figure 18. Effect of calcinations temperature of calcined at the

various temperature
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Figure 19. FT-IR patterns of nanosized Ti10: powders prepared at the

different addition agent
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Figure 20. Effect of calcinations temperature of calcined at the various

temperature
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Figure 21. TEM micrographs of nanosized TiO» powders prepared at
the various synthesis temperature ; drying temp.=105TC;

(a)140C, (b)160C, (c)180C, (d)200C
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Figure 22. TEM micrographs of nanosized TiO: powders prepared at
the various pH ; synthesis temp.=180C drying temp.=105C;

(a)9, ()7, ()5, (d)2
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Figure 24. Effect of synthesis temperature on the photocatalytic degration

; drying temp.=105C
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Figure 25. Effect of synthesis pH on the photocatalytic degration

; drying temp.=105C
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Figure 26. Effect of calcination temperature of orange- I on the

photocatalytic degration.
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nanosized TiO2 powders calcined at various temperatures ;

synthesis temp.=180C, pH 5 and drying temp. =105C.
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